


Liquefaction at Soda Lake:

Effects of the Chittenden earthquake swarm of April 18, 1990
Santa Cruz County, California

By

C.). WILLS and MW. MANSON. Geologists
Division of Mines and Geology

INTRODUCTEIN

n the moming of Wednesday,

April 18, 1990, the anniversany of
the great 1906 San Francisco earth-
guake, a series of aftershocks of the Oc-
tober 17, 1989 Loma Prieta earthquake
occurred near Chittenden and were felt
throughout the San Francisco Bay area.
The largest of these earthquakes was a
magnitude 5.4 event that ocowrred at
6:23 a.m. Pacific Daylight Time.

A
Phota 1. View northeast over Soda Lake showing many sand bails
formed by Chitienden earthquakes of April 18, 1990, Phoias Dy the
authors excepl 25 nofed.

+ Phaota 2. Sand bails from the Loma Prieta earthguake of October
17, 1985 and the Chittenden earthquakes of Aprd 18, 1950 alang a
linear fissure near the edge of Soda Lake (view is from camter of
Photo 1 toward top left).

Landslides triggered by these earthquakes. which we infor-
mally call the “Chittenden” earthquakes, were reported by the
news media on Highway 152 (Hecker Pass Road) and High-
way 129 in the southern Santa Cnz Mountains (Figure 1),
Because earth scientists anticipated that significant after-
shocks of the Loma Prista earthquake eould eause aurface
mupture on the San Andreas faukt, particularky if the after-
shocks were shallow, and because of the reported landshides,
we made a brief field reconnaissance to assess the amount of
landslide damage and search for surface fault rupture. At
Soda Lake, north of Chittenden, the Chittenden earthquakes<
caused fiquefaction of deposits that had akso liquefied during
the Loma Prieta earthquake (Photos 1 and 2).
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A
Fagure 1. Map of the San Francisca Bay
area showing Taults that make up the San
Andraas fault syctam and apicentars of the
Loma Prieta and Chittenten earthguakes.
Modkfed from Wagner, 1990,

GECLODGY AND LANDSLIDES

The Chittenden earthquakes oc-
curred along the San Andreas fault a
the southeast end of the Santa Cruz
Mountains in the central Coast Ranges
geomorphic province {Figures 1 and 2.
The San Andreas fault 15 the major
component of the San Andreas fault
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systemn and is the boundarny between the
MNorth American plate and the Pacifie
plate. Crustzl movement along the San
Andreas fault in the Santa Cruz Moun-
tains has a long-term average of about
0.52 inches (13 mm) per year [Minster
and Jordan, 1987: Perkins and cthers,
1989).
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Figure 2. Active faults of the Watsonville-Chiflenden area (adapied from Bryant and
ofhers, 1987). Epicenter of M 5.4 earthquake, largest of the Chitlenden earthquakes
{fram Lingh and Lester, 1250). A = landslide or rockfall triggered by Chittenden

earthgquakes of April 18, 1990,
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Badrock units in the Soda Lake area
are quite different on either side of the
fault {(Feaure 3). Northeast of the fault
the units are dominantly fine-grained
marne sedimentary rocks of Tertiary
age. Southwest of the fault, bedrock
consists of Mesozoic hamblende quartz-
diotite overain by Quaternary and Ter-
tiary eolian sand. and both marime and
nen-marine sand and gravel. These
units have been fraciured or fclded or
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baoth, and locally have been cut off and
displaced by fault movement (Allen,
194&; Dibblee and Brabb, 1978; Wag-
ner, 1994},

Landslides triggered by the Chitten-
den earthquaks swamn were minor. A
shallow shomp of poorly consclidated
sand buried one lane of Highway 129
east of Rver Oaks in San Benito
Counby. This shomp and several very
small debeis avalanches occurred i the
Tertiary Etchegoin{?) Formation (Figure
3). The debris consisted of light-brown
sandy soil. bedrock blocks or fragments.
brish and trees.  Similar shallow shamps
ocrurred along the banks of the Pajaro
River in the same area. There were
also minor rockfalls enta Highway 129
at Chittenden and in Chittenden Pass,
and onto Highwaw 152 west of Hecher
Pass. All of these minor slides on the
roads, with the exception of the largest
one on Highway 129, were cleaned up
by California Department of Transpor-
tation crews by noon on the day of the
earthquakes.

Figure 3. Geologic map of the Soda Lake area (from Dibblee and Brabb, 1978)

with traces of active faults (by Bryant and others, TS81)
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FAULT AUPTURE SEARCH

The San Andreas fault cuts throush
the southern Santa Crnz Mountains,
whaore #t has forrmed a sevies of right-
laterally offset drainages, side-hill

benches. and scarps. Following the Chit-

tenden earthquakes, we checked as
much of the fault in the quake epicentral
area as possible for surface rupture.
State Highways 129 and 152, Mount
Madonna Road, and Green Valley Road
all cross the San Andreas fault east of
Watsonville. All of these roads were
damaged in the Loma Prieta earthquake
by slumping of road fill and pavermnent
cracking that was commeoenly perpendicu-
lar to the madway. The cradks on
Maount Madonna Road in October 1989
suggested right-lateral faulting, although
they may have been due to down-slope
movemnent of the road fill (Hart and ath-
ers, 1990). The Chittenden earthauakes
caed some longithudinal cracks in the
pavermnent of Highway 152 to re-open
shahthy but no new cracks were observed
along the trend of the fault at any of the

road crossings.

Following the reconnaissance of the
paved roads, a section of the San An-
dreas fault that crosses pasture land east
of Watsorwille was examined. This seg-
ment of the fault is well defined by a se-
ries of tectonically produced geomarphic
features such as fault scarps. offset drain-
ages. and sidehill benches. There were
some minor shaking cracks in a din road
within the fault zone, but no cracks that
indicated right lateral faulting.

LIQUEFACTION
AND RELATED EVENTS

Liquefaction i defined by Youd
{1973) as the transformation of a granu-
lar material from a solid state info a
liquefied state as a consequence of in-
creased pore pressute (pressure exerted
by groundwater within the voids among
mineral grains in soil. athwium. and bed-
rock). It is a relatively common earth-
guake-related phenomenon in Holocene
sediments [Youd and Hoose, 1977). It
can be induced by rapid apphcation of
sfresses that result i increased pore
pressure by pore water migration.

The stresses that produce liquefaction
may be natural {shaking from earth-

Photo 3. “Flowing™ sand bed. At 2bout noon on Apail 18, 1990 several sand boils were still
active. When this pholo was taken, water was still izsuing fram the ceniral crater of this

=and boil and flowing evenly ower all sides of the volcano-chaped mound (note rpples an
the sides of the sand bod).

quakes or volcanic eruptions) or anifi-
dial {vibrations from heaw equipment or
blasting). Vibration of a saturated, po-
rous sand or silt causes pore water to
migrate toward the direction of least
confinement. If pore water cannot es-
cape, pove pressures can approach the
lithostatic pressure (the weight of the
overluing sedirment}. When bquefaction
occurs, the saturated zediment no
lomger acts as a solid but becomes a lig-
uid with suspended mineral grains.
Such material loses its internal resis-
tance to deformation by shearing lor
“shear strength”™) and can no longer
support a kad, The excess porTe pres-
sure may be relieved by rapid ejection
of water and sediment in suspension to
the ground surface to form sand boils
(also knowmn as sand blows ar sand wal-
canaes], or by lateral spreading or hy-
draulic fracturing.

Simultaneous measurements of seis-
mically induced pore pressure changes
and ground accelerations at a site m Im-
perial County that was undergoing
bBguefaction during an earthquake ndi-
cated that total pore pressures ap-
proached the weight of overlying sedi-
ments after most of the sirong motion
ceased. and excess pore pressures were
generated once horizontal acceleration
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exceeded a threshold value {Holzer and
cthers, 1989). The lmperial County
site did not undergo liquefaction during
earlier earthquakes with measured peak
accelerations of less than 18 percent of
the force of gravity (gravitational accel-
eration is 32 feet per second per sec-
cnd). but did so when the triggering
earthquake had a peak acceleration of
21 percent gravity. The unexpected
delsy in recorded coset of Bowefaction
(il after the strong motion ended)
was attributed by the researchers to re-
distribution of pore pressures through-
ot the deposit.

Liguefaction cocurred in many places
at the time of the Loma Prieta earth-
quake. It was extensive along Monterey
Bay, Soda Lake. and the Pajaro River
and caused ssuvere damage to the Moss
Landing Marine | aboratorny of the Cali-
fornia State Universities and Colleges.
Farther away from the epicentral area,
the Marina District of San Francisco.
Treasure lsland. the sastern apprasch
to the San Francisco-Oazkland Bay
Bridge, and the Porl of Oakland were
heavily damaged. parily as a result of
hquefaction (Earthquake Enginesring
Research Institute, 1989; Plafker and
Galloway, 1989).



Photo 4. Sand boil formed by the Loma Prieta earthquake
(central fissure in ioreground) with wo sand bods that were
erupted on Apnl 18, 1930, possibly from the same fissure.

SODA LAKE

The Loma Pricta earthquake caused sand boils to enept
from the dry bed of Soda Lake. The wolcano-shaped (conical)
sand deposits were as large 25 10 feet in diameter by 1 foot
high. Water continued to flow from several sand boils for four
days after the mair shock. The sand boils tended to be clus-
tered along fissures, some of which paralleled the edge of the
lzkebed. Violent shaking from the Loma Prieta earthquake
2o caused the entire lakebed to subside: fissures and scarps
along the edge of the lake indicated that the lakebed sank as
much as four feet during the earthquake (Manson and others,
in progress). The loose sandy sediment consolidated. becom-
ing both denser and more compact. Thiz permanent consoli-
dation of the sandy material reduced the amount of pore
space and should have made the deposit less prone to fubure
liquefaction.

There are no reparts of hgeefaction in Soda Lake caused
bw the April 18, 1906 San Francisco earthquake, although

severe ground shaking in the surrounding area was docu-
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mented (Lawson and others, 1908:; Youd and Hoose, 1978)
At Chittenden, several buildings were shifted off of their foun-
dations and the Southern Pacific Railroad bridge ower the Pa-
jaro River was shifted three feet away from one of its abut-
ments. A large landslide was triggered at the mouth of a can-
yom just west of the lake, and there was severe Bquefaction
and fissuring in the Pajaro River and the Salinas River. Soda
Lake was probably full of water during the 1906 earthquake,
which followed a winter of above normal rainfall (Lawson and
others, 1908, p. 399).

Extensive hquefaction ocowmed at Soda Lake as a result of
the Chittenden earthquakes [maximum magnitude 5.4).
Much of the 66-acre lakebed was covered by fissures and
sand bails (Phatos 1-4). The lakebed area affected by this
episode of Gguefaction was as extensive as that resulting from
the Loma Prieta earthquake {magnitude 7.1). There have
been no reports of renewed bquefaction from other localities
where it cccurred in October 1989 Apparently, the reda-
tively small earthquakes of April 1990 were strong encugh 1o
cause liquefaction only in the immediate epicentral area and
the depesits in Soda Lake may be especially susceptible 1o
iquefaction.

Soda Lake was originally a natural lake n an abandoned
meandsr bend of the Pajare River (Jenkins, 1973} The surfi-
cial deposits and the material that formed the sand boils
(Photo 5] appear to be tailings from the Granite Rock Com-
pary's Wilson quanry 0.6 mile west of the lake (for a descrip-
tion of this quarry see Higgins, 1989). The material being
quarried by Granite Rock Company is hornblende quarte-dio-
rite (Dibblee and Brabb, 1978). Capacity of the natural lake
was increased by the construction of dikes along part of its
shoreline and the lake was used as a tailings pond for very
fine-grained quarry tailings from 1968 o the mid-1980s
(Bruce Woolpert, Jr.., Granite Rock Company, personal com-
munication. 1990).

Grain-size analysis of the material erupted from the sand
baoils shows that the material that Bouefied i a well-sorted
sandy silt. with an average of 87 percent passing through a
200-mesh screen. Screen mesh numbers indicate the num-
bers of wires per nch for woven wire screens, particles pass-
ing through a 200-me<h screen are less than 0.074 mm in
diameter (Table 1. Photo 6). An average of about 10 percent
fine sand was also erupted from the sand boils. along with a
very small percentage of clay.

i the effects of liquefaction can produce denser deposits,
why has Soda Lake undergone repeated (at least two) epi-
sodes of liquefaction? There are numercoes reported instances
of repeated lquefaction at many sites and in the laboratory
{Borchardt and Kennedy, 1979, p_ 217} It 3 not unusual for
a sand sample to have a qyclic reaction to applied strain: the
sample liquefies then solidifies in less than one second. As
long as pore water drainage is blocked, the sample {or natural
deposit) can liquefy again and again (Youd, 1973, p. 3).

The sediments at Soda Lake are probably susceptible to
liquefaction for the following five reasons:
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Phata 5. Cross section of a sand boil formed at Soda Lake by the Loma Prieta
earthquake. Mote Seeder dike” of fine sand below vant and fine layering within
the sand boil. Pharo by W.A. Bryant

(1) The deposits have a uniform grain
size and almost total lack of cohesive
clays that would tend to bind the par-
ticles together. The grain-size analysis
{Fiqure 4) shows that those sediments
plot within the range of “potentially
liquefiable soil” though not within the

“most liquefiable soil” range.

(2} They were emplaced as a "hydraulic
fill” that was deposited in and setthed
out of a still body of water. Prior to the
Loma Prieta earthaguake this fill had not
been compacted. In this way, the fill at
Soda Lake iz similar to the fill that un-
derlies much of the Sen Francisco
Marina District. The hydraulic fill under-
lying the Marina Disrtict also  under-
went extensive Bquefaction during the
Loma Prieta earthguake, which contrib-
uted to the wide-spresd damage to
buildings. The Marina District fill is
coarser than the material at Soda Lake
bt siendlar in its uniform grain size and
lack of cohesive clays (Bonilla, 1990).

{3) The Soda Lake deposits are proba-
bly saturated, even when the lake ap-
pears dry, because it is a natural basin.
The level of the wator table [depth to
groundwater beneath the land surface}

mawy be just below the surface of the
lakebed. Any addiion of rainwater and
the water expelled by liguefaction sceps
back into the deposit.

(4) Soda Lake bes within the Modified
Mercalli (M-M) V1l intensity zone for the
Loma Prieta earthquake (Plafker and
Galloway, 1989). Lateral spreading or

flows caused by Bouefaction have oc-
curred in areas with intensities of M-M
VW to M-M X, with the greatest propor-
tion (9 of 22 svents, or 41 percent]
hing within M-M VII zones (Keefer.
1984). The lower peak acceleration
and shorter duration of strong shaking
associated with a M 5.4 earthquake.
compared to a M 7.1 earthquake, pre-
sumably is much kess ikely to cause
liguefaction.

Keefer (1984) constructed a chant
basod on data from several hundred
earthquakes showing the distance of
liuefaction effects from the source fault
rupiure zomes. From Keeler's chart, a
magnitude 5.4 earthquake should cause
Bauefaction no farther than 3.7 miles
from its hypocenter. Soda Lake is
about 3.7 miles from the hypocenter of
the largest Chittenden earthguakes
{hypocenter data from Lindh and
Lester, 1990,

{5) Shaking from the Loma Prista earth-
quake may have caused uneven consoli-
dation of the sediments. compacting
porticns of the deposit but not affecting
others. A model for repeated hquefac-
tion of a deposit due to partial compac-
tion has been proposed (Finn and oth-
ers, 1970) and is summarized as: “A
series of small previous shakings either
too weak to cause liquefaction or just
barely strong enough to cause [initial
Boguefaction|, allows the scil to densify
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e o et Boundaries
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s : d
=
= 40 Boundaries / ]
= i for potentially = |
- liguefiable soil /
g 20 // / /
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n | | e A | 1 1 I 11 ] i 1 X 1 s 1 !
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Grain size (mm)
Figure 4. Grain sze distribution of the average of three samples taken from Soda
Lake sand bails plotted on chan showing “mast liquefiable™ and “potentially
bquefiable” soil. By Tsuchvdz, 1970, as reprinfed i Howsner and others, 1385
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uniformby and ncreases subseguent
resistance to liquefaction. However, a
very strong shaking may cause uneven
densification, leaving a topmost looser
layer with increased susceptibility to
Bauefaction™ {Housner and others,
1985, p. 58).

CONCLUSIONS

The sarthquakes of April 18, 1990
occwrred on the anniversary of the
1906 quake and six months after the
Loma Prieta event. They were a dis-
finct reminder o the people of the San
Francisco Bay area of the earthquake
hazards associated with the San An-
dreas fault system. No surface rupture
and relatively little landsliding ocourred
during the April 18 event, but the
earthquakes did cause liquefaction of 2
sandy silt depasit in Soda Lake that had
also liguefied as a result of the Loma
Prieta event in October. 1989,

The bquefadion of this deposit from
a relatively small earthguake with a rela-
tively short peried of strong shaking
shows that the hydraulically emplaced
deposits of Soda Lake are especially
speceptible to Boquefaction. even after
they were made mare dense by lique-
faction during the October 17, 1989
earthquake. This repeated hguefaction
of a hydraulic fill at Soda Lake suggests
that repeated liquefaction of similar bay-
draulic fillz around the margins of San
Francisco Bay is also possible. Fuiure
earthquakes m the San Francisco Bay
area could cause repeated liguefaction
of the depasits that the Loma Prieta
earthquake showed to be susceptible o
liquefaction, such as those underiying
the Marina District and along the east-
emn margin of San Francisco Bay.
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TABLE 1. GRAIMN SIZE ANAL YSIS OF THAEE SAMPLES FROM SODA LAKE
SAND BOILS. Adapted from FIH. Chin and J.0. Rogers wiitten commuiication, 7530,

&_;rg.gﬂ % Retained on screen /Cumulative % passing™

i Sand Boil 1 Sand Bail 2 Sand Bail 3 Average
Ma. 10

Mo 20 0.04/85.85 0-02/99.98 0.03/99.97 0.03/98.57
Mo, 40 0.0295.93 0-12/99.86 0.40v99 57 0189878
Mo. 60 0.0455.89 0.83/99.03 0.92/58.65 0609818
No. 140 3.19496.70 85990 44 5.05/53.60 5.61/93.58
Mo. 200 2.0991.61 76482 80 2.24/B8.25 5.9947 59
Pan 91.61 8280 8336 B7.59

" Screen size indicabes the number of wires per inch for woven wire mesh,
** Totals may not equal 100% due 1o rownding.

Photo 6. Electron micrograph of silt grains that erupted from a sand volcano at
Soda Lake Bar scale is in microns. Fhoto taken af the U.C. Dawvis Faciliy for
Agvanced [nstrumentation.

REFEREMNCES

Allen_ JLE., 1946, Geology of the San Juan
Baulista quadrangle. Califormia: California
Divigion Of Mines Bulletin 123, p. 75, 2
platas, scale 1:62.500.

Borchardt, G.A. and Kennedy, M.P._ 1973,
Ligueiaction potential in urban San Diega:
A pikat study: CALIFORNIA GEOLOGY, v.
32 no. 10, p. 217221,

Bardia, MG 19380, Natural and artficial de-
posits in the Marina District, in US. Geo-
lzgical Survey, Effects of the Loma Prsta
earthguake on the Marina District, San

CALIFORMNIA GECLOGY OCTOBER 1260

Franciseon, Calfomia: LS. Geological
Swurvey Opan Fike 90-253.

Dibblee, T.W., Jr., and Brabb_. E.E.. 1978,
Preliminary geologic maps of tha Chis-
tenden, Los Gatos, and Walzonviba east
guadrangles, Calomia: U.S. Geological
Survey Open File Report 78-453, 3
shesls. scale 1:24,000.

Earthquake Enginearing Besearch Institute,
1282, Loma Prieta earnhguake—October
17, 1288: Preliminary reconnaissance
report; El Cemito, Califomia, 51 p.



Finn, W.D.L., Branshy, P.L_, and Pickering,
D)., 1970, Effects of sirain history on
iguefaction of sands: Joumnal of the Soil
Mechanics and Foundations Division,
Amencan Socety of Civil Engineers, 56
[SME), p. 1917-1334.

Hart, EW_, Bryant, W.A., Wills, C.Jl., and
Treiman, JA.. 1990, The search for sur-
face faulting and significance of ndgeiop
fizsures, in S. McehNutt and R.H. Sydnaor,
editars. The Loma Prizta earthquake of
Octobar 17, 1889: Califomia Depanment
of Conservation, Division of Mines and
Gaology Special Publication 104, in
pPress.

Hipgins, C.T., 1589, Arthur K. Wikson
guarry—where nalre gives man a
break: CALIFORNIA GEOLOGY, v. 42,
no. 11, p. 256-259.

Holzar, TL.. Youd, T.L., and Hanks, T.C,,
1985, Dynamics of liguetaction durng
the 1887 Superstition Hills sarthguake,
Califomia, Science. v. 244, p. 56-53.

Housner, G.W. and the Commitiee on
Earthgquake Engineerning, National Re-
search Council, 1585, Liquefaction of
soils during earthquakes: MNational Acad-
emy Press. Washington, D.C., 240 p.

Jenkins, O.P., 1973, Pleisincene Lake San
Benito: CALIFORNIA GEOLOGY, v. 26,
no. 7, p 151-163.

Keefer, DK, 1984, Landshdes caused by
earthquakes: Geological Society of
America Buletin, v. 95, p. 406-421.

Lzwson, A. C., and others, 1908, The Cali-
formia earthquake of Apnl 18, 1906; Re-
port of the State Earthquake Investiga-
tion Cammission: Camegse [nstitue of
Washington Publication 87, 2 volumes,
452 p.

Lindh, A and Lester, B., 1530, Weally
oanhquake repart far the San Francsco
Bay area, 16—23 Apnl. 1220: LS. Geo-
logical Survay, 5 p.

Manson, MW., Keafer, DK, and
McEitrick, MLA., compiers, Landslides
&nd ather geslogic features in the Santa
Cruz Mouniaans, Califormez, resulting
from the Loma Prieta earhguake of
Cciober 17, 1289: Calitomia Depariment
of Conservation, Diwision of Mines and
Geology Preliminary Report 28, m
progress

Minsier, 1B and Jordan T H., 1987, Vac-
tor consiramts an westem LLS. deforma-
ton from space geodasy, neolectonics,
and plate motions: Journal of Geophysi-
cal Besearch, v. 92, no. BS, p. 4796-
2804

Peridns, JA . Sims, J.D., and Siurgess,
5.5, 1985, Late Holecene movement
along the San Andreas fault &t Melendy
Ranch: Implications for the dismbution
oi fault =lip in central Calfomia; Joumzl

of Gaophy=ical Research, v. 94, no. BB,
p. 10.217-10, 230

Plafker, G. and Galloway, J.P., ediors,
1989, Lessons leamed from the Loma
Prietz, Califormia. earthqueke of October
17, 1289:; U.5. Geological Survey Circu-
lar 1045, 46 p.

Tsuchida, H., 1970, Pradiction and counter-
measure against the Iguetaction in sand
deposits: Abstract of the Seminar in the
Port and Harbor Research Insbiute, p
3.1-3.33 [m Japansse).

Wagner, DL, 1930, Geolagic and iectonic
satting of the epicentral anea of the Loma
Priata parthguake, Santa Cruz Moun-
tains, central Calilomia, in 5. McNuit and
A.H. Sydnor, aditors, The Loma Prieta
aarhguase of Oclober 17, 1885 Califor-
nia Deparment of Consenation, Division
of Mines and Geology Special Publica-
fion 104, in press.

Youd, T.L, 1973, Liquefaction, flow, and 25-
sociated ground failure; U.S. Geological
Survey Circular 688, 12 p.

Youd, T.L., and Hoose, SN_, 1977, Liqua-
faction suscepthilily and geologic setling:
Proceedings of the Sixth Workd Confer-
ence pn Earthquake Engineering, v. 3. p.
2139-2154, Prentice Hall, Inc.

Youd, T.L.. and Hoose. SN, 1978, Histonc
ground failures in northemn California trig-
gerad by aanhquakes: LS. Geological
Survey Professional Paper 993, 177 p. X

CALIFORNIA GEOLOGY
Welcomes New Editor

23z

CALIFORNIA GEDLOGY

OCTOBER 1930

CALIFORNIA GEOLOGY i=
pleosed to welcome Lena Tabilio to
its staff. Lena, a groducte of the Uni-
versity of San Franciseo, will assist
the Technical Editor in researching,
editing, and writing articles.

Leng comes to State service after
13 ypears of private industry and
freelance technical and promotional
writing experience. She also has an
extensive marketing and public
relations background.



