
low 25 km were shock metamorphosed 
and the cracks were filled with silicate 
or sulfide liquids that subsequently 
solidified. 

For either silicate or sulfide liquids 
to fill the microcracks in very large 
volumes of rock on the front side of 
the moon, high temperatures throughout 
shallow regions of the moon are re- 

quired, the mechanisms discussed for 

hypothesis 2.1 would be needed, and 
the same objections would hold. 

Hypothesis 2.3: The rocks now below 
25 km were shock metamorphosed and 
the cracks are now filled with liquids 
at depths greater than 25 km. 

The dramatic effect on the velocity 
of compressional waves of completely 
filling the microcracks in rocks with a 

liquid, such as water, was discovered 
by Simmons and Nur (16). If the 
lunar rocks in situ were completely 
saturated with a liquid beginning at 
25 km, then the velocity profile would 

approximate the one shown in Fig. 1. 
We tentatively reject this hypothesis 
because of the absence of hydrous 
minerals in the lunar samples examined 
on the earth. 

In conclusion, we have examined all 
logical possibilities for the explanation 
of the seismically determined discon- 

tinuity in the moon at a depth of 25 
km. Two hypotheses appear equally 
plausible to us: (1.1) the :rocks now 
below 25 km have never been shock 
metamorphosed and the rocks now at 
25 to 60 km were formed after all large 
impacts ceased, and (2.1) the rocks 
now below 25 km were shock meta- 
morphosed and the shock effects have 
since been annealed. Perhaps the an- 
nealing of rocks below 25 km was con- 
temporaneous with the formation of 
mare basalts. 
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massive upstream slope failure. The 
dam appeared to be near failure, which 
would have caused catastrophic inunda- 
tion of the heavily populated area 
below. The water level of the lake was 
lowered immediately, and subsequently 
the entire lake was drained. Throughout 
its history, the lake has been open to 
local runoff. However, the amount of 

cipal damage to the dam consisted of 
massive upstream slope failure. The 
dam appeared to be near failure, which 
would have caused catastrophic inunda- 
tion of the heavily populated area 
below. The water level of the lake was 
lowered immediately, and subsequently 
the entire lake was drained. Throughout 
its history, the lake has been open to 
local runoff. However, the amount of 

Table 1. Inferred dates of deformed zones in Lower Van Norman Lake sediments. 

Total Sedimentation Dates of Datesof 

Locality sediment rate deformation deformation thickness (uncorrected) (uncorrected) (corrected)* (cm) (cm year-') 

It 20 0.48 1971, 1959, t 1971, 1953, t 
9 51 .91 1971, 1958, 1942 1971, 1953, 1942 

10 40 .71 1971,1953,1939 1971,1952,1936 
12 30 .54 1971, 1954, 1935 1971, 1951, 1930 
13 41 .73 1971,1955, 1930 1971,1955,1929 

* Corrected dates were determined from the table of 2S, (see text). t Locality was not inundated 
until after 1930. 
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Earthquake-Induced Structures in Sediments of 
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Abstract. The 9 February 1971 earthquake in the San Fernando Valley 
damaged the Lower Van Norman Dam severely enough to warrant draining 
the reservoir. In March 1972 the sediment deposited on the reservoir floor was 
examined to determine whether the 1971 earthquake had induced sediment 
deformation and, if so, what types. A zone of deformational structures charac- 
terized by small-scale loads and slightly recumbent folds associated with the 
1971 earthquake was discovered, in addition to two older zones of load struc- 
tures. Each of the zones has been tentatively correlated with an historic earth- 
quake. 
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runoff and its sediment load varied and 
were undetermined. 

The sediments deposited during the 

56-year life of Lower Van Norman 
Lake are predominantly thinly to thickly 
laminated silt and clay, and less com- 

monly coarse silt laminae and very fine 

sandy laminae and partings (Fig. 2). 

ain shock Fig. 1. Index map of the 
71 San Fernando Valley and 

vicinity, showing the lo- 
cation of Lower Van 
Norman Lake and the 

471* epicenter of and fault 
'7S traces associated with the 

9 February 1971 San 
d Fernando earthquake. 
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The lake sediment ranges in thickness 
from 0 to 51 cm and averages about 
40 cm. After the lake was drained, the 
sediments dried and separated into 

pclygonal prisms. Fresh vertical sec- 
tions of the lake sediments were ex- 

posed by small channels cut during the 

drainage of the lake and by artificial 

Fig. 2. Earthquake-induced sedimentary structures (scales in centimeters): (A) pseudo- 
nodules and convoluted lamination in the upper 4 cm of sediment, deformation at- 
tributed to the 9 February 1971 earthquake having an intensity of VIII to IX; (B) 
low-amplitude load structure in the upper 2 cm of sediment (arrows) attributed to 
the 9 February 1971 earthquake; (C) vertical view of excavated load molds, at- 
tributed to the 21 July 1952 earthquake; and (D) vertical section of the load structure, 
with unit a equivalent to (C) and unit b equivalent to the material removed in (C); 
this structure is attributed to the 21 July 1952 earthquake. 

162 

cuts. Also exposed were the underlying 
sediments present at the site before the 
construction of the reservoir and the 
topography developed on them. Most 
of the lake sediments studied rest on 
slopes of less than 1 in 50 (1.15?), 
with none on slopes of more than 1 
in 30 (1.9?). 

Entire sediment prisms could be lifted 
out intact for close examination. The 
various layers were easily separated, and 
the stratigraphic successionr could be 
established in detail. The sections clear- 
ly exposed three zones of sedimentary 
structures that occur everywhere in the 
lake sediments at specific stratigraphic 
intervals. 

Deformational structures developed 
on the upper surface and upper 4 or 5 
cm of the lake sediment (zone 1) are 
primarily of two types: (i) low-ampli- 
tude folds (Fig. 3) and (ii) load-type 
structures that vary in magnitude from 
penetrating pseudonodules (?) (Fig. 2A) 
to more upward-penetrating heave struc- 
tures to low-amplitude load structures 

approximately 1 cm deep (Fig. 2B). 
Deformational structures observed 

within the sediments are all low-ampli- 
tude, symmetrical load structures (Fig. 
2C). Two zones of structures occur at 
locality 1, one at the surface (zone 1) 
and one buried (zone 2) (Table 1). 
Three zones occur at all other localities 
(Table 1), one at the surface (zone 1) 
and two buried (zones 2 and 3). De- 
formation in the zones involves two 

stratigraphic units-a lower interval 
that has failed and moved away and a 
second, upper unit which has sagged 
down and filled a circular depression in 
the lower unit, yielding a radially sym- 
metrical load cast (Fig. 2D). Movement 
of the two stratigraphic units caused the 

disruption and partial breakup of the 
beds involved. The load structures are 
overlain by parallel laminated or, less 

commonly, undeformed massive silts 
and clays, which suggests that the de- 
formed zones were at the sediment- 
water interface when deformation oc- 
curred. 

The dates of deformation were esti- 
mated on the basis of the apparent 
annual sedimentation rates (total sedi- 
ment thickness divided by 56 years) 
(Table 1). However, because the lake 
was open to local runoff, the amount of 
sediment deposited annually is con- 
sidered approximately proportional to 
the annual precipitation. Rainfall data 
for the period 1931-1971 are derived 
from the gauge at Lower Van Norman 
Dam (Los Angeles County Flood Con- 
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trol District rain gauge 293). Rainfall 
data for Lower Van Norman Lake for 
the period 1915-1931 are lacking; how- 
ever, the data are complete for Los 
Angeles. Linear regression analysis of 
Los Angeles rainfall data and Van 
Norman Dam rainfall data for the pe- 
riod July 1931-June 1932 through July 
1970-June 1971 gave the equation 

y = 3.73 + 0.92x 

with a correlation coefficient r of .885 
and a standard error of estimate Sx. of 
3.20. Thus the data for 1931-1971 are 
strongly correlated, and the rainfall for 
Lower Van Norman Lake during the 
period July 1914-June 1915 through 
July 1930-June 1931 can be estimated 
from the Los Angeles data. 

Using the annual deviation from the 
mean annual rainfall, I calculated 
weighting factors for yearly sediment 
accumulation from the equation 

xilx = fi 

where ;xi is the annual deviation from 
the mean annual rainfall and x is the 
mean annual rainfall. I then calculated 
the annual sediment increment (S,), 
using these factors: 

R+R(fi) =Si 

where R is the mean annual sedimenta- 
tion rate (total sediment thickness 
divided by 56 years). Each annual sedi- 
ment increment was cumulated (2Si) 
and recorded for each year from 1915 
to 1971. In this way a zone of struc- 
tures may be dated by measuring the 
thickness of sediment to the top of the 
deformed zone and determining the 
year corresponding to this thickness 
from the table of ESi. 

A search of earthquake records shows 
that moderate to strong shocks affected 
the San Fernando Valley four times 
since Lower Van Norman Dam was 
built: (i) 30 August 1930 (Richter mag- 
nitude 5.2), epicenter originally placed 
in Santa Monica Bay, but probably 
closer to San Fernando (1), with a felt 
intensity (modified Mercalli scale) of VI 
at San Fernando; (ii) 10 March 1933 
(Richter magnitude 6.3), epicenter near 
Long Beach, California, with a felt in- 
tensity of V at San Fernando; (iii) 21 
July 1952 (Richter magnitude 7.7) in 
Kern County (Arvin-Tehachapi), with 
a felt intensity of VI at San Fernando; 
(iv) 9 February 1971 (Richter magni- 
tude 6.5), epicenter about 12 km north 
of San Fernando, with a felt intensity 
of VIII to IX. 

The correspondence of these dates 
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to those identified for deformation of 
the sediments of Lower Van Norman 
Lake is strong evidence that the struc- 
tures in each zone were formed by 
earthquake shaking and not by sedi- 
mentary processes. The load structures 
in the lake sediments are not typical 
of load casts from turbidite sequences 
(4) or from other environments (5). 
However, when closely examined, some 
Van Norman Lake structures are simi- 
lar to the pseudonodules formed in 
shaking experiments by Kuenen (6). Be- 
cause Kuenen did not measure or con- 
trol the energy input in his experiments, 
the intensity of shaking is unknown. It 
may be that only very-high-intensity 
(> VIII) earthquakes form pseudonod- 
ules because in these cases greater 
amounts of energy are released and the 
duration of ground shaking is gen- 
erally longer. 

Load-casts are not peculiar to any 
specific sedimentary environment. How- 
ever, specific styles of structures are 
stratigraphically restricted in the Lower 
Van Norman Lake sediments. Further- 
more, most of these structures (zones 2 
and 3) are low amplitude and radially 
symmetrical, with only slightly dis- 
rupted sediments correlated with earth- 
quakes having felt intensities of about 
VI at Lower Van Norman Lake. In 
contrast, the more penetrative types of 
structures are associated with the 9 
February 1971 earthquake (intensity 
VIII to IX). 

The data presented here demonstrate 
that the seismic history, known for 56 
years, of a single artificial lake can be 
tentatively correlated with the deforma- 
tional structures in its sediments. The 
date of the lowest zone of structures does 
not agree exactly with the 1930 or 1933 
earthquakes; this lack of agreement is 
at least partly attributable to the lack 
of pre-1930 rainfall data for Burbank 
and partly to the closeness in time of 

Fig. 3. Recumbent fold 
! t!i ~developed in the upper 

2 cm of sediment of Van 
:::: Norman Lake. The for- 

mation of this structure 
is attributed to the 9 
February 1971 earth- 
quake that shook the San 
Fernando Valley in 
southern California. 

the two events. Similarly, the date 
of the middle zone of structures does 
not agree exactly with the 1952 earth- 
quake, and here, again, the lack of agree- 
ment is at least partly attributable to the 
lack of pre-1930 rainfall data. The 
errors inherent in the method of esti- 
mating rainfall, and thus the weighting 
factors, yield dates that are not precisely 
correlative with dates of the earliest 
earthquakes that affected the Van Nor- 
man Lake region. In addition, undeter- 
mined compaction of the older sedi- 
ments may introduce further error into 
the age estimates of the deformational 
structures formed in these sediments. 

Further testing of this hypothesis 
may yield a tool for determining earth- 
quake recurrence intervals for Holo- 
cene time, and perhaps even late Quater- 
nary time. Earthquake recurrence 
histories for more than the last 1000 to 
2000 years would materially aid in in- 
terpreting the timing and location of 
historic earthquakes, the record of 
which is distressingly inadequate. 

JOHN D. SIMS 
U.S. Geological Survey, 
345 Middlefield Road, 
Menlo Park, California 94025 
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