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Shear-wave velocities of shallow surficial geologic units were measured
at 210 sites in a 140-km? area in the greater Oakland, California, area near
the margin of San Francisco Bay. Differences between average values of
shear-wave velocity for each geologic unit computed by alternative ap-
proaches were in general smaller than the observed variability. Averages es-
timated by arithmetic mean, geometric mean, and slowness differed by 1 to
8%, while coefficients of variation ranged from 14 to 25%. With the excep-
tion of the younger Bay mud that underlies San Francisco Bay, velocities of
the geologic units are approximately constant with depth. This suggests that
shear-wave velocities measured at different depths in these surficial geologic
units do not need to be normalized to account for overburden stress in order
to compute average values. The depth dependence of the velocity of the
younger Bay mud most likely is caused by consolidation. Velocities of each
geologic unit are consistent with a normal statistical distribution. Average
values increase with geologic age, as has been previously reported. Velocities
below the water table are about 7% less than those above it.

[DOI: 10.1193/1.1852561]

INTRODUCTION

Values and vertical gradients of shear-wave velocity (Vg) are important physical
properties of soils. They are used in both basic and applied geophysics and civil engi-
neering. An important application of Vg is to predict amplification of ground shaking at
soil sites. This amplification is commonly referred to as site response. Shear-wave ve-
locity is used both to classify the amplification potential of soil sites and to calibrate
models for site-specific predictions. The significance of amplification of seismic waves
by shallow soils has been demonstrated in many earthquakes, but it was particularly sig-
nificant in the 1985 Michoacan, Mexico, and 1989 Loma Prieta, California, earthquakes,
where it was the major cause of damage (Anderson et al. 1986, Holzer 1994). Many
building codes now require consideration of site response when estimating the seismic
demand on a structure and rely on a time-averaged Vg to a depth of 30 m (Vg3) for this
evaluation (see Borcherdt 2002; ICBO 1997). In addition, several investigations have re-
cently used correlations between geologic units and Vg in conjunction with surficial geo-
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Figure 1. Simplified surficial geologic map of study areca with SCPT locations. Geology is
modified from Helley and Graymer (1997).

logic maps to portray Vg3, geographically (Holzer et al. 2002, Wills et al. 2000). Under-
standing the Vg properties of geologic units is important for future refinements of
microzonation maps of site amplification based on surficial geologic maps.

The purpose of this article is to describe the spatial and statistical distributions of Vg
of shallow Holocene and Pleistocene geologic sediments from 210 seismic cone pen-
etration tests (SCPT) that were conducted in a 140-km? area near the eastern margin of
San Francisco Bay, California (Figure 1). The area lies within the communities of
Alameda, Berkeley, Emeryville, and Oakland. These data were collected to improve
mapping of National Earthquake Hazards Reduction Program (NEHRP) site classes in
the study area (Holzer et al. 2002). The implications of alternative velocity assignments
for the NEHRP map are evaluated by Holzer et al. (2005). Correlations of Vg with
SCPT penetration resistance and geologic age are described by Piratheepan (2002). The
purpose here is take advantage of the large number of measurements of Vg to analyze
the depth dependence and statistical properties of Vg. The results indicate that (1) the Vg



STATISTICAL DISTRIBUTIONS AND DEPTH DEPENDENCE OF SHEAR-WAVE VELOCITY 163

Table 1. Unified Soil Classification (USC) and approximate age of
geologic units

USC
Geologic Unit Classification Geologic age (years)
Artificial fill SM Modern
Younger Bay mud CL Holocene (<8,000)
Holocene alluvial fan CL, SM Holocene (<15,000)
Merritt sand SM Pleistocene (80,000-10,000)
Pleistocene alluvial fan CL, SM Pleistocene (>116,000)

of shallow geologic deposits is approximately constant with depth, (2) the Vg of geo-
logic units is consistent with a normal statistical distribution, and (3) natural variability
is more significant than how average velocities are computed. These data are also a sig-
nificant addition to the more than 700 geographically dispersed profiles of Vg in the
United States that are currently available (Wills and Silva 1998).

STUDY AREA AND GEOLOGIC SETTING

The study area extends from the city of Berkeley, California, southward to the city of
Oakland, along the coastal plain adjacent to San Francisco Bay. The surficial geology is
shown in Figure 1. The area contains five major surficial geologic units in addition to
bedrock—artificial fill, younger San Francisco Bay mud, Holocene alluvial fan, Merritt
sand, and Pleistocene alluvial fan. Soil classifications and approximate geologic ages of
the surficial geologic units are shown in Table 1. The study area can be subdivided into
three broad regions from a surficial geology perspective. The dominant surficial unit in
the western region is artificial fill that rests on Holocene deposits that consist primarily
of younger Bay mud. Most of the artificial fill consists of sands that were hydraulically
emplaced. The fill in general is not compacted except for a thin surface layer. The surfi-
cial units in the central region, which is east of the filled area, are alluvial fan deposits.
The youngest fan deposit is Holocene in age and was part of an active alluvial fan until
it was stabilized by urbanization. The Holocene alluvial fan deposits unconformably
overlie alluvial fan deposits of Pleistocene age, which crop out in the eastern part of the
central region. In the eastern region, bedrock, ranging from consolidated Cretaceous
sediments to Jurassic volcanic rocks, crops out (Graymer 2000). Locally within the west-
ern and central regions, the Holocene deposits rest on Merritt sand, which is primarily a
windblown sand that was deposited when sea level was lower during the Wisconsin gla-
ciation and exposed the bottom of San Francisco Bay to subaerial conditions. Thick-
nesses of the Holocene deposits are variable, and locally may exceed 30 m. The thick-
ness of the artificial fill averages about 3 m, but locally exceeds 10 m. Ground water is
generally encountered at less than 3 m in most of the study area.

Examples of the shallow subsurface geology are shown in the SCPT profiles in Fig-
ure 2. The profiles include tip and friction ratio and the Vg of each geologic unit. The
geologic units are based on the surficial geologic units mapped by Helley and Graymer
(1997). The uppermost geologic unit in each sounding was determined from the surficial
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Figure 2. Selected sounding profiles of CPT friction ratio and tip resistance with Vg of geo-
logic units: (a) OAK099, Holocene alluvial fan overlying Pleistocene alluvial fan; (b) OAKO070,
Pleistocene alluvial fan; (c) OAKO007, Merritt sand overlying Pleistocene alluvial fan; and (d)
OAKO041, artificial fill, younger Bay mud, Merritt sand, and Pleistocene alluvial fan.

geologic map. In most instances, each geologic unit had a distinctive SCPT signature
and range of Vg. Thus, by simultaneously conducting cone penetration tests and Vg
measurements, the major geologic units penetrated by a sounding usually could be iden-
tified. For soundings in which unit identification was ambiguous, sampling and compari-
son with adjacent soundings were used. The SCPT data used for this investigation are
available on the Internet at http://quake.usgs.gov/prepare/cpt/.

The sounding in Figure 2a was conducted in the central region, and penetrated Ho-
locene and Pleistocene alluvial fan deposits. The sounding in Figure 2b was conducted
in the eastern part of the central region, and penetrated only Pleistocene alluvial fan. The
sounding in Figure 2c penetrated Pleistocene Merritt sand and underlying Pleistocene
alluvial fan. The sounding in Figure 2d was conducted in the western region and pen-
etrated artificial fill, younger Bay mud, Pleistocene Merritt sand, and Pleistocene alluvial
fan.
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METHODOLOGY

Vg data in this investigation were obtained by SCPT using the downhole method (see
Lunne et al. 1997). A 23-ton truck was used to push a 3.6-cm-diameter instrumented
cone with a seismometer into the soil. The average penetration depth was 18 m, and the
deepest penetration was 51 m. This method is applicable only to soil sites; it cannot be
used to measure Vg at bedrock sites. The seismometer, which sits 0.25 m above the tip
of the cone, is a horizontally oriented, single-component, velocity transducer. Horizon-
tally polarized shear waves are generated at the land surface by striking on a vertical
face of a steel box with a sledgehammer. The travel time for the vertically propagating
shear wave is the time between the hammer blow and the arrival of the shear wave at the
seismometer. Travel times typically were measured in the present study at 2-m-depth in-
tervals. Because the strike plate is offset 0.96 m on the ground from where the SCPT
penetrates the ground surface, the observed shear wave does not propagate to the seis-
mometer on a truly vertical path; computation of Vg requires a correction to take the
added travel distance caused by this offset into account. The correction was made here to
the measured travel time by computing a pseudo—travel time from the measured travel
time using a simple cosine correction (Eidsmoen et al. 1985). This allows use of the in-
verse of the slope of the pseudo—travel time versus depth to compute Vg.

The horizontal offset used to make the correction was the distance between the clos-
est edge of the strike plate and the penetration point of the SCPT. Some practitioners use
the distance between the middle of the plate and the penetration point of the SCPT (see
Campanella et al. 1986). The edge of the plate was used because the beginning of shear-
wave pulse recorded by the seismometer presumably is generated by the closest part of
the steel plate. Fortunately, the choice of the part of the plate from which to measure the
horizontal offset only affects the estimate of Vg in the upper few meters because the
offset used here was small (Butcher and Powell 1995).

Shear-wave velocities of geologic units in each sounding were computed with two
approaches. In the first approach, the Vg of each entire geologic unit penetrated in a
given sounding was calculated. In the second approach, the Vg of each 2-m-depth inter-
val in a sounding was computed and assigned to the appropriate geologic unit.

The first approach is illustrated in Figure 3. By this approach, the Vg of each geo-
logic unit in a sounding was estimated by manually fitting a line to the pseudo—travel
time versus depth data within the unit. The inverse of the slope of the line is the Vg. The
slope was determined manually instead of with an ordinary least-squares approach be-
cause geologic units commonly were not very thick. This thinness did not permit a ro-
bust regression analysis to estimate unit velocity because travel times were measured
only every 2 m. Thus, a unit that was only 4 m thick would have only two travel-time
measurements in most cases. In fact, velocities were commonly estimated with
only three depth/travel time pairs because units were often less than 6 m thick. A
secondary consideration that prompted the manual line fitting was the effect of thin
(<2-m-thick) layers of sand within units. The higher Vg of these coarse-grained layers
causes small perturbations in travel time plots. Because these layers are conspicuous in
the cone penetration test profile, their impact on Vg can be minimized by manually fit-
ting the data.
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Figure 3. SCPT sounding profile with pseudo—travel times.

The second approach consisted of computing Vg values for each 2-m-depth interval
by differencing the pseudo—travel times measured 2 m apart in a specific sounding. The
Vj for each interval was assigned to the appropriate geologic unit, and the midpoint of
the interval was used as the depth value for the measurement. Velocities for intervals that
straddled the contact between geologic units were excluded from the compilation.

It should be noted that the Vg reported here for the younger Bay mud is for the upper
or soft member of the mud (Trask and Rolston 1951, Treasher 1963), which is the pre-
dominant component of the younger Bay mud in the study area. The younger Bay mud
contains a stiff lower member that has been informally referred to as the semi-
consolidated member (Treasher 1963). The Vg of the stiff member is higher than that of
the rest of the unit and is readily recognized in SCPT soundings by its higher tip resis-
tance. It is not geographically continuous in the study area and was observed in only a
few soundings. In addition to the stiff lower member, the younger Bay mud in the study
area frequently includes a thin (<2 m) basal sand of reworked Merritt sand that was de-
posited during the time of the Holocene marine transgression. The primary impact of
including these other components of the younger Bay mud would be to increase the unit
average and standard deviation of Vg, respectively, by about 10 and 40%. General con-
clusions are not affected.

DATA

Average Vg values from both approaches are compared in Table 2. Three different
average velocities were computed—an arithmetic mean, a geometric mean, and an av-
erage based on slowness, which is the inverse of velocity (see Brown et al. 2002 for a
discussion). Because the number of measurements of 2-m-interval Vg in each geologic
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Table 2. Comparison of average Vg computed with 3 approaches for each geologic unit

Fill Fill Younger  Holocene  Pleistocene Merritt

Vg (m/s) (0-1.75m) (>1.75m) Bay mud alluvial fan alluvial fan  sand
2-m interval Vg

Arithmetic Mean 184 159 128 224 330 325

Geometric Mean 177 156 126 219 321 319

(Average Slowness) ™! 170 152 118 214 312 311
Entire geologic unit Vy

Arithmetic Mean 184 163 109 209 319 332

Geometric Mean 177 158 108 207 316 328

(Average Slowness) ™! 170 153 106 204 313 324

unit decreases with depth, the averages shown for the 2-m intervals in Table 2 are the
means of the averages computed at each depth. So, for example, if 20, 15, and 10 mea-
surements of Vg, respectively, were available at depths of 2, 4, and 6 m in a given unit,
averages were first computed for each depth and then the mean of these averages was
reported as the unit average in Table 2. If all 2-m-interval Vg measurements had been
averaged together, the large number of shallow measurements would have dominated
unit averages. To compute the average 2-m-interval Vg of each unit based on slowness,
values of slowness were computed for each 2-m interval within each unit. The mean
slowness values at each depth in a unit were then averaged to produce an average slow-
ness for the unit. The average velocity based on slowness, which is reported in Table 2,
is the inverse of the average slowness.

The statistics—arithmetic mean, standard deviation, and sample size—of Vg are
shown in Table 3. The variability of Vg for entire geologic units is illustrated in Figure 4
with the histograms of Vg ; the variability of the 2-m-interval Vg is indicated by the scat-
ter in Figure 5. The standard deviation of the 2-m-interval Vg was computed in a similar

Table 3. Statistics of Vg distributions—mean, standard deviation, and sample size—of geologic
units

Fill Fill Younger Holocene Pleistocene Merritt

Statistical Properties (0-1.75m) (>1.75m) Bay mud alluvial fan alluvial fan sand
2-m interval

Arithmetic Mean (m/s) 184 159 128 224 330 325

Standard Deviation (m/s) 52 36 26 51 84 66

Sample size 68 58 135 166 659 178
Entire geologic unit

Arithmetic Mean (m/s) 184 163 109 209 319 332

Standard Deviation (m/s) 52 46 19 38 44 52

Sample size 68 36 69 89 111 57
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Figure 4. Histograms of Vg of entire geologic units.

manner to that used to compute the means. Values of standard deviation were computed
for each depth and then these values were averaged to produce the means reported in
Table 3.

The standard deviation of the 2-m-interval Vg reported in Table 3, herein referred to
as the observed standard deviation, results from a combination of measurement error
and real formational (or material) variability. Because the square of the observed stan-
dard deviation is the sum of the squares of the standard deviations attributable to mea-
surement error and formational variability, the formational variability can be computed
if the other two variabilities are known.

The primary cause of measurement error is the accuracy of timing the arrival of the
shear wave. Because signal processing improved over the course of the field investiga-
tion, picking the arrival time became more accurate. To estimate the standard deviation
of the timing error, several records were picked repeatedly and the standard deviation of
the time picks (s)) was computed. Early records yielded an s, of 0.7 ms, while later
records yielded an s, of 0.2 ms. To estimate the uncertainty in Vg caused by the inaccu-
racy in picking the arrival time, the standard deviation of the time picks (s;) was added
to the average 2-m travel time for each geologic unit and then a new 2-m-interval ve-
locity was computed. The difference between these velocities is approximately the stan-
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Figure 5. Two-meter-interval Vg versus depth of (a) Holocene alluvial fan, (b) Pleistocene al-
luvial fan, (¢) Merritt sand, and (d) younger Bay mud. Mean and one standard deviation, re-
spectively, are indicated by circle and horizontal line with brackets. Curves show depth depen-
dency predicted by Equation 1 with the parameters shown on the graph. Note Vg scale varies
between panels.

dard deviation of the velocity measurement error. The estimated velocity measurement
error and resulting formational standard deviation are shown in Table 4. Estimates of
formational standard deviations for both the original (0.7 ms) and improved (0.2 ms)
signal processing are shown in Table 4. Although formational variability cannot be in-
ferred precisely from Table 4 because measurement error progressively decreased during
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Table 4. Estimated formational variability of 2-m-interval Vg of geologic

units

Standard deviation of Younger Holocene Pleistocene ~ Merritt

2-m Vg (m/s) Bay mud  alluvial fan  alluvial fan sand

Observed 27 52 76 66
5;=0.7 ms

Measurement 5 20 46 46

Formational 27 48 61 48
5;=0.2 ms

Measurement 1 6 13 13

Formational 27 52 75 65

the course of the field investigation, Table 4 indicates that formational variability is a
significant component of the observed variability, even under the less accurate picking
condition (5,=0.7 ms).

Figure 5 also shows the variation of Vg of each geologic unit with respect to depth.
The artificial fill is not included because it is less than 4.5 m thick in most of the
study area. Despite the scatter, Vg appears to be approximately constant with depth
for the Merritt sand and Holocene and Pleistocene alluvial fans. Only the Vg of the
younger Bay mud markedly increases with depth (Figure 5a). These trends are
even clearer when only mean values of the 2-m-interval Vg are plotted (Figure 6). Linear
regression of the 2-m-interval Vg for younger Bay mud with respect to depth (z) yields
Vg=3.992+75.2; the least-squares fit for slowness (VS_I) is VS_IZ —0.000288z
+0.0120. Both regressions included the uncertainty of Vg (or VEI) at each depth as in-
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Figure 6. Mean values of 2-m-interval Vg versus depth for each geologic unit.
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dicated by the standard deviation of the 2-m-interval Vg (or V;l) (see Press et al. 1992,
pp. 655-656). The least-squares fit was performed only on the upper 21 m of the
younger Bay mud because of the small number of Vg measurements at each depth below
21 m (see Figure 5d).

The data described here also confirm Hamilton’s (1976) conclusion, based on labo-
ratory measurements, that the position of the water table has only a modest influence on
V. As was noted by Hardin and Richart (1963), moisture decreases the shear modulus
of granular material. The effect of the water table on Vg was evaluated by comparing
measurements above the water table in 23 soundings with measurements below the water
table in 30 soundings. Comparisons were restricted to the Holocene alluvial fan and
comparisons are for measurements made at comparable depths, mostly at 2.75 m. Water
tables were measured directly in the open hole created by each sounding. The average Vg
measured above the water table was 7% higher than it was below the water table.

DISCUSSION

Differences between average values of Vg for each geologic unit computed by alter-
native approaches are small (Table 2). Averages differ by as little as 6 to 7% for the Mer-
ritt sand and Holocene and Pleistocene alluvial fans to as much as 17% for the younger
Bay mud. Despite the small differences, the intended application of the average V¢ may
dictate a specific approach. For example, computing averages with slowness emphasizes
the lowest velocity values. For evaluations of site response, averages based on slowness
are more appropriate for computing Vg3o. The inverse of the slowness values for both
the 2-m intervals and entire unit consistently produced the lowest Vg values. Compari-
son of entire unit averages with 2-m-interval mean values for geologic units was not
consistent. Entire unit averages compared to 2-m-interval mean values were lower for
the younger Bay mud and Holocene alluvial fan and higher for the Merritt sand.

Uncertainty introduced by observed variability is more important than the approach
used to compute the average Vg. The variability of Vg within geologic units is much
larger than the differences introduced by using the different methods to compute the av-
erage V. Coefficients of variation—the ratio of standard deviation to the mean—range
from about 16% for the entire geologic unit to about 22% for the 2-m-interval Vg.

A major contributor to variability of each geologic unit is the range of depositional
environments represented by the sediment that are included within each geologic unit.
For example, the Merritt sand, although consisting primarily of windblown deposits, in-
cludes fluvial deposits laid down between dunes; the Holocene and Pleistocene alluvial
fan deposits include levee, channel, and flood-basin facies (Helley and Graymer 1997).
These environments cause deposition of a variety of soil textures that can influence Vg.

Previous compilers of Vg have proposed that the distribution of Vg of geologic units
is lognormal (EPRI 1993). The distributions of Vg of the geologic units investigated
here, however, are consistent with a normal distribution. This is suggested by the histo-
grams of Vg of the entire geologic unit (Figure 4) and the near equality of the arithmetic
and geometric means (Table 2). This may be in part the result of the small coefficients of
variation of the geologic units considered here. When the coefficient of variation is less
than 25%, normal and lognormal distributions are difficult to distinguish. A formal test
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Figure 7. Normal quantile plots of Vg for each geologic unit. Normally distributed data plot on
a straight line. A linear regression trend line and its correlation coefficient are also shown for
each unit.

of normality is presented in Figure 7, which shows normal quantiles plots of Vg for each
geologic unit (Devore and Farnum 1999). Normally distributed Vg values plot as a
straight line in this format. Correlation coefficients for each plot indicate the correlations
are consistent with normality (see Shapiro and Wilk 1965).

The absence of a significant vertical gradient of Vg in the Merritt sand and Holocene
and Pleistocene alluvial fans is relevant to the determination of average unit velocities
when Vg is measured at multiple depths. In the situation here, the primary purpose for
collecting the Vg data was to build a shallow regional three-dimensional velocity model
and compute time-averaged velocities to a 30-m depth based on average velocities of
geologic units. Because Vg was measured at different depths, we were concerned that an
average of the measured values might be misleading because of the potential effect of
overburden stress on Vg. Accordingly we considered normalizing the field Vg values for
overburden stress before averaging. In fact, the purpose of Figure 5 was to develop the
empirical relationship for the normalization. However, the approximately constant ve-
locity with depth in Figure 5 for each geologic unit indicates that such normalization is
unnecessary.
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Normalization of Vg to a reference overburden stress is based primarily on labora-
tory tests of the dependence of Vg of homogeneous soils on confining pressure (e.g.,
Hardin and Drnevich 1972, Krizek et al. 1974). It is most commonly used in geotech-
nical studies of liquefaction that are based on measurements of Vg. Typically, field Vg
measurements in sands are normalized to a reference effective overburden stress in order
to compare measurements obtained at different depths (e.g., Andrus and Stokoe 2000).
Following the procedure for correcting standard and cone penetration testing, several in-
vestigators have proposed that field values of Vg be normalized to a reference overbur-
den stress. Robertson et al. (1995) proposed the following normalization:

PA 0.25 1 0.125
Va=Vi—| |— 1
S1 S( ) (KO) ( )

oy

where V, is the normalized Vg; P, is the reference pressure (usually 100 kPa); o7, is the
effective overburden stress; and K|, is the coefficient of lateral stress at rest, i.e., the ratio
of horizontal to vertical effective stress under natural conditions.

The solid lines in Figure 5 show the predicted depth dependence of Vg based on
Equation 1 for each geologic unit if it is assumed that a unit has a constant Vg;. The
predicted field velocity profiles are based on assumed parameters shown on each graph.
K, was assumed equal to 0.5 and 1.0, respectively, for the Holocene and Pleistocene de-
posits; average depths to ground water were used. With the exception of the younger Bay
mud, observed mean values are not in general agreement with the predicted profile.

The cause of the absence of a significant vertical gradient of Vg that is consistent
with Equation 1 is beyond the scope of this investigation. However, the observations
here are in situ, whereas Equation 1 is based primarily on laboratory observation. Sedi-
ments investigated here have had time to undergo diagenesis. In fact, weathering of ma-
terials in spot samples was a criterion used to recognize Pleistocene sediment. We specu-
late that diagenesis may affect the soil structure and reduce the apparent sensitivity of
the shear modulus to increasing pressure. In general, the tip and friction ratio of indi-
vidual soundings in fine-grained sediment other than the younger Bay mud also did not
show a depth dependency, which is consistent with the absence of a depth dependency of
Vg in these soundings. This can be seen in the CPT profiles in Figure 2.

Upon first inspection, the depth profiles of Vg presented here also are inconsistent
with depth profiles of Vg presented by Wills and Silva (1998). In their profiles, Vg in-
creases markedly with depth. The apparent inconsistency is an artifact of how the pro-
files in each investigation were compiled. The profiles presented here only include 2-m-
interval velocities for specific geologic units. The profiles presented by Wills and Silva
(1998) include velocities of units underlying the surficial unit. Although their profiles are
identified by surficial unit, each profile includes measurements in older, and presumably
faster, geologic units beneath the surficial unit. Their surficial-unit designation only in-
dicates the unit that the boring initially penetrated at the ground surface.

The depth dependence of Vg of the younger Bay mud most likely is caused by con-
solidation rather than directly by stress effects. Hamilton (1976) previously proposed
such a mechanism to explain depth dependence of Vg in fine-grained marine sediment.
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Figure 8. Vg at the top of younger Bay mud versus thickness of overlying artificial fill. Dashed
line is relation predicted by the observed linear regression of Vg versus depth in the younger
Bay mud as modified to take the higher density of the fill into account.

The evidence for consolidation is shown in Figure 8. The velocity data in Figure 8 are
the 2-m-interval Vg values for the younger Bay mud measured immediately beneath the
artificial fill. Each value is plotted against the thickness of the overlying fill. Note that in
general Vg increases with the thickness of fill. The trend of the data in Figure 8 can be
predicted with the linear regression of Vg for the younger Bay mud, 3.99z+75.2, if the
observed gradient, 3.99 m/s per m, is multiplied by the ratio of the buoyant unit weights
of the fill and younger Bay mud. Using a ratio of 1.99 yields the dashed line in Figure 8.
The ratio is based on buoyant unit weights of 68 and 34 lbs/ft>, respectively, for the fill
and soft member of the younger Bay mud (see Lee and Praszker 1969, p. 56; Goldman
1969, p. 22). If consolidation of the mud from the load imposed by the artificial fill,
most of which was emplaced about 60 years ago, is assumed to be essentially complete
(see Lee and Praszker 1969, p. 72), the agreement of the predicted trend with the data
plotted in Figure 8 implies that the depth dependence of Vg of the younger Bay mud is
caused by consolidation. The observation of the higher Vg beneath the fills also explains
the higher Vg3, values reported by Wills and Silva (1998) in areas where relatively thick
artificial fill rests on younger Bay mud.

An increase of Vg with geologic age is also observed in Figure 6, an observation that
has been reported in many previous investigations (e.g., Fumal 1978). Holocene deposits
represented by Holocene alluvial fan and Bay mud sediment are slower than Pleistocene
deposits represented by Merritt sand and Pleistocene alluvial fan deposits. The younger
Bay mud, a soft estuarine mud, which has remained submerged, is easily the slowest soil
in the study area. Deposition of the younger Bay mud commenced when rising sea level,
caused by melting of glacial ice during the waning of the last ice age, began to refill San
Francisco Bay. Sea level reached the study area 6,000 to 8,000 years ago (Atwater et al.
1977). Because deposition of younger Bay mud has continued to the present, the age of
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the mud decreases progressively upward from about 8,000 years old at its base. Depo-
sition of the Holocene alluvial fan deposits was triggered in response to latest Pleis-
tocene climate changes that occurred between 10,000 and 15,000 years ago; the precise
age of the basal Holocene in the study area is not known. Deposition has continued to
the present, and the Holocene alluvial fan deposits interfinger with younger Bay mud in
the subsurface. The slightly greater Vg of the Holocene alluvial fan relative to younger
Bay mud is attributable to the combined effects of its coarser texture and its history of
subaerial deposition and exposure. The Pleistocene alluvial fan deposits and Merritt
sand have the highest Vg in the study area. The Merritt sand was deposited during the
last glacial epochs, approximately 10,000 to 80,000 years ago. The Pleistocene fans
probably were active surfaces of deposition mainly during the sea-level high stands of
the last major interglacial epoch (Marine Isotope Substage 5Se) from about 132,000 to
116,000 years ago (Shackleton et al. 2002).

Although the primary objective here was to determine the Vg of geologic units to
permit the use of geologic maps for seismic microzonation, correlations of Vg with
SCPT penetration resistance and geologic age were also evaluated in a separate study
(Piratheepan 2002). In general, the Vg of Pleistocene sediment in the study area was
found to be 20 to 50% higher than the Vg of Holocene sediment with similar cone re-
sistances.

CONCLUSIONS

The purpose of this article was to describe the statistical and spatial distributions of
Vg of shallow Holocene and Pleistocene geologic sediments in a 140-km? area near the
eastern margin of San Francisco Bay, California. Differences between average values of
Vg for each geologic unit computed by alternative methods—arithmetic mean, geomet-
ric mean, and slowness—are small. Averages for entire units differ by as little as 1 to
3%. Averages for 2-m-interval Vg differ from 2 to 8%. The observed variability of Vg
within a specific geologic unit in general is greater than the variability introduced by the
method that is used to compute the average Vg. Coefficients of variation range from
about 16% for the entire geologic unit to about 22% for the 2-m-interval Vg. Values of
Vg measured in each geologic unit are consistent with a normal statistical distribution.
The Vg of each geologic unit, with the exception of the younger Bay mud, is approxi-
mately constant with depth. Field V4 measurements did not need to be normalized for
overburden stress in order to compute average Vg values of geologic units. The depth
dependence of the younger Bay mud appears to be caused by consolidation in response
to the weight of the overburden. Velocities below the water table are about 7% less than
those above it.
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