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ABSTRACT

Twenty-two shallow, reversed, seismic refraction
profiles were conducted in the Brazos River floodplain
to test the feasibility of using seismic methods to
provide hydrogeologic information in this province.

The specific objectives were to map the total and satu-
rated thickness of the alluvial deposits and to outline
gravel lenses within the alluvium.

It was found that the water table was the only inter-
face at which the acoustical properties of the deposits
above and below changed sufficiently to be mapped by
seismic methods. The alluvial deposits above the water
transmitted compressional waves at an average velocity
just greater than the velocity of sound in air. The
saturated alluvial deposits transmitted seismic waves at
an average velocity of slightly greater than the velocity
of sound in water.

The saturated alluvial deposits and the bedrock appear
to have a continuous increase in velocity with depth
rather than a significant change in acoustical characteris-
tics.

The seismic measurements in themselves could not de-
lineate gravel lenses within the alluvium. However, the
zones of greater permeability were indicated on the resuli-

ing contour map of the water table by the areas of gentle
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gradients. Zones of greater permeability in the alluvial

deposits are probably gravel lenses.



INTRODUCTION

The object of this study was to investigate the
hydrogeology of the alluvial deposits of a portion of
the Texas A&M Plantation using the techniques of shallow
refraction seismology. An attempt was made to use these
methods to map the total thickness and the saturated
thickness of the alluvial deposits and to outline zones
of gravel lenses within the alluvium. Domestic water
wells can be made in the alluvium almost anywhere in the
floodplain, but the high discharge irrigation wells are
limited in location by the erratic distribution of gravel
lenses. Although geophysical techniques do not result in
as much detailed or as accurate information as does test
drilling, they may outline the more favorable areas for
well locations without the necessity of the present pro-
cedure of extensive test drilling.

The area chosen for this investigation was located
on the Texas A&M Plantation, Burleson County, Texas. The
Plantation is that portion of the University farm in the
Brazos River floodplain, locally known as the '"Brazos
Bottoms." The test site, an area approximately 3,000
feet by 1,200 feet, was bordered by the Brazos River on
the northeast side (figure 1). The topography is fairly
flat, the maximum relief being about 6 feet.

The standard seismic refraction technique was followed
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and the velocities and depths were calculated by standard
mathematical solutions of the travel-time plots. A dis-
cussion of the general theory and methods are given in
Jakosky (1950), Dobrin (1960), and Griffiths and King (1965).
Briefly, the seismic method consists of the generation of

an elastic pulse near the surface of the ground and record-
ing the resulting motion of the ground at nearby points on
the surface. Measurements of the time intervals between the
generation of the pulse and its detection at the geophones

at various distances give the velocity of propagation of

the energy in the ground. Where the subsurface structure

is simple, the values of elastic wave velocities and the
positions of boundaries between regions of differing velocity
can be calculated from the time-distance data. These cal-
culations require a simple model of the structure; that is,
the velocity zones should be homogeneous and isofropic with
planar interfaces between each zone. It should be remembered
that a seismic profile is an average profile of the refrac-
ting horizon, with the highs and lows being smoothed out.
Hence, the difference in depth between the true surface

and the seismic interfaces may become a relatively

large percentage of the total depth in shallow studies.



PREVIOUS INVESTIGATIONS

Brazos River Alluvium

Geological investigations of the alluvial deposits
of the Brazos River valley are limited. The valley in
the area of investigation is a typical alluvial valley
developed in the West Gulf Coastal Plain. This section
of the Coastal Plains Province is bounded upstream by the
Balcones fault zone, approximately located along the
Bosque-McLennan county line. Northwest of this line, the
Brazos valley has been characterized by Stricklin (1961)
as a bedrock valley, which bhas been developed across an
upland of Paleozoic and Cretaceous sedimentary rocks.

The alluvial valley portion has been developed in
strata ranging in age from the Late Cretaceous to Recent.
The Cretaceous rocks are composed predominately of marl,
shale, and sandstone; the Tertiary rocks are chiefly shale,
clay, and sand. The portion of the valley in the Coastal
Plain is characterized by its width and gentle topography
as compared to the narrow, hilly bedrock valley portion
which lies upstream from the Balcones fault zone. The
meandering stream pattern and the alluvial walls and floor
of the river are also distinctive features of the alluvial
valley portion. This type of valley has been geologically
investigated along other streams, such as the Red River in

Louisiana (Newcome, 1960) and the Mississippi River



(Fisk, 1944, 1952).

Deussen (1924) described six terraces on the Brazos
River between the inner and outer margins of the Coastal
Plain. Terrace No. 1 is present along most of the length
of the valley south of Waco, ranging from 30 to 35 feet
in height above the river bed. This terrace, composed of
red, sandy clay, is subject to overflow in times of flood.
Terrace No. 2 ranges from 40 to 55 feet above the river
bed and is composed of red, sandy clay with more or less
gravel in its basal part. Terrace No. 2 has been dated as
Early Aftonian Age of the Pleistocene, based on a verte-
brate fauna found at Munson Shoals in Brazos County.
Terraces numbers 3 through 6 range in height from 70 to
220 feet above the bed of the river. These clder ter-
races are generally composed of sand or gravel and are
areally limited in their present distribution.

A generalized study of the ground-water geology of
the Brazos alluvium in the Coastal Plain was made by
Cronin and others (1963). Recharge to the alluvium princi-
pally is from irrigation, and by underflow from adjacent
and underlying formatibns. The annual average rainfall in
the floodplain and lower terraces varies from about 34
inches in the northern portion to about 48 inches in the
coastal area. Part of this precipitation is added to the
water in storage by infiltration. Recharge also occurs

in places during high water or floods when surface water



moves into the alluvium as bank storage. The alluvial
deposits are also recharged by water moving from the
underlying formations to the river. At present the quanti-
ty of underflow moving from the formations is unknown.
Based on scattered and rather meager data, the recharge
to the alluvium in excess of the pumpage between 1957
and 1960 was in the order of 250,000 acre-feet.
The movement of ground water in the alluvium was
found to be toward the Brazos River and slightly down-
stream. As best as could be determined, at no area along
the river could flow in the opposite direction be deter-
mined during normal water stages. The rate of water move-
ment is unknown according to Cronin and others (1963).
Discharge from the alluvium is by springs and seeps
along the Brazos River, by transpiration and evaporation
in areas where the water table is at or near the surface,
and by pumpage from wells. The major portion of the water
produced from wells is used for irrigation, as no public
water supplies and few domestic wells obtain water from the
alluvium. Irrigation pumpage varied from about 200,000
acre-feet a year during the 1953 to 1956 drought to about
20,000 acre-feet a year in 1959 and 1960 (Cronin and others,
1963, p. 116).



Brazos River Discharge

The flow of the Brazos River in the Burleson-Brazos
County Area is regulated by upstream reservoirs on the
Brazos and by the Belton Reservoir on the Leon River.

A hydrograph of the maximum, mean, and minimum discharge
by months for the calendar year 1965 is shown in figure
2. During this period, the peak flow was measured on

May 19 at 134,000 cubic feet per second and a river
elevation of 234.3 feet. The low flow for this same
period was measured on September 10 at 680 cubic feet per
second and a river elevation of 195.6 feet (Twichell, 1966).
These ohservations were made approximately 10.4 miles
upstream from the test area at the U. S. Geological
Survey streamflow station 8-1090. The drainage area of
the river at this location is 38,400 square miles, of
which approximately 9,240 square miles are probably non-

contributing (Eisenhuth, 1965).

Shallow Refraction Seismology

The first refraction seismograph designed for
shallow exploration was built by the Bureau of Public
Roads in 1933. Shepard (1935) reported on the experi-
mental use of this instrument in determining the presence
and location of consolidated rock at two bridge sites in

Washington, D. C. and the depth of overburden at a quarry.
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This instrument was a four—channef seismograph; dynamite
was used as the energy source,

In 1934, Partlo and Service built a single-channel
seismograph to determine the depth of overburdens of
100 feet or less. They used both a sledgehammer and an
explosive energy source to determine the overburden
thickness at three sites and the location of a concealed
fault.

Shepard (1939) reported on the results of seismic
methods as applied to construction projects. Using the
Bureau of Public Roads seismograph, profiles were made at
several locations in the United States to determine over-
burden thickness, depth to the water table in sandy soil,
depth to fresh igneous rock, and to explore for damsite
foundations.

In 1940, the Waterways Experiment Station explored
eight damsites in the Ozark highlands of Arkansas. and
Missouri. These studies were made to determine the
thickness of the alluvial deposits and of the weathered
portion of the bedrock. On the uplands, a velocity
increase of approximately 2,000 feet per second within
the unconsolidated deposits was attributed to a transition
from loose, aerated, surface material to the moist, more
compacted, residual overburden. In the floodplain, a
velocity increase on the order of 3,500 feet per second

was found at a depth which corresponded closely to the
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water table. It was concluded that the refraction method
could, in general, outline the rock surface, but not
define the "firm rock line" or channels within the
unweathered rock.

In connection with the Corps of Engineers exploration
program for flood control and navigation improvements
during the period 1936 to 1939 (Shepard and Wood, 1940),
Burwell (1940) was apparently the first to report on the
determination of ground-water levels in alluvial deposits.
During preliminary foundation investigations for damsites
in the Ohio River Basin, it was found that the elevation
of the water table could be determined within small limits
of error. The velocity varied from 1,100 to 3,170 feet
per second in the dry alluvium and from 4,000 to 6,000
feet per second in the saturated alluvium. The bedrock
velocity ranged from 8,210 to 15,000 feet per second.
Burwell noted that the velocity in the saturated alluvium
averaged slightly greater than the average seismic velocity
in water. Because the velocity obtained in the saturated
material appeared to be influenced primarily by the pro-
perties of the water rather than by the properties of the
material, it was concluded that, generally, seismic methods
could not differentiate satisfactorily between good and
poor aquifers.

The Waterways Experiment Station (1943) investigated

the use of shallow refraction seismology for determining
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the character and depth of the alluvium in the lower
Mississippi valley. A total of twelve seismic profiles
were made at three sites in the floodplain at which
borings had been completed into the underlying Tertiary
formation. At all three sites, the Tertiary deposits
were marine silts, clays, or silty clays. On all of the
profiles, the depth to the top of sand or water table
could be determined; however, only two profiles at one site
vielded data from which calculations of the alluvial
thickness could be correlated with the actual depth to
the Tertiary formations. The seismic velocities ranged
from 600 to 1,000 feet per second in the dry alluvium and
from 5,000 to 6,000 feet per second in the saturated
alluvium. The upper Tertiary materials were found to
have seismic velocities of about 4,000 feet per second,
a velocity comparable with that determined for other
relatively stiff marine clays, except for the localized
7,000 and 8,000 feet per second velocities found on two
profiles, It was concluded that this method was not
suitable as a supplement to boring exploration in the
alluvial valley.

Linehan and Keith (1949) used seismic refraction in
exploration for ground water at five sites in Massachusetts
and Connecticut. Their work consisted mainly of determining
the thickness of glacial drift overlying a crystalline

bedrock, with velocity measurements made in the
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unconsolidated deposits used to determine the location of
potential aquifers.

In 1952, Stickle and others discussed the general
use of refraction seismology in water-table location and
bedrock-depth determination.

In a series of papers, Gough (1952; 1953; Gough and
van Niekerk, 1957) reported on a shallow seismic refrac-
tion instrument and the results of several investigations
made in South West Africa. These investigations included
five bedrock-depth determinations in river valleys and
a study of one building foundation site. The velocity
increase between the alluvium and the bedrock was of the
order of 10,000 to 15,000 feet per second. In all but one
of these surveys, the initial straight line on the travel-
time graph does not pass through the origin. This positive
time intercept was attributed to a thin, very low veloci-
ty, aerated, soil zone (Gough, 1953; Gough and van Nieker,
1957). At one site, the first arrivals corresponded to
the velocity of sound in air, hence only a maximum depth
could be computed (Gough and van Nieker, 1957). At all
of the sites, the depths known from borings agreed
closely with the seismic depths.

In 1954, Woollard and Hanson published the results
of a series of geophysical surveys made in Wisconsin
between 1948 and 1954. These surveys involved the use of

several geophysical methods to study mineral exploration
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problems, engineering problems, and ground-water supply
investigations. Shallow refraction seismology was used
in eleven ground-water supply studies which were mainly
concerned with the location of buried valleys in crystal-
line rocks or in Paleozoic limestones or sandstones. 1In
seven of the sites studied, a velocity increase of
approximately 1,000 to 3,000 feet per second was found
between the dry and saturated glacial deposits.,

Shallow refraction methods were used by Pakiser and
Black (1957) to explore for channels in the Monument
Valley of Arizona and Utah. The velocity increase between
the Moenkopi Formation bedrock and the Shinarump fill was
of the order of 8,000 feet per second. A delay time
analysis was used to outline small channels that might have
localized accumulations of uranium ore. Refractions from
saturated rocks were not observed.

Both reflection and refraction techniques were used by
Pakiser and Warrick (1956) and Warrick and Winslow (1960)
to determine the location, depth, and cross-sections of
buried valleys in northeastern Ohio. These valleys are
cut in Pennsylvanian, Mississippian, and Devonian sedi-
mentary rocks and are buried by glacial drift. The
increase in velocity from drift to bedrock was
about 5,000 feet per second. The presence of a water
table was not indicated, but a low velocity surface zone

(about 2,000 feet per second) was noted.



14

Bonini and Hickok (1958) used refraction techniques in
New Jersey to outline a Pleistocene sand and gravel aquifer
which occurs as a channel in the Triassic Brunswick Forma-
tion. A velocity increase of approximately 6,000 feet per
second marks the interface between the unconsolidated
material and the bedrock. A velocity increase at the
water table was not noted. Gill and others (1965) extended
this survey westward. Their experiments resulted in the
outlining of two separate channels. The velocity in the
dry, unconsolidated deposits varied from 1,100 to 3,000
feet per second; in the saturated, unconsolidated deposits
it ranged from 4,500 to 8,300; and in the bedrock it
ranged from 10,700 to 17,900.

Moore (1961) briefly described the refraction seismic
and electrical resistivity methods as applied to highway
design and maintenance. Examples of the use of the seismic
method in investigations of slope design, tunnel sites,
bridge foundations, damsites, and potential quarry sites
were reported.

The Desert Research Institute of the University of
Nevada has investigated the use of geoelectrical and
seismic methods as applied to hydrogeologic problems.
Resistivity measurements were used to determine the
lithology of valley-fill sediments, and seismic methods
were used to determine the shape of the bedrock valley and

the depth to the water table. Refraction profiles were
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made at eight localities in the Humboldt River basin
(Dudley and McGinnis, 1962) and at three other sites in
northern Nevada (McGinnis and Dudley, 1964). In general,
the refraction method was very successful in determining
the depth to the water table, where the water table was
present, and to the bedrock. Failure to obtain primary
arrivals from the saturated alluvium was attributed to
the relative thickness of the layers and the effect of
the extent to which the velocity of the third layer ex-
ceeded that of the second. This problem of intermediate
"blind zones" in three-layer models has been discussed

by Soske (1959) and Green (1962). Where the water table
was detected, the seismic velocity in the dry alluvium
was approximately 2,000 feet per second, and in the
saturated alluvium it was approximately 5,000 to 6,000 feet
per second. The bedrock velocities varied from 10,000

to 16,500 feet per second.

Shaw (1963) outlined the use of geophysical methods
in ground-water problems and the extent to which the
various methods were being used in several countries
outside of Great Britain, mainly in the Tropics. He
concluded that the depth to the water table may be obtained
in areas limited to relatively small thicknesses of un-
consolidated material, with the most important use of
shallow refraction seismology being in its ability to

delineate hydrologic features with a greater degree of
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accuracy than other methods.

In conjunction with geoelectric investigations in
Santa Clara County, California, Zohdy (1965) investigated
the use of refraction seismology to locate permeable
strata for the artificial recharge of ground water.
Within the depths of interest however, the alluvial strata
lacked a sufficient velocity contrast.

Burroughs and others (1965) used shallow refraction
seismology to explore for stream gaging sites and to
predict the type of deposits to be encountered during
construction. They also used refraction methods to test
for uniform subsurface conditions in the selection of
large plots of forest lands for experimental treatment.
In a ground-water study in the Bitterroot Mountains of
Idaho, refraction methods were used to profile the
basement surface. Results of this work indicated average
velocities of 1,612 feet per second in dry soil, 4,884
in saturated deposits, and 9,629 in the crystalline base-

ment.
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GEOLOGY

The Brazos River floodplain is approximately nine
miles wide to the north of the area of investigation,
narrowing to about 5.5 miles just to the south of the
test area. The Brazos River borders the east side of the
floodplain. The alluvium in this area varies in thick-
ness across the valley from a featheredge to 72 feet,
with the thinner section generally on the west side. 1In
the test area the alluvium varies from 50 to 75 feet in
thickness. The test area was probably on Deussen's (1924)
Terrace No. 2.

Fast-west trending cross sections (Cronin and Wilson,
in press) based on well logs and supplementary drillings
are shown in figure 3. Section A-A' is along Farm Road 60,
approximately 8,000 feet upstream from the test area;
section B-B' is across the Chance Farm, about 6,500 feet
downstream. The locations of these sections are shown on
figure 1.

The alluvial deposits consist of clay, silt, sand, and
gravel in proportions that vary locally but remain
reasonably constant throughout the flood plain. The
alluvium is generally gradational from clay or silt at
the top to sand and gravel at the base. In general, two
to three feet of red to brown clay soil is developed over

most of the river valley. Below this soil zone, there is
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a layer of red to reddish-brown clay which is usually
slightly sandy or silty. This zone varies in thickness
from approximately 5 to 55 feet, where it is encountered.
Below the clay, a 5- to 25-foot layer of friable, red brown,
locally argillaceous sand is usually present. This sand is
generally very fine grained at the top and grades to medium
grained at the base. The lowest alluvial unit is a zone

of sand and gravel, which varies in thickness from 5 to

50 feet, where it is present. The gravel fraction is
generally 50 percent or less, and most of the particles

are one-half inch or less in diameter. The sand in this
unit varies from fine to coarse grained.

The alluvial deposits in the Plantation area are
underlain by the Eocene Yegua Formation of the Claiborne
Group. The Yegua Formation (Smith, 1958) is nonmarine and
consists of about 50 percent sand which is fine to medium
grained and laminated to massive; 48 percent sandy clay
and clay which is dark chocolate-brown, to gray, to
greenish-gray; 1 percent lignite; and 1 percent bentonite.
The sands were deposited as alluvial fans built up by the
coalescing of stream levees and deltas; the clays were
deposited in fresh-water coastal lakes and back swamps;
and the lignites were deposited in fresh-water swamps.

Auger samples of the Yegua Formation underlying the
alluvium near the test area were taken by Cronin and

Wilson (in press). The samples were taken in conjunction
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with the test borings at the locations shown on figure 1,
All of the six samples available were laminated, 1ight and
dark gray, clayey, silty, very-fine-grained sandstones,
with more or less carbonaceous material. Most of the
samples showed considerable cohesion when dry, were poorly
sorted, and swelled in water, indicating the presence of
montmorillonite. Samples 11 and 12 were composed of about
15 percent clay, 60 percent silt, and 25 percent sand,
with sample 11 containing a larger amount of carbonaceous
material. Sample 14 was a well sorted, fine sand, com-
posed of approximately 15 percent clay and silt and 85
percent sand. At location 15, the sample was highly
porous and was composed of approximately 10 percent clay,
15 percent silt, and 75 percent sand, with very minor
amounts of carbonaceous material. Sample 25 was composed
of approximately 5 percent carbonaceous material, 5 percent
clay, 10 percent silt, and 80 percent sand, with a few
well rounded and highly angular quartz grains that
atfained a maximum size of 0.5 mm in diameter. Sample 32
was slightly calcareous and was composed of approximately
15 percent clay, 25 percent silt, and 60 percent sand,

with abundant carbonaceous material.
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EQUIPMENT

The seismic profiles were made with a Geo Space
Corporation GT-2 portable refraction system. The
seismograph was equipped with six information recording
channels and a time-break trace. The signals were recorded
on Polaroid type 47 photographic film (3,000 ASA speed)
with a standard polaroid #95 camera back. The seismic
record was projected on the film by a moving optics system.
Each data trace had a separate high-gain, printed circuit
amplifier and gain control. The frequency response curves
for the amplifiers are shown in figure 4. Time lines were
recorded at 10 millisecond intervals with an accuracy of
better than 0.5 millisecond. The standard recording times
of the instrument were 2, 3, or 4 tenths of a second.
These times are approximately equivalent to 17, 13%, or 10
inches per second paper speed. The power supply for the
amplifiers and the optic system consisted of eight 14-volt
dry cell batteries for each. A 90-volt battery charged
a blaster condenser during the operating cycle of the
optics system. The total weight of the seismograph is
39 pounds (Geo Space Corporation Catalog).

The geophones used were HS-1 miniature transducers
manufactured by the Geo Space Corporation. These vertical
detectors were of a floating-coil type, which measure the

velocity of ground motion and were virtually insensitive
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to unbalance in the seismometer-cable system and external
field pickup. The geophones had a natural frequency of
4.5 cps and an impedance of 500 ohms, which resulted in
a nearly linear frequency response curve over a frequency
range of 7 to 50 cps. The frequency response curve for
this detector is shown in figure 5.
A specially designed 12-conductor geophone cable
was supplied with the refraction system. The takeouts
were of a fixed, plastic type spaced at 30-foot intervals.
DuPont SSS seismograph electric blasting caps and
boosters were used for the energy source. Seismograph
caps were used because they have no time lag between open
circuit and detonation, insuring an accurate shot instant

on the seismic records.
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PROCEDURE
Preliminary Considerations

Test borings in the vicinity of the Texas A&M
Plantation indicate the water table is approximately 15
to 20 feet below the surface over most of the floodplain,
increasing to 35 to 45 feet adjacent to the Brazos River
(Cronin and Wilson, in press).

An un-reversed, 225-foot profile was conducted to
determine the feasibility of using the seismic refraction
method to determine water table and bedrock depths. Re-
cords were made with both a sledgehammer and an explosive
energy source, The hammer source failed to produce an ini-
tial disturbance on the records as sharp as those produced
with an explosive source at comparable distances. The trav-
el-time curve for this profile indicated a velocity of about
1,300 feet per second for the dry alluvium and 4,100 feet
per second for the saturated alluvium. Using a depth of
20 feet as an average from the test borings and the
velocities obtained from this initial study, a critical dis-
tance of 55 feet was determined for the expected first
refracted arrival from the water table. With the assump-
tion that the saturated alluvium-bedrock velocity contrast
was approXximately 1,000 feet per second, the critical
distance for refraction from this interface would be about

225 feet. The failure to detect a third velocity layer
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was therefore thought to be due to the short spread length.

Field Procedure

Using the information obtained from the un-reversed
profile, a series of reversed profiles were made. A
reversed profile consists of two profiles shot in opposite
directions along the line joining the shot points. These
profiles were made with a symmetric geophone spacing so
that at least two geophones were within 40 feet of both
shot points. On windy days, the geophones were buried to
reduce the background noise level.

Each profile was centered on approximately a 500-
foot grid, with four supplementary profiles near the river.
The grid was measured by pacing in the field to reduce the
amount of time between stations. The geophone spacings
were measured with a 50- or 100-foot tape. From the test
boring data, the water table appeared to slope toward the
river, therefore the profiles were arranged nearly at
right angles to the river. Figure 6 is a map of the
locations of the profiles.

The shot holes were made by driving a one-inch steel
rod to a depth of 1.5 to 2 feet with a sledgehammer.

After the charge was emplaced, the bhole was filled with
water, or backfilled with soil if it would not hold the
water. The shot points were marked and later mapped with

a plane table to determine their locations and elevations.
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The first five profiles were made with a total spread
length of 300 feet between the shot points and 11 geophone
positions, which necessitated moving the geophones once
and shooting at each shot point twice (see figure 7).
These records did not indicate the saturated alluvium-
bedrock velocity contrast expected. To investigate the
possibility of a smaller velocity difference (hence, a
larger critical distance), profile number 40 was made
with a total spread length of 530 feet (see figure 7).
This profile required moving the geophone spread twice
and shooting three times at each shot point. For the
spreads in which the shot point was 370 feet from the
first geophone, two boosters were taped together to pro-
vide sufficient energy. This profile indicated that, if
the three-layer case was applicable, the critical
distance for refraction from bedrock was on the order of
400 feet.

Due to the limited amount of time the seismograph
was available and the threat of unfavorable weather, it
was decided to reduce the spread length to 170 feet (see
figure 7). This procedure consisted of placing the geophones
once and shooting 20 feet from each end. To check on the
presence of a third layer, one shot point was placed 395
feet west of the geophones on profiles 6 through 19.

This distant shot was made with two boosters taped together.
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Profile number 30 was centered adjacent to an irriga-
tion well to investigate the effects of a gravel lense on
the seismic records. This profile was composed of four
separate geophone spreads totaling 320 feet. In order to
establish several data points on the regression line for
the first layer, the geophone positions were symmetrically
arranged so that six geophones would be within the first

critical distance (see figure 7).
Analysis of Seismic Records

The shot instant and first breaks for each geophone
trace were measured with a variable scale rule to an
accuracy of about one-half millisecond. Figure 8 shows
a typical seismogram of one short and one long profile.
The data points for each profile were plotted on a time-
distance graph and the number of points to be included in
each velocity layer was chosen.

A computer program was written to determine a "best
fitting" velocity line for each segment of the travel-
time curve by the least-squares method. The program then
computed the apparent velocities of the layers and the
apparent depth to the first and second interfaces using
the time-intercept method. This program was written in
Fortran IV language for an IBM 7090/7094 computer and was
designed for reversed seismic profiles. The program was

written to compute the apparent velocity lines for each

29
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layer and the apparent depth to the first interface for
each profile independently. The arithmetic mean of the
apparent velocities of the first layer was used as the true
velocity for that layer. With a velocity established for
the first layer and the apparent measured velocities from
the travel-time graph for the second layer, the velocity
of the second layer, the dip angle, and the critical angle
of refraction for the interface were computed. The true
velocity of the second layer was then computed. The
equations used are given in Appendix B. That portion of
the travel-time curve which resulted from the distant

shot and was un-reversed was treated as having the same
shot point as the shorter, reversed profile for each
station. That is, the shallow velocity measurements
determined by the short, reversed profiles were assumed

to hold in the vicinity of the distant shot. A print-out
of the computer program is given in Appendix A.

The program was later expanded to include the calcu-
lation of the critical distance for each interface, 95
percent confidence limits for both the slope and time
intercept of each velocity regression equation, true depths
to the interfaces, and the travel times at the reversed
points for the second layer for each profile. Both the
initial time-distance data and the information listed
above are output. A simplified flow chart of the major

steps of the program is shown in figure 9.
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The calculation of the depth was made by a non-linear
function involving the time intercept and the first and
second layer velocities (equation 4, Appendix B). An
estimate of the variance of the depth calculation could
be made if the non-linear function can be made linear,
using the additive property of the variance. Estimates of
the variance for the time intercept and the velocities were
already calculated. The function cannot be linearized by
any simple transformation. However, an effective linear-
ization can be accomplished by expanding the function into
a Taylor's series in the region of interest. The three
variables in this equation were considered as random
variables, and the best estimate of depth was obtained by
using their mean values. The estimate of the variance
of the depth to the water table was approximated using
a Taylor's series with only first-order terms. The
equations used to compute the estimated variance of the
depth are also found in Appendix B. The actual calcu-
lations were performed on the computer. The depths and
estimated variance to the water table, and the dry and
saturated alluvial velocities are tabulated in tables I
and IT in Appendix C.

A separate method of analysis of the travel-time data
using the equations given by Steinhart and Meyer (1961)
was also investigated. This method requires that the

two line segments representing the velocity of each layer
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must bave an equal time intercept over the distance be-
tween the two shot points. The equations involved are
again least-squares estimates of the time tie and slopes
for each layer. These equations were also programed for
the computer. It was found, however, that for fewer than
five time-distance points in each layer, the regression
equations could not be accurately determined. This method
involved the solution of three simultaneous equations

with three unknowns. With only a few data points, the
equations were ill-conditioned. An i1l conditioned

system is very sensitive to small variations in the values
of the data points. Using this method, the slopes of the
velocity lines were too large, and hence, the time inter-
cepts for the first layer were calculated as negative.

At station number 2 for example, the eastward slope for
the first layer was computed at 2.81 and the time tie at
808.91 milliseconds, which results in a time intercept of

-32.76 milliseconds.
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RESULTS

The increase in seismic velocity between the first
and second layers was generally on the order of 3,500 to
4,000 feet per second. The depth to this first interface
in the preliminary tests was calculated at 19.5 to 21 feet,
which agreed with the depth to the water table of 20 feet
that was found in a test boring made at that location.
The, first seismic interface was therefore interpreted as
the water table. Since the elevations of the shot points
were known from the plane fable survey, a contour map of
the water table (figure 10) was drawn rather than a map
depicting the depth to the water table. The river eleva-
tion during the test period was approximately 193 feet
(Twichell, 1966).

Travel-time graphs were prepared for each profile
and are shown in figures 11, 12, 13, and 14. The ordinate
of these curves is the travel time in milliseconds and
the abscissa is the distance in feet.

The velocity lines through the points representing
direct arrivals through the first layer had a positive
time intercept which ranged from 0.5 to 7 milliseconds,
with an average of 2 to 3 milliseconds. A time delay such
as this could possibly be introduced in the recording
instrument or introduced between the moment of explosion

and the moment when the blasting circuit current is
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interrupted. The accuracy of the equipment used, however,
indicates that this observed time delay is real and is not
an instrumental error. This initial positive time inter-
cept has been reported by several other authors (Dobrin,
1942; Sharpe, 1942; Gough, 1952; Gough and van Niekerk,
1957; and Koefoed, 1954) none of them regarded it as an
error in measurement. Koefoed and Gough show profiles in
which the first arrivals were the sound wave through air,
and the time intercept was very small or zero. Gough
reported the positive time intercept to be due to a

thin layer of aerated soil in which the seismic velocity
was very low. This theory was based on Lester's (1932)
investigations of the effect of various proportions of air
to earth on the seismic velocity. Koefoed proposed that
the probable explanation of this phenomenon was found in
a theory developed by Gassmann (1951), who derived the
velocity distribution for a hexagonal packing of solid,
spherical bodies. According to this theory, velocity

is proportional to the sixth root of the depth, hence
extremely low velocities would occur in the first few
inches of the sedimentary deposit.

The compressional wave velocities in the dry alluvium
showed some fluctuation in the horizontal direction, the
eXtreme values being of the order of 1,012 to 1,254 feet
per second, with an average velocity of 1,131 feet per

second. This variation in velocity was probably due to
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anisotropy in the dry alluvium caused by a variation in the
grain size. Over most of the test area a clay soil is
present at the surface, but it grades horizontally to a
sandy soil at some of the stations. The shot holes made
in the clay would hold water for up to 30 minutes, while
some of the shot holes in sand would not hold water.

The elastic and transmitting characteristics of the
material immediately below the geophone have a substantial
influence on the arrival times. Domzalski (1956) and
Koefoed (1954) demonstrated that the arrival times are
influenced by even small thicknesses of low velocity
material. Koefoed (1954) reported on a profile made with
three geophones. After an initial shot, the middle geo-
phone was removed, the hole was filled with 5 to 10 centi-
meters of loose sand, and the geophone was replaced. A
second shot at the same shot point as in the first profile
resulted in a two- to three-millisecond increase in the
arrival time at the middle geophone. Domzalski (1956)
reported on a seismic profile made in a fan spread in
which all of the geophones were 200 feet from the shot
point. One geophone was on undisturbed ground, one on
seven inches of disturbed ground, one on 3.5 inches of
fine gravel, and one on six inches of sand. The travel
times varied from three to four milliseconds. The grain
size variation at the surface in the test area is, there-

fore, thoﬁght to be the probable cause for the variation



in the seismic velocity within the dry alluvium.

If the assumption is made that the data fits a three-
layer model, then the velocity increase between the satu-
rated alluvium and the saturated bedrock was generally
less than 500 feet per second. On a few of the profiles,
the velocities determined from the distant shot were less
than those computed for the saturated alluvium. The
confidence limits of the velocity regression equations for
the second and third layers overlapped at all stations,
indicating that on a statistical basis the two lines
should be considered as only one line. The slight
increase in velocity observed on most of the distant pro-
files could be due to a slight velocity contrast at the
alluvium-bedrock interface or the result of a continuous
increase of velocity with depth below the water table,
possibly due to increased compaction. White and Sengbush
(1953) investigated seismic velocities in shallow de-
posits at several locations where the near-surface materi-
al was loose sand. They found that all velocities were
low at the surface and increased smoothly with depth,
except for an abrupt increase in compressional velocity,
without a perceptible change in shear properties, at the
water table. Their results for profiles shot in loose
sand confirmed the general shape of Gassmann's curve;
that is, the velocity is proportional to the sixth root

of the depth.

43
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The seismic velocities in the saturated alluvium,
or at least the upper portion of the saturated deposits,
showed considerable fluctuation, the extreme values being
of the order of 3,934 to 5,608 feet per second, with an
average velocity of 4,805 feet per second. This average
velocity is slightly greater than the average velocity in
water, as Burwell noted. The most probable cause for the
variation in the velocity is due to the amount of gravel
mixed with the sand. Lenses of clay or silt could also
cause these velocity variations. In the absence of an
independent check, these interpretations are only
speculations based on published velocities. White and
Sengbush (1953) report a velocity of 5,500 feet per second
for a loose sand below the water table; and Woollard and
Hanson (1954) reported a velocity of 5,090 feet per second
for a saturated gravelly sand.

The variations in the elevation of the water table
are probably partially due to the capillary fringe, which
extends from the water table to the 1limit of the capillary
rise of water. According to Tolman (1937, p. 155), most
authorities give the maximum capillary 1lift as approxi-
mately 10 feet. The maXimum relief of the water table in
the test area is 15 feet. Tolman also listed the capillary
rise in sediments of different grain size. His results
showed the fine-granular material (silts) to have a

greater extent of 1ift than the sands and clays. Using
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a fine to very fine sand which had a 60 percent size of
0.19 mm and a 10 percent size of 0.08 mm, Lambe (1951,

p. 411) reported a capillary rise of 35 inches over an
elapsed time of 22 days, and concluded that the total rise
should be greater than 39 inches over a longer period of
time. Smith (1933, p. 438) summarizes the results of
King's (1897-1898) experiments in measuring the extent of
capillary rise over a period of 2.5 years. The maximum
rise recorded was 102.9 inches for a very fine-grained
sand (median diameter = 0.082 mm). The rise in coarser
sands was less, being 18.7 inches for a medium-grained
sand (median diameter = 0.474 mm).

The seismic velocities, confidence limits, and variance
of depth to the water table of the profile shot adjacent
to an irrigation well located 1,000 feet north of the
test area did not indicate any characteristic values
that would delineate similar gravel lenses in the test
area. Thus, the actual refraction profile by itself
cannot outline the gravel zones within the alluvium.

Todd (1960, p. 67-68) gave a procedure which utilized
a contour map of the water table together with the flow
lines to outline zones of greater permeability. The
resulting equations could be interpreted as indicating,
for an area of uniform ground-water flow, that portions
having flat gradients (wide contour spacing) would have

greater permeabilities than those with steep gradients
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(narrow spacing). Zones of greater permeability in the
alluvial deposits of the test area are probably zones of
thicker gravel deposits.

No clear correlation could be made between the seismic
velocities in the saturated alluvium and the areas of flat
gradients. There was a similar correlation, however,
between the areas of gentle gradients on the contour map
and the areas in which the profiles showed a lesser
amount of "scatter" on the travel-time curves. The "scat-
ter" was measured by the mean square error of the time-
distance points about the velocity regression line for the
saturated layer. This "scatter" results from the failure
of the seismic model to fit the geologic conditions,
principally due te inhomogeneity of the transmitting
medium and to the deviations of the interfaces from
planes. A speculative reason for the similar trend of
the proposed zone of higher permeability and the area
of least "scatter" might be the approximately planar

seismic interface.
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CONCLUSIONS

As the depth of seismic refraction investigations
becomes shallower, the differences between the theoretical
model and the geologic conditions become pronounced.
Observational errors, errors due to assumptions, and
errors due to rapid changes in conditions within short
vertical and horizontal distances may result in a
relatively large error in the depth estimate when making
short refraction profiles. The disturbing factors are
due to the method of generating the seismic wave, the
shot hole conditions, the topography of the ground
surface, inhomogeneity and horizontal and vertical changes
in the stratification, and irregularities in the refracting
surfaces.

Shallow seismic studies are useful because they
rapidly provide a picture of the refracting interfaces to
serve as a guide for any subsequent drilling. The
accuracy of the depths to and nature of the refracting
layers would be greatly improved if some preliminary
test drilling information were available.

Shallow seismic refraction methods can be used to
map the top of the saturated zone in the unconsolidated
or poorly indurated sediments of the Gulf Coastal Plain
with some accuracy. Although the seismic method cannot

differentiate sediment types below the water table, the
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contour spacing on the resulting map of the water table
should outline zones of higher permeability. To test
this assumption, a profile could be made across this
zone before and during a period of heavy irrigation
withdrawal. If these are zones of greater permeability,
the water table should decline during the pumping period.

The elastic properties of the saturated alluvium and
the bedrock did not contrast sufficiently for this
interface to be mapped by seismic methods. The poor
induration of most of the Tertiary sediments in the
Coastal Plain would hinder mapping of the alluvium-
bedrock interface by seismic methods. Upstream, however,
where the alluvium overlies more indurated Cretaceous depos-
its, shallow refraction methods could probably map this
interface.

The range of uncertainty in the depth determinations
is probably an indication of the combined effects of
inhomogeneity of the deposits and the departure from
flatness of the seismic interfaces. This range is not
a criterion for judging the correctness of the inter-
pretation as the interpretation was made in the original
grouping of the data before making the least-squares

solutions.
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Least Square Fitting the Line Segments and Depth Equations

The geophysical model used in this analysis is based
on the assumption that the earth is composed of isotropic,
homogeneous lavers bounded by planar interfaces. It is
also assumed that the seismic velocity is constant in each
laver and that the velocity for each successive layer
increases. For such a model, a plot of the time of ar-
rival of the seismic energy at each geophone versus the
distance to that geophone will be a series of straight
line segments. Therefore, to compute the velocities and
depths of each layer, it is necessary to fit the field
data to a series of straight lines.

For a line T = A + BX from N points (xj. ti)’ the
least squares estimates of the time intercept (A) and

the slope (B) parameters are given by

xTxiki-Xx Tt
/\- A (S and
[Tx] -NIx2 (1)

. Lt -AN
B Ty ' (2)

For the special case of a line passing through the origin,

these equations reduce to
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A=0.0 , and

NPT ( ?)
T

The velocities for each layer are found by taking the
reciprocal of the slope of the regression line. The

depth to each refracting layer can then be found by

two computational methods: the critical distance method
or the time intercept method. Since the regression
equations parameters were already stored in the computer,
the time intercept method was used. As only two interfaces
were of interest,.the equations to compute these two

depths were programed rather than a general, series equa-
tion used for a number of layers. The equations used

(Dobrin, 1960, p. 73, 75) were

Z( ) _ﬂl V(Z) V(1) ana|
2 JV@Y-vih*

| JVRSVIY | VeVE) (4)
2@ 5 T 22Z(1) V) -va) |V vEy-vey

where Z (1) = depth to first interface,
7 (2) = depth to second interface below Z (1),
Tiq = time intercept for the second layer,
Ti3 = time intercept for the third layer,
vV (1) = seismic velocity in the first layer,
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v (2)
v (3)

H

seismic velocity in the second layer,

H

seismic velocity in the third laver.

Estimate of the Uncertainty in the Slopes and

Time Intercepts

Ninety-five percent confidence limits were used to
estimate the error in the slope and time intercept deter-
mination. To compute the confidence limits, the mean
square of the deviations about the regression line was
used to estimate the variance. The equation used to

compute this residual mean square was

: | L(B-T [_(*i '”“&'m : where
»Scls - (N-2) v (x;-i)‘ ’ ( 5)

N = number of points,
t3 = individual times where 1 = 1, 2, 3, ..., N,
Xj = individual distances where i = 1, 2, 3,
.y N,
{ = average of the individual times,

¥
H

average of the individual distances.

The standard deviation of the slope (SB) was computed as

5:*
swilger > ©

and the standard deviation of the time intercept (SA) as
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Sa* |/ Sii ﬁ"'"f(:—g_y ' (7)

The confidence limits (CL) on the slope and time intercept

parameters of the velocity lines were then computed as

CL= Aty 006 S, s and

CL= Bt&(ﬂ-l) °.0% SB J ukerc.

(8)

t(N-2), 0.05 is the Students's t-distribution with

(N-2) degrees of freedom.

Estimate of the Variance of the Depth

to the First Interface

Because the equations used to compute the depth are
non-linear, the variance in the depth can only be estima-
ted. The estimate of the variance of the depth to the
water table was approximated with a Taylor's series of
only first order terms., As the variance of the time inter-
cept and slopes were already calculated, the depth equation
for the first interface was written in terms of these param-
aters. A discussion of the general method for estimating
this type of variance can be found in Bowker and Lieberman

(1959). The equation used to estimate the variance in
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the depth was

V(Z)2 <+ V(t)+

su v Bl + gz v Bel: (9)

where V (Z) = estimated variance of depth,
vV (t) = variance in time intercept,
v [B (1) = variance in slope of velocity line in
first layer,
v [? (2ﬂ = variance in slope of velocity line in

second layer.

The equations used to compute the partial derivatives were

-i
g% =|;2-Bw-a<z)\/ B m] )
B@)

& B Vo 80 * B y-aay
it - > (10)

B(1)

| 1 .
Y4 - ';' Bd)\/ m"ﬁm‘ B(Z)‘chu"z;o‘
)
SBD 1
Riis 1O Y
where t = time intercept,
B (1) = slope of velocity line in first layer,
B (2) = slope of velocity line in second layer.
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IR R T B
A i‘_'JU £

DEPTHS AND ESTIMATED VARIANCE OF THE
DEPTHS TO THE WATER TABLE

Station Depth (feet) Variance (feet)™
1E 28.19 0.38
1w 20.57 0.58
2E 26.71 0.71
2W 17.85 1.95
3E 20.01 1.26
3W 18.73 0.44
4E 20.23 2.45
4W 24.03 0.57
S5E 23.13 0.46
SW 25.88 1.34
6E 25.57 0.27
oW 23.74 0.89
7E 20.45 0.20
W 20.76 0.00
85 28.84 0.42
8W 22.01 1.20
OE 27.67 1.36
oW 25.37 0.62

10E 27.90 0.94
10W 23.68 0.50
11K 19.98 0.33
11W 18.73 0.67
12E 22.99 1.06
12W 21.52 0.82
13E 21.70 0.34
13W 23.11 0.69
14E 24.46 0.92
14W 19.46 0.08
15E 27.00 0.69
15W 21.59 0.88
16E 30.40 2.19
16W 24.16 0.72
17E 23.35 0.91
17W 21.72 0.42
18K 23.55 0.27
18W 20.54 0.32
19E 16.18 4.61
19W 22.52 0.63
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TABLE I (Continued)

Station Depth (feet) Variance (feet)™
305 25.69 0.73
30N 28.70 0.47
40E 27.13 0.50
40W 20.65 1.26

"-The variance is plus or minus.
E-Fastern shot point of profile
W-Western shot point of profile
N-Northern shot point of profile
S~Southern shot point of profile



TABLE II

SEISMIC VELOCITIES-COMPRESSTONAL
(Feet per second)

Dry Alluvium

1020
1012
1165
1126
1165
1114
1096
1128
1254
1111
1097
1142
1126
1126
1143
1143
1041
1143
1128
1119
1161

Saturated Alluvium

4894
4504
5470
5176
5412
5608
4867
4132
4462
5605
4615
4626
4700
5030
4482
3933
4677
4919
4014
4915
5023
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