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EXECUTIVE SUMMARY

Seismic reflection, refraction, and surface wave methods were employed to characterize
the shallow subsurface at the proposed low-level radioactive waste repository site located on
Faskin Ranch about S mi (~8 km) southeast Qf Sierra Blanca, Texas. Reversed seismic refraction
data were used to (1) determine near-surface compressional velocities for elevation datum
corrections, (2) obtain preliminary velocity profiles for processlng seismic reflection data, and
(3) obtain depth-to-bedrock estimates. Seismic reflection data were used to determine basin
geometry beneath the site, depth to bedrock, and internal basin-fill stratigraphy. Surface waves
were analyzed to generate shear-wave-velocity models of the shallow subsurface.

Seismic reflection, refraction, and surface wave‘ data were acquired in May and June of
1992 using a 500-1b (230-kg) accelerated weight dfop seismic source, a 48-channel seismogiaph,
and an acquisition crew supplied by the Bureau of Economic Geology (BEG) and The University
of Texas at El Paso (UTEP). Refraction data were collected at six sites on Faskin Ranch and were
processed and analyzed at BEG. Nearly 3.9 mi (6.2 km) of seismic reflection data were cbllected
along one line Qriented northwest-southeast across the site and three crossingklines oriented
northeast-southwest. These data were processed and analyzed. at béth BEG and UTEP. Surface
wave data were collected near the center of the proposed repository and were processed and
analyzed at UTEP.

Three-layer velocity models provide adequate fits to refraction data from the five reversed
and one unreversed spreads at Faskin Ranch. These models show increéﬁing velocities with
depth and consist of a thin, low-velocity surface layer, a thicker unit representing more
consolidated basin fill, and a basal layer representing bedrock at mdst sites. The surface layer,
which represents relatively dry and unconsolidated sédiments, is 24 to S8 ft (7.2 to 17.7 m)
~ thick and has compressional velocities ranging from 1243 to 1447 ft/s (379 to 441 m/s). This

layer overlies layer 2, which is estimated to be 190 to 351 ft (58 to 107 m) thick and to have



velocities rénging from 3110 to 3629 ft/s (948 to 1106 m/s). These velocities are typical of
unlithified basin-fill sediments. At five of the six refraction sites, the basal layer represents
bed;ock having seismic velocities greater than 6500 ft/s (>2000 m/s). Bedrock depths estimated
from refraction data range from 220 to 384 ft (67 to 117 m) but are uncertain because of the

“limited offset range over which the bedrock refractor was observed. Layer 1 and layer 2
velocities were used successfully to make elevation datum corrections in the reflection lines
and to make preiiminary velocity corrections in seismic reflection data.

Reflection data quality ranged from good td poor across the site. The best data were
collected along the long northwest-southeast line (LLRL1), where the interpreted bedrock
reflector deepens from between 100 and 150 milliseconds (ms) of two-way time at the
northwest end of the line to 250 to 300 ms at the southeast end. Several reflectors between
100 and 160 ms are interpreted within the basin-fill section on the southeast part of the line;
these reflectors appear to onlap onto the bedrock surface. Time to depth conversions were
made using velocity functions derived from the refraction and reflection surveys as well as from
a vertical seismic profile acquired at well YM-63. Cohversions of arrival times to depths of the
interpreted bedrock reflector show that basin-fill thickness inc;_eases from about 200 ft (~60 m)
at the northwest end of the line to 625 ft (190 m) near the southeast end of the line. Bedrock
elevations decrease to the southeast from 4167 ft (1270 m) to‘- 3691 ft (1125 m).

Reflection-data quality was not as high along the three crossing lines oriented northeast-
southwest; consequently, interpretation of the bedrock reflector and depth-to;bedrock
estimates are more uncertain along these lines. The interpreted bedrock reflector deepens to
the northeast on all three lines, deepening from iOO ms to 200 ms on line LLRL2, from 12§ to
nearly 300 ms on line LLRL3, and from 100 to about 300 ms on line LLRL4. Estimated depths to
bedrock increase to the n‘ortheast from 164 to 427 ft (50 to 130 m) on line LLRL2, from 246 to
656 ft (75 to 200 m) on line LLRL3, and from 328 to 656 ft (100 to 200 m) on line‘LLRL?l.
Reflectors are present within the basin fill, particularly on the east and northeast parts of the

site where the basin fill thickens. On line LLRL3, basin-fill reflectors that are present between



100 and 250 ms terminate to the southwest as the bedrock reflector shallows. These basin-fill
reflectors may mark the boundaries between distinct depositional units, or they may represent
buried soil horizons having pedogenic carbonate accumulations.

Lithologic control of the seismic data is provided by boreholes YM-4, YM-5, YM-6, YM-17,
YM-62, and YM-63. Seismic and borehole data indicate that the basin is deeper to the north
and east than to the south and west. The southwest edge of the deepest part of the basin
crosses the site in a northwest-southeast direction and intersects line LLRL1 between
shotpoints 375 and 400, line LLRL3 between shotpoints 290 and 330, and line LLRL4 between
shotpoints 194 and 228. Line LLRL2, south of the deep basin boundary, does not intersect it.

A feasibility study on using surface waves generated shear-wave-velocity models of Faskin
Ranch. Calculated shear velocities generally increased with depth, from 591 tb 1181 ft/s (180 to
360 m/s) near the surface to 2100 to 2789 ft/s (640 to 850 m/S) at depthé of 131 to 164 ft (40 to
50 m). These velocity models, when combined with compregsional velocity data determined
from refraction surveys or downhole velocity surveys, can be used to characterize the physical

properties of near-surface material at Faskin Ranch.



INTRODUCTION

The purpose of this study was to use‘shalrlow seismic methods to characterize the proposed
low level radioactive waste ;epository site near Sierra Blanca, Texés. Seismic refraction methods
were used to determine near-surface seismic velocities and estimate depth to bedrock at several
sites on Faskin Ranch. Seismic reflection methods were used‘ to determine basin geometry
beneath the site, estimate the thickness of basin fill, and determine whether major
stratigraphic discontinuities exist within the basin fill. Measurements of seismic surface waves
were used to determine the shear-wave velocity of near-surface sediments at the site.

The site of the proposed repository lies on Faskin Ranch in the Eagle Flat study area about
S mi (~8 km) southeast of Sierra Blanca in Hudspeth County, Texas (fig. 1). Most of the seismic
work was completed on the site footprint, which lies on the part of the ranch between
Interstate Highway 10 and the Southern Pacific Railway (fig. 2). The site lies in a late Cenozoic
extensional basin that is partly filled by late Tertiary and Quaternary alluvial, colluvial, and
eolian sediments having textures ranging from gravel to clay. Cores obtained from boreholes on
bthe site (fig. 2) indicate that (1) the dominant texture is silty clay to sandy silt, (2) buried calcic
soil horizons are present within the basin fill, and (3) the basin is floored by Cretaceous
bedrock. The basin-fill sediments are dry, loose to indurated, and tens to hundreds of feét thick.

The water table lies 650 to 1000 ft (200.to 300 m) below the surface at the site.

METHODS

Shallow seismic refraction, reflection, and surface wave techniques were used in this study.
The seismic source chosen for the work is the Bison EWG-III, a noninvasive, stackable 500-1b
(230-kg) accelerated weight drop unit (table 1). Data were acquired for all three techniques on a
~ 48 channel Bison 9048 seismograph, transferred to a Macintosh computer, and processed using

Seismic Processing Workshop (SPW) on a Macintosh and ProMAX on an IBM computer.
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Acquisition personnel included a survey crew of two who operated an optical theodolite and
metric staff and surveyed shotpoint and geophone locations and a seismic crew of three who
operated the seismograph, moved the source from shotpoint to shotpoint, fired the source, and
moved and installed cables and geophones. Crewmembers were supplied by the Bureau of
Economic Geology (BEG) and the Geoscience Department of the University of Texas at El Paso
(UTEP). All data were acquired in May and June 1992. Because the acquisition system uses
metric units, discussion of acquisition parameters and geophysical properties is in metric units.
English system equivalents are used, along with their metric equivalents, in discussions of

calculated depths, elevations, and on-the-ground distances.

Seismic Refraction

Refraction data were collected at six sites on Faskin Ranch (fig. 3). Three reversed spreads
(LLRR2, LLRR3, and LLRR4) were oriented northeast-southwest; two reversed spreads (LLRR1-2
and LLRL1-4) and one unreversed spread (LLRL1-3) were oriented northwest-southeast. The
geophone spread consisted of 48 40-Hz geophones spaced at‘ 16.4 ft (5 m) intervals along a
surveyed line 771 ft (235 m) long (table 1). The weight-drop source was fired at five sites spaced
386 ft (117.5 m) apart: one at the center of the geophone spread, one at each end of the
spread, and one 386 ft (117.5 m) beyond each end of the spread. Source to receiver offsets
ranged from 8.2 to 1156.5 ft (2.5 to 352.5 m). The number of shots at each shotpoint increased
from 1 at the center of the geophone spread to a maximum of 12 when the source was farthest
from the geophones. Data were recorded on the seismograph at a 1-ms sample interval, a 1-s
record length, and a 4-Hz low-cut filter, the lowest possible setting (table 1).

After the refraction data were transferred to a Macintosh computer, first arrivals were
picked using SPW and then exported to a spreadsheet program in which layer assignments and

apparent velocity measurements were made and zero-offset intercept times were calculated for
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critically refracted arrivals from layers 2 and 3. True velocities, layer thicknesses, and apparent-

dip angles were calculated using the slope-intercept method (Palmer, 1986; Milsom, 1989).

Seismié Reflection
Acquisition Geometry

Four shallow seismic reflection lines were acquired on Faskin Ranch (fig. 4) using the
common depth point method adapted to the shallow subsurface (Mayne, 1962; Steeples and
Miller, 1990). These lines cover a total distance of 3.9 mi (6.1 km) and include three short lines
oriented northeast-southwest (LLRL2, LLRL3, and LLRL4) and one longer crossing line oriented
northwest-southeast (LLRL1). Acqﬁisition geometry varied from line to line (table 1); shorter
geometries were used on lines LLRL2, LLRL3, and LLRL4 because bedrock depths were
anticipated to’bre 150 to 300 ft (46 to 91 m) from completed boreholes YM-4, YM-S5, and YM-6.
When analysis of refractioh data and continued drilling revealed potentially deeper bedrock
depths, a longer geometry was used for line LLRL1, the last line collected.

Sburce—receiver geometries were asynimetric (end on) for__lines LLRL1, LLRL2, and LLRL3;
with the weight drop source trailing a 48-geophone spread (table 1). Line LLRL4 was collected
using a symmetric split-spread geometry. Invthi‘s ,configuratioﬁ, the source lay betwéen two
. 24-geophone spreads. Single 40-Hz geophones were used at each geophone location on all
lines. Shotpoints and geophone locations were surve&ed at 9.8-ft (3-m) intervals on lines LLRL2
and LLRL3 and at 16.4-ft (5-m) intervals on lines LLRL1 and LLRL4. >Sh‘ot and geophone

spacings were equal for each of the lines, resulting in 24-fold reflection data.

Seismic Tests

Seismic tests performed at the site included noise, Walkaway, filter, and stacking tests.

During the noise and walkaway tests, the seismograph was connected to a spread of

10
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48 geophones spaced at 3.3-ft (1-m) intervals. During the noise test, the seismograph recorded
background seismic noise without a source being activated. This test and observations made
during the remainder of the survey revealed that wind, passing trains, traffic on Interstate
Highway 10, and overhead power lines were sources of noise. Although wind noise was severe
at times, it was largely unavoidable. Highway traffic noise was a problem only near the north
end of line LLRL3. One power line that crosses the site (fig. 4) reduced data quality along a
small part of line LLRL3 and near the north ends of lines LLRL2 and LLRL4. Train noise, though
severe at times, was easily avoided by not recording until the train had left the area.

Walkaway tests were performed to determine the optimum source-receiver offset range in
the reflection survey. The source was fired at successively greater distances from the geophone
spread after the low-cut filter had been calibrated to its lowest setting. The optimum offset
range begins as close to the source as possible, but not so close that the nearest geophones
become saturated by high-amplitude surface waves or source-related noise. The farthest offset
should be equal to or gfeater than the depth of the deepest target. Based on these tests, a
49.2-ft (15-m) minimum source-receiver offset and a 9.8-ft (3-m) geophone spacing were
chosen. Maximum source-receiver offset was thus 462.6 ft (141_ m).

Filter tests were conducted to determine the dptimum setting of the analog low-cut filter.
We hoped to raise the filter as high as possible to reduce unw‘a.nted surface wave noise, but low
enough to allow the deepest events of interest to be recorded. Tests using the geometry
chosen during the walkaway tests showed that the optimum filter setting was 32 Hz. This value
was lowered to 16 Hz along lines where reflections were difficult to see on field seismograph
records.

Stacking tests were also conducted using the source-receiver geometry selected for the
reflection lines. The source was fired repeatedly into the geophone spread in an attempt to
increase the signal-to-noise ratio by partly cancelling random noise. Four source stacksv per
shotpoint were chosen as a reasonable compromise between improvement in data quality and

the pace of the survey.
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Other acquisition parameters chosen on the basis of these tests included a seismograph
sampling interval of 1 ms, a record length of 1 s, and an anti-alias (high-cut) filter setting of 250

or 500 Hz (table 1).

Reflection Processing

Seismic reflection data acquired at Faskin Ranch were‘transferred each evening to a
Macintosh computer and stored on 8-mm digital tape. After the field work was complete, the
data were processed at UTEP on an IBM RS-6000 computer using the software ProMAX and at
“ BEG on a Macintosh Quadra 700 computer using the software SPW. Processing procedures
(table 2) were those common to many types of reflection processing (Yilmaz, 1987).

At BEG, the first processing step was to convert the data files from seismograph format to
SPW format. Next, frace'headers were created ‘tha_t combined the seismic data containing
acquisition geometry information recorded by the seismograph operator and the surveyor. Dead
or excessively noisy traces were deleted from the data set, which was then resampled to a 2-ms
sample interval to reduce the size of the data set. A mute function was designed to delete the
first arrivals from each shot gather to prevent them from stacking as a false reflector. Another
mute function Was designed to remove the air wavé, or the sound of the source weight striking
the ground plate, from each shot gather. Datum corrections were then rhade to each trace that
effectively shifted them to a common elevation. Automatic gain control was applied to amplify
weak arrivals at late times or far offsets. A dip filter was applied in the frequency-wavenumber
domain to attenuate high-amplitude, slow-moving surface waves. This step was followed by shot
deconvolution, which attempts to collapse the lbng aﬁd reverberatory source wavelet into a
sharper waveiet that is easier to interpret on a stacked section. Velocity analysis was conducted
by fitting reflection hyperbolas to events on common midpoint (CMP) gathers, or gathers of all

traces that have the same source-receiver midpoint. In-24 fold data, there are 24 traces in a
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CMP gather. A bandpass filter was thén applied to remove unwanted low- and high-frequency .
noise.

The velocity function derived froxﬁ the CMP géthers was used to correct each trace in the
CMP gather for normal moveout (the delay in arrival time caused by increasing source-receiver
offset) and to simulate zero offset in all traces. In the final processing step, each velocity—
corrected trace in a CMP gather was summed to produce a single composite trace. A stacked

seismic section is a display of these composite traces.

Surface Wave

The surface wave experiment was designed to examine the changes in shear veiocity with
depth. Phase information from surface waves can be used to determine physical properties of
near-surface sediments. This experiment was conducted along reflection line ‘LLRLI at its
intersection with line LLRL3 (fig. 4).

Two types of geophones were located at survey point 258 on line LLRL1 (table 1). A group
of 12 8-Hz geophones were arranged in a 3.3-ft (1-m) square; ground motion detected by these
geophones was summed into a si‘ngle trace on the seismograph.’"In addition, ground motion was
recorded at the same location by a single 40-Hz géophone. For each record, the geophones
were left in the same position while the sourée was movéd away from the geophones at 32.8-ft
(10-m) increments. Distancés between the source and receivers ranged from 32.8 to 1017.1 ft
(10 to 310' m) and extended along line LLRL1 both to the northwest and to the southeast. One
shot from the accelerated weight drop produced sufficient energy for the near offsets, but at
farther offsets more shots per shotpoint were needed to produce adequate signal sirength. A
maximum of four shots per shotpoint was used at the farthest offsets. Data were recorded af
2-ms intervals for a total record length of 2 s. Analog low-cut filters were set to 4 Hz, the lowest

possible setting. The high-cut filter was set to 250 Hz to prevent sample aliasing.
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Borehole Velocity Survey

Downbhole velocity data were acquited from borehole YM-63 (fig. 4) to determiné a
velocity profile of the shallow subsurface directly and allow calibration of the shallow reflection
sections. Downhole data were acquired in Méy 1993 during the drilling of the borehole. A
modiﬂed_soil-probe hammer placed 9.8 ft (3 m) from the borehole was used as a seismié source,
and a single hydrophone was used as the downhole receiver. Thé borehole was filled with
drilling mud during the sur\?ey.

Seismic waves detected by the hydrophone were sampled by the seismograph at 1-ms
~ intervals for 1 s after the sourc e was fii‘ed. Shot records were acquired at 3.3-ft (1-m) increments
between borehole depths of 6.6 and 193.6 ft (2-and 59 m). One shot yielded a sufficiently good
sihgnal-to-noise ratio to a depth of 167.3 ft (5 1 m); two or three shots were required when the
- hydrophone was between 170.6 and 193.6 ft (52 and 59 m) below the surfac_e. First arrival
times were picked for each depth using SPW and then were used to calculate average velocities
to a given depth (equivalent to reflection stacking velocities) and interval velodities between

depths.

RESULTS
Seismic Refraction

Five reversed and one.unreversed seismic refraction spreads were acquired at Faskin
Ranch (fig. 3) to determine seismic velocities of near-surface layers and to obtain rough
estimates of basin-fill thickness. A sample field record (fig. ‘5) from refraction line LLRR1-4
includes surface waves, reflected waves, a direct afrival, and critically refracted arrivals. In
refraction analysis, arrival times of the direct wave, which travels in the surface layer from the
source to the receiver without being reﬂectéd or appreciably refracted, are used to determine

the seismic velocity of layer 1. At source-receiver offset distances greater than about 115 ft
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Figure S. End-shot field record LLRR6005 (left) from refraction spread LLRR1-4 and
interpreted record (right) showing direct arrival and refracted arrivals. Gain of 9 dB

applied to field record to amplify weak arrivals.
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(>~35 m) on the sample record, a critically refracted wave overtakes the direct wave and arrives
first. Apparent velpcities of layer 2 can be calculated from the offset distarices and arrival times
associated with the first refracted arrival. In addition, zero-offset intercept times of a line fitted
to the first refractor arrival times can be used along with the velocities of the overlying layer to
calculate the thickness of layer 1. At Faskin Ranch, a second critically refracted wave became
the first arrival at offset distances larger than those shown on the sample field record. The
second refracted arrival can be used to obtain layex"‘3 apparent veldcities and layer 2
thicknesses in a manner similar to that of the first refracted arrival. Reversed refraction spreads

can be used to determine the dip and true seismic velocities of detected layers.

Spread LLRR1-2

Refraction spread LLRL1-2 is oriented horthyvest—southe'ast ‘(fig. 3) and is the westernmost
refraction spread along reflection line LLRL1. First arrival times at shot to receiver distances of
8.2 to 1156.5 ft (2.5 to 352.5 m) indicate the presenée of a direct wave and two critically
refracted waves on both forward (shots to the northwest of the geophone spread) and reversed
(shots to the southeast of the spread) sections (fig. 6). The direct wave was the first arrival
between the source and an offset of 66 ft (20 m), Where it was overtaken by the first refracted
arrival to offsets of 902 ft (275 m) on forward data and 738 ft (225 m) on reversed data. The
second critically refracted wave was the first arrival to the maximum offset of 1156 ft
(352.5 m).

Linear least-sduares fits to arrival time and offset distance pairs indicate apparent seismic
velocities of 1224 and 1316 ft/s (373 and 401 m/s) for layer 1, 3337 and 3360 ft/s (1017 and
1024 m/s) for layer 2, ahd 6093 and 11122 ft/s (1857 and 3390 m/s) for layer 3 (fig. 6). True
velocity and thicknesses can be calculated for layer 1 and true dip and velocity can be
calculated for layer 2 from revefsed data using the slope-intercept method (Palmer, 1986).

These calculations suggest that layer 1 ’is 25.9 ft (7.9 m) thick and has a velocity of 1266 ft/s
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Figure 6. First-break times, layer assignments, and layer velocities of refraction spread
LLRR1-2. Layer velocities in m/s. '
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(386 m/s) and layer 2 has less than a 1° dip and a velocity of 3350 ft/s (1021 m/s). Thé top of
layer 2 is nearly horizontal. The large difference in velocities assigned to layer 3 suggests that
the second critically refracted wave travels in different geologic ﬁorizons on the forward and
reverse spread.

Layer 1, having low séismic velocities and relative thinness, probably represents loose and
dry near-surface deposits. Layer 2 represents either the base of the soil zone or the upper limit
of more competent basin-fill sediment. Its thickness and thus the depth to layer 3 must be used
cautiously because it was calculated from best-fit lines through layer 3 time-distance pairs.
Arrivals assigned to layer 3 occur over a small offset range (fig. 6), and lines fit to them have
relatively large standard errors. Layer 3 probably represents different bedrock layers on the
forward and reverse spreads. A bedrock depth esfimate of 71 m (table 3) made from the reverse
spread agrees most ciosely with a bedrock depth of 223 ft (68 m) at borehole YM-62, about 820

ft (250 m) northwest of the center of the spread.

- Spread LLRR1-3

'Refraction_spread LLRR1-3, céntered along reflection line‘LLR_Ll 771 ft (235 m) southeast
of its intersection with reflection line LLRL3 (fig. 3), is an unreversed data set that includes |
only shots southeast of the geophone spread. First arrival times can be grouped into three sets
relative to offset distance: the direct wave, which was the first arrival between the source and
an offset of 66 ft (20 m); the first critically refracted wave,“which was the first arrival between
66 and 820 ft (20 and 250 m);' and the second critically refracted wave, which was the first
arrival between“ 820 and 1157 ft (250 and 352.5 m) (fig. 7). The uncorrected three-layer
velocity model that fits these arrival times includes a 32-ft (9.8-m) thick su;face layer having a
velocity of 1427 ft/s (435 m/s), a 298-ft (90.9-m) thick second layer having an apparent‘velocity
of 3150 ft/s (960 m/s), and a third layer having an apparent velocity of 12867 ft/s (3922 m/s)

(table 3).
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Table 3. Summary of reversed refraction data from Faskin Ranch. Velocities, thicknesses, and
dips calculated using slope-intercept method (Palmer, 1986). Positive dips to the southeast for
NW-SE spreads and to the northeast for SW-NE spreads.

. E Layer |Depth | Elevation [Two-way time
Refraction Velocity | Dip | thickness|to top at top fat top of layer
spread Layer | (m/s) ©) (m) (m) - (m) (s)
LLRR1-2 1 386.4 | 0.0 7.9 0.0 1330 0.000
(NW-SE) 2 1020.6 0.1 63.0 7.9 1322 0.041
3* ]| 1857.1 - - 70.9 1259 0.164
LLRR1-3"| 1 4353 | 0.2 9.8 0.0 1331 0.000
(NW-SE) 2 959.7 - 90.9 9.8 1321 0.045
3 |3921.8 - - 100.7 1220 - 0.237
LLRR1-4 1 379.3 0.2 8.9 0.0 1328 0.000
(NW-SE) 2 947.6 1.6 57.7 8.9 1319 0.047
3 |2502.5 8.0 - 66.6 1261 0.169
LLRR2 1 421.7 | -0.2 7.2 0.0 1330 0.000
(SW-NE) 2 1031.9 | -0.6 96.7 7.2 1323 0.034
3 ]13785.0 | -2.5 - 1_03.8 1226 0.221
LLRR3 1 441.0 0.2 10.1 0.0 1332 0.000
" (SW=NE) 2 987.3 | -1.0 106.6 10.1 1322 -0.046
3 |8106.5 | -2.7 - 116.7 1215 0.262
LLRR4 1 397.1 0.0 17.7 0.0 1328 0.000
(SW-NE) 2 1106.4 | -1.6 82.0 17.7 1310 0.089
3 |4850.9 | -7.3 - 99.7 1228 0.237

*Layer 3 arrival may not be the same geologic unit on forward and reverse spreads; layer 3
velocity and layer 2 thickness are from reverse data only. :
** Spread unreversed

Because the spread is unreversed, velocities of layers 2 and 3 and thicknesses of layers 1
and 2 cannot be corrected to account for dipping layers. The depth estimate of the top of layer
2, 32 ft (9.8 m), is probably a good estimate because the layer-2 velocity is reasonably close to
that of other refraction spreads. Estimated depth to layer 3 (328 ft [100 m]), however, is less
reliable because the top of layer 3 is probably a dipping interface. The refractor associated with
layer 3 prébably represents a bedrock refractor. The nearest borehole is YM-4, about 1640 ft
(500 m) northwest of the center of the refraction spread (fig. 3). Bedrock depth at this

borehole is greater than 250 ft (>76 m) (fig. 2).
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Spread LLRR1-4

Revers‘ed refraction spread LLRR1-4, located along reflection line LLRL1, is centered at its
intersection with reflection line LLRL4 (fig. 3). First arrivals (fig. 8) were (1) the direct wave
between the source and an offset of 49 ft (15 m), (2) the first critically refracted wave 49 to 623
ft (15 and 190 xﬁ) from shots west of the geophone spread to 820 ft (250 m) from shots east of
the geophone spread, and (3) a second critically refracted wave to the maximum offset of 1157
ft (352.5 m).

Corrected velocities and thicknesses of the three-layer model (table 3) include a surface
layer 29 ft (8.9 m) thick having a velocity of 1243 ft/s (379 m/s), an underlying layer 189 ft
(57.7 m) thick having a velocity of 3110 ft/s (948 m/s), and a basal layer having a velocity of
8212 ft/s (2503 m/s).

The calculated depth to the top of layer 3-is _220 ft (67 m), which is almost 131 ft (40 m)
less than the depth to layer 3 calculated for crossing refraction spread LLRR4 (fig. 3 and
table 3). Velocities at the top of layer 3 are also greatly lower for refraction spread LLRR1-4,
suggesting that layer 3 does not represent bedrock at LLRR1-4 but rather a competent horizon
within the basin fill. Nearest known depths to bedrock are 164 ft (50 m) at borehole YM-5,
2300 ft (700 m) south of the center of the spread, and 679 ft (207 m) at borehole YM-63,

1640 ft (500 m) north of the center of the spread (fig. 2). Layer 3 at refraction spread LLRR1-4
may represent a primary lithologic change or a secondary lithologic change such as a zone of

pedogenic carbonate accumulation.

Spread LLRR2

A reversed refraction data set was collected at site LLRR2, along reflection line LLRR2 and
centered at the intersection with reflection line LLRR1 (fig. 3). First arrivals fell on three lines
on both forward and reverse data sets (fig. 9), representing a direct wave and two critically

refracted waves. The direct wave was the first arrival on both data sets to an offset of 49 ft
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(15 m), whefe it was overtaken by the first critically refracted wave to an offset of 886 ft
(270 m) with shots southwest of the recording spread and to an offset of 755 ft (230 m) with
shots northeast of the spread. A second >crit'ically refracted wave was the first arrival to the
maximum offset recorded. |

A corrected three-layer model of these data (table 3) consists‘of a surface layer 24 ft
(7.2 m) thick having a velocity of 13‘85 ft/s (422 m/s), an intermediate layer 318 ft (97 m) thick
having a velocity of 3386 ft/s (1032 m/s), and a baSal layer having a velocity of 12418 ft/s
(3785 m/s). Lines fitted to layer 3 refracted arrivals are relatively uncertain because of the
limited offset range for which they were the first arrival, particularly for the shots located south
of the geophone spread. As a result, the thickness calculated for layer 2 and depth to the top
of layer 3 are gross estimates that differ from the bedrock depth of 223 ft (68 m) found at |
nearby borehole YM-62 (fig. 2). Layer 3 probabiy does represent a layer within bedrock, but
the top of layer 3 may not coincide with the top of bedrock if the bedrock surface is highly
fractured, deeply weathered, or underlain by bedrock material having velocities high enough to

cause an overlying bedrock layer that has slower seismic velocities to be hidden.

Spread LLRR3

Reversed refraction spread ‘LLRR3 is centered along reflection line LLRL3 about 787 ft
(240 m) north of the intersection with reﬂeétion line LLRL1 (fig. 3). A direct wave was the first
arrival (fig. 10) between the source location and an offset of 66 ft (20 m), the first critically
refracted wave was the first arrival from 66 ft (20 m) to an offset of between 820 and 984 ft
(250 and 300 m), and a second critically refracted wave was the first arrivali in the relatively
short offset range between 919 and 1157 ft (280 and 352.5 m). Between the major arrivals were
- short segments that may represent intermediate layers, particulary befween the first and
second critically refracted arrivals after the northward shots and between the direct and first

critically refracted arrivals after the southward shots. These intermediate layers were difficult to
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quantify and were excluded from the model calculations, which reduces the accuracy of layer 2
and layer 3 depth calculations made from the reversed data.

Calculations of depth and velocity made from reversed data indicate that layer 1 is 33 ft
(10 mﬁ thick and has a velocity of 1447 ft/s (441 m/s), layer 2 is 351 ft (107 m) thick and has a
velocity of 3238 ft/s (987 m/s), and layer 3 has a calculated velocity of 26595 ft/s (8106 m/s).
The velocity of layer 3 is too high for the bedrock lithologies present near Faskin Ranch. These
high velocities again probably result from calculations made from a limited range of first arrivals
for the second critically refracted wave. These measurement difficulties also reduce the
accuracy of layer-2 thickness and, consequently, the depth-to-bedrock calculation. Depth to
bedrock at this site is estimated to be greater than 384 ft (>117 m). Borehole YM-4, only about
500 ft (150 m) from the center of the spread, did not reach bedrock at a total depth of 250 ft -

(76 m).

Spread LLRR4

Reversed refraction spread LLRR4 lies along reflection line LLRL4 and is cente(red at its
intersection with reflection line LLRR1 (fig. 3). The direct wave was the first arrival along this
spread to source-receiver offsets of 98 ft (30 m) (fig. 11). The first critically refracted wave was
the first arrival at offsets between 98 and 850 ft (30 and 260 m), and a second critically
refracted wave was the first arrival to the maximum offset recorded. Corrected velocities are
1303 ft/s (397 m/s) for layer 1, 3629 ft/s (1106 m/s) for layer 2, and 15915 ft/s (4851 m/s) for
layer 3 (table 3). Corrected thicknesses are S8 ft (17.7 m) for layer 1 and 269 ft (82 m) for
layer 2.

Layer-3 velocities are poorly constrained because the offset range of the second refracted
arrival is limited. Consequently, the thickness of layer 2 (269 ft [82 m]) and the depth to the
top of layer 3 (328 ft [100 m]) are rough estimates. Layers 1 and 2 have velocities that are

similar to those of crossing refraction spread LLRR1-4, but the layer-3 velocity is higher and the
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LLRR4. Layer velocities in m/s.
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depth estimate to the top of 1a'yer-3 is deeper at spread LLRR4. These observations confirm

that layer 3 at LLRR1-4 is not the top of bedrock.

- Seismic Reflection

Nearly 3.9 mi (6.2 km) of shallow seismic reflection data were collected along four lines
across Faskin Ranch (fig. 4) to determine basin geometry (depth to bedrock) and internal
stratigraphy of the basin fill. Data quality (assessed in terms of how evident reﬂect‘ors are on
field records, processed trace gathers, and stacked final sections) ranges from good to poor
(fig. 12). Two factors contributed to the difficulty in obtaining uniforfnly good data across the
site: first, seismic waves are rapidly attenuated in areas such as Faskin Ranch, where the water
table is deep, surface sediments are loose (most of the proposed site is mantled by windblown
sand), and the basin fill is poorly consolidafed; se_cond, the acquisition geometry of lines LLRL2,
LLRL3, and LLRL4 was optimizgd for éxpected bedrock depths of 164 to 300 ft (50 to 91 m) as
indicated by existing boreholes and gravity data. Refraction data, further drilling, énd initial
analysis of reflection data revealed considerably deeper bedrock on the north half of thg site.
Consequently, acquisition geometry was lengthened fof the last line collected (LLRL1, table 1)
and the bedrock image improved.

Data quality varied even along a single reflection line having the same acquisition
geometry because of varied surface and subsurface characteristics, nearby power lines, and wind
noise. Data were good along most of line LLRL1, except for a short segment of poor data
between CMP 125 and 17§ (fig. 12). Data were fair to good along the southern two-thirds of
line LLRL2 and were poor at the north end. Data were good at the south half of line LLRL3 and
worsened along the north half where the basin deepens. Fair data were collected at the north
and south ends of line LLRL4; data quality Was poor in the center of this llne.‘ Conﬁdence in
interpretations of the bedrock reflectors along thése lines is higher where data quality is good

or where nearby boreholes reach bedrock.
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-Figure 12. Qualitative assesment of data quality along seismic reflection lines LLRL1,
LLRL2, LLRL3, and LLRL4.
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Time-to-Depth Conversion

Seismic sections are presented in the time domain and must be converted to the distance
domain to estimate depths of reflectors. A velocity function,  or the relationship between
seismic velocity and depth or time, is used to make this time to depth conversion. Velocity
information at Faskin Ranch was derived from three sources: refraction surveys, reflection data,
and a borehole velocity survey.

Velocity models constructed from refraction surveys indicated the presence of a thin, low-
velocity layer near the surface (1243 to 1447 ft/s [379 to 441 m/s], table 3) that overlies a
- thicker, higher velocity laye; (3110 to 3629 ft/s [948 to 1106 m/s]) that represents most of the
basin fill. These models yield velocity profiles that are adequate for time corrections to bring all
reflection traces to a common elevation. They were also used during the initial stages of
velocity analysis to obtain preliminary stacks of the reflection data.

Velocity informatioﬁ is also contained within the réflection data. Gathers of traces having
a common midpoint and multiple source-receiver distances ideally contain reflectors that cross
the gather in a hyperbolic curvature. A hyperbola fitted to a given reflector has a unique
velocity and zero offset associated with» it; the curvature of these hyperbolas decreases with
increasing seismic velocities. Time and velocity pairs were picked for common midpoint gathers
at regular intervals along each of the seismic lines (fig. 13). These velocity picks fall in a
relatively narrow range, particularly earlier than 0.3 s two-way time, and show a general
increase with time. Best-fit lines calculated for each of the seismic lines are simila_r (table 4) and
result in similar velocities of given two-way times in the time range of interest. A composite
velocity function (fig. 13 and table 4) was obtained by least-squares analysis of velocity picks
from lines LLRL1, LLRL2, and LLRL3 along which data quality was higher than along LLRL4.
This function was used to convert time picks on each of the lines to estimated depths.

Combined field records froin a borehole velocity survey at well YM-63 (figs. 12 and 14)

show that the first arrival was increasingly delayed as the seismic receiver was lowered in the
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Figure 13. Stacking velocities picked from CMP gathers for reflection lines LLRL1,
LLRL2, LLRL3, and LLRL4 and best-fit velocity function calculated from all lines except

LLRL4.
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borehole. Average velocities to a given depth were calculated by dividing the distance between
the source and receiver by the time elapsed between the firing of the source and the first
arrival at the receiver. These calculations indicate that the velocities increase rapidly in the
shallow subsurface (fig. 15), from less than 1640 ft/s (<500 m/s) at receiver depths of 6.6 to
9.8 ft (2to3m) to about 2625 ft/s (~800 m/s) at a receiver depth of 32.8 ft (10 m).‘Velocities
continue to rise to the deepest level lnveatigated (3280 ft/s [1000 m/s] at a receiver depth of
194 ft [59 m]), but at a lower rate. These velocities agree with the upper two layers of the
refraction models and with the shallower velocity‘picks from the reflection data. A velocity
function (fig. 15) was calculated from the borehole data for deeper than the deepest receiver
level by extrapolating a best-fit line constructed from velocxties to receiver levels deeper than
82 ft (25 m). This function was used to stack initial seismic sections and to guide velocity picks

on actual reflection records.

Table 4. Velocity functions calculated from stacking velocity picks on reflection lines LLRL1,
LLRL2, LLRL3, and LLRL4.

Number Slope Intercept Slope Inter‘cept'

Line of picks (m/s2) (m/s) (m/sz) (m/s) 2

LLRL1 . 81 . 1882.7 792.3 25.4 - 9.5 0.986
LLRL2 51 2088.7 773.0 40.6 12.3 0.982
LLRL3 76 - 2155.2 771.8 30.7 10.6 0.985
LLRL4 , 79 2867.3 670.9 37.3- 11.5 0.987

Composite (1,2,3) 208 200S5.5 786.5 21.9 7.6 0.976

Line LLRL1

Line LLRL1, 1.6 mi (2.6 km) long, ties to line LLRL2 at CMP 78, to line LLRL3 at CMP 258,
and to line LLRL4 at CMP 459 (fig. 12). Data quality improves along this line than along other
lines, several reflectors becoming visible within both basin fill and bedrock (fig. 16). The
strongest reflector on the line is thought to be the bedrock reflection, which arrives

progressively later to the southeast. Arrival times at the northwest end of the line are between
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Figure 1S. Velocity profile to 0.120 s derived from veiocity survey of well YM-63.
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100 and 150 fns, whereas arrivalytimes at the southeast end are 250 to 300 ms. This reflector is
difficult to follow between CMP’s 142'andb 1>77 perhaps because the bedrock surface dips too
steeply.

Internal basin-fill reflectors are‘ thought to be present at the southeast half of the line
where the basin is relatively deep. de-way times for these reflectors are 150 ms or later.
Several of these reflectors appear to onlap to the northwest onto the bedrock surface.
Relatively little reflected energy is returned to the su;face above 100 ms. Bedrock reflectors are -
present to about 400 ms at the northwest end of the line and to perhaps 600 ms at the
southeast end of the lline.' Many of these reflectors have gentle apparent dips to the
northwest. |

Two-way times picked for the interpreted bedrock reflector were converted to depths
using the composite velocity function calculated from velocity picks (fig. 14). Elevations at the
top of bedrock decrease from near 4183‘ ft (1275 m) at the northwest end of the line to 3773 ft
(1150 m) near the southeast end of the line (fig. 17) and then begin to rise near the southeast
end of the line. Because little relief exists at the surface, changes in estimated basin-fill
thickness (fig. 18) mirror changes in bedrock elevation. Basin—ﬁ_ll thickness increases from about

197 to almost 650 ft (60 to 200 m) from northwest to southeast.

Line LLRL2

Reflection line LLRL2, 3110 ft (948 m) long, crosses lihe LLRL1 at CMP 200 (fig. 12). A
bedrock reflection (fig. 19) is not as clear on this line as it is‘on LLRL1, but a correlative
reflector does occur between 100 and 150 ms near the intersection of the two lines that can be
' fdllowéd most of the Way across the section. This reflector deepens to the northeast, from
100 to 120 ms two-wa& time at the south third of the line to nearly 200 ms at CMP 274 where
the interpreted bedrock reflector fades. A fairly clear reflector is present within the

interpreted basin fill at about 90 to 100 ms between CMP’s 99 and 291. Several reflector
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segments can be seen within bedrock at several places along the line to about 350 ms. These
reflectors appear to have little if any apparent dip.

Time-to-depth conversions show that the elevation at the‘ interpreted top of bedrock
decreases to the northeast from 4101 to 4182 ft (1250 to 1275 m) on the south half of the line
to a minimum elevation of 3937 ft (1200 m) at thé north end (fig. 20). Estimated basin-fill
thickness (fig. 21) increases northward from 164 to 246 ft (50 to 75 m) to a maximum of 427 ft

(130 m).

Line LLRL3

Line LLRL3, 4764 ft (1452 m) long, ties to line LLRL1 at CMP 207 (fig. 12). A high-
amplitude reflector thought to be the bbedrock reflector is present on the line between the
south end and CMP 2‘83 (fig. 22), but north of CMP 300 it becomes unclear. Lithologic control
at borehole YM-17 near the north end of the line (fig. 12) allows a ;eflector to be picked at
nearly 300 ms that can be tehtatively carried southward and joined to the more certain pick on
the South half of the line. Two-way time on this r_eﬂectof increases from 125 ms at the south
end to more than 200 ms near CMP 300 before increasing to 300 ms near YM-17. The reflector
ties with the interpreted bedrock reflector on line LLRL1 at about 200 ms.

As on line LLRL1, interpreted basin-fill reflectors are present in the deeper part of the
basin between about 100 and 250 ms and appear to onlap the bedrock surface as the bedrock
reflector shallows to the south. Bedrock reflectors may be present to 300 ms, but little coherent
energy is found deeper than that.

Depth conversions reveal that the elevation at the interpreted top of bedrock decreases
from 4101 ft (1250 m) at the south end of the line to 3691 ft (1125 m) at the north end
(fig. 23). Bedrock elevations appear to drop rapid‘ly‘ near CMP 300. Basin-fill thickness (fig. 24)

increases northward along the line from 246 to 656 ft (75 to 200 m).
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Figure 20. Land surface and estimated bedrock elevations of reflection lme LLRL2. CMP
locations shown in fig. 12. Vertical exaggeratlon 2.5%.
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42



Two-way time (s)

Two-way time (s)

0.1 ey, n"qu.‘u,:%,'h‘;::ﬂﬁw i Py
e ¢ . o ,4' )

0.2 ‘ﬁ%‘:‘%@fﬁ‘%‘g‘;’«’\" '}:“;"""}3 v 'k??‘“zf "’*léfw»‘: e S8
. : P < R ARG @lw : '.,m.v
.',"1.' J i f. My

° o @ i(.\,%:w i w,,-.s»,-‘*'gg o w«fﬂﬁ“‘*‘ o ﬁ«%, ?frm o
0.4 ,,v-q:v'nywuﬁd R "..f« o v N,"*wf‘«" ,@‘-""‘*"‘ x‘f.él?" W“-’&‘“‘i}ﬁ“ '*‘1'”‘“{13"3“5»
m ‘“\ﬂ' \\"{\4?«?%"#’ .*'lm;\ﬂq‘ o ‘!‘l""" ﬂ"L:ﬁ e AN “ *
05 H’I‘:‘ st %\‘t a cd?ﬁ m@“ﬂb”‘t Xy I i '?"“'.r‘
0.6 E:g‘ "}H‘*"" ’ *‘m‘a“itﬂ;:"' h £y "“_a}!‘f'
. ‘@q.}g«l.* 1\ Ny ‘11\!' II \“"15“ j‘l( R R I
E“’g‘ (K;ﬁJa:‘% q o ‘rf‘,’ ‘.”. l]:.: E‘. .l'-fh" '&‘ki:ﬁl«‘
IR sy
o

o B e s e m; q“w‘{""‘&“ﬁ“ﬂﬁm >
4 emw‘\\m&mgmmm@\mm&. ,r“:;t}:v«:‘: ‘:\:‘r:e:-m l‘\' fwwswmwwnwmm\* !wq 34‘4‘ L\«‘( 4[ mﬂf‘w\%"
4@‘ oty RO , «:" o .‘ Al
M"@E .\1“.«(1? "‘ ".'4\[.‘4.'1.». a.f.uimu'l' IS i r,‘wug\% ‘“M ¥ M‘}‘:"’(‘ﬂ w “A“ )'gu‘b.‘l‘m' b«(‘ ." 5' ““'
i w;.m;.,;ww»-fwmvﬁ wvmw\\:&:}-\w@«urw.wxwg «‘.i?a"ﬁ"f? "E o .3’ i S
%\lgﬁ\:"i‘ (gt‘\\‘s\,wﬂ,“ﬂ'ﬂp \Irw{“lf.‘(h{éz}‘ o 0{ '\ 4‘ {,f‘-, j( & ‘ <‘ lm‘z{
e, ;

‘\,&

i ~I.' 55 . “'é;" ‘}3" g hf E“w
.A;Ejl E‘ s *\‘“3 ‘i.;’r'k’i?‘nfﬁw*ww*" %’?"“i"
"o il v vuA’*‘ ¥ U % 'A‘A IRNCED 3’1“““ I"t""" N X/ * 2* X

'm @@ﬂm«ﬁz\m.w i i ', & ’Lé\::@‘ %m"f"[;‘?\w“‘hiﬂg
AR it T RYRTE
s i ‘u“'(i’ AR g “":3 lj:a'maﬂ o
z:mw E“'hﬁm‘;' i ‘«M&;‘E«w«' e .
,mmv R 1‘4'1"'?‘!3 e

R O i

R S A

]\}.f\""w%“&,\th‘ wtﬂ“’tw “‘t. 2 m?"‘* l“‘y !' -‘j‘ﬁﬂ
'('

ot

g % ™ «

e r m]
1'1.4

:«

il

RS mﬁlﬁm‘um:ﬁa" Muﬁ. Iﬂi

20.5 38 555 73 90.5 108 423 4405 458

0.0 [mmmmommmm ,‘. T ,: m . &WWWWW|
A A R lﬂ i s ’ W ’i&‘?. J"ﬂ.‘i t \J\':'w*m‘ Mum“chmm
3 PR c e o S
0

v
A
R

' A e 5
%.éa: '.' 19,

1'( SRR
\“v' ‘

uu!ml DY

Figure 22. Faskin Ranch seismic reflectior
interpreted section at bottom. Heavy line
lighter lines represent interpreted reflector;
True amplitude display having automatic gr
fig. 12.




SW
4428 NE 1350
Land surface
4264 - -1300
4100 1250
= Bedrock e
5 5
-.§ 3936 - -1200 £
2@ 3
] w
3772 ~1150
3608 - 0 1000t 1100
) — -
0 300 m
3444 T T - T T 1050
0 100 200 300 400 500
CMP number
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Figure 24. Estimated basin-fill thickness beneath reflection line LLRL3. CMP locations

shown in fig. 12. Vertical exaggeration = 2.5x.
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Line LLRL4

Reﬂection line LLRL4 ties to LLRL1 at CMP 193 and is 3871 ft (1180 m) long (fig. 12). Data
quality along this line is the lowest of the four lines; consequently, bedrock elévations and
estimates of basin-fill thickness are the most uncertain. Depth-to-bedrock control at borehole
YM-63 near the north end of the line allowed selection of the refléctor near 300 ms as the
- likely bedrock reflector (fig. 25). This reflector can be carried southward to the intersection
with line LLRL1, where it ties with the bedrock reflector on that line just abbve 300 ms. Several
reflectors could be the bedrock reflector south of t»h-e tie poi'nt, including the deepest one at
280 to 310 ms, a low-amplitude reflector at about 250 ms, a ﬁigh-amplitude reflector at 150 to
200 ms, and a low amplitude reflector at about 100 ms. The deepest reflector appears to be the
best selection from the seismic data alone, but would result in a depth to bedrock of nearly
656 ft (200 m) at the‘so‘uth end of the line. Only_ 1000 ft (300 m) away is borehole YM-§, where
bedrock was reached at 164 ft (50 m). The best choice higher in the section is the high-
amplitude reflector between 150 and 200 ms. If this horizon represents bedrock, the bedrock
surface must deepen sharply between CMP’s 250 and 200.

The deeper part of the basin at the north end of the line contains basin-fill reflectors
between 150 and 250 ms. Bedrock reflectors are present as deep as 500 ms, below which little
coherent energy exists.

Bedrock elevations calculated from two-way times (fig. 26) are tentatively interpreted near
4019 ft (1225 m) at the south end of the line and deepen rapidly in the center of the line to
3691 ft (1125 m). Estimated thickness of basin fill inéreases from 328 ft (100 m) on the‘ south

part of the liné to 656 ft (200 m) on the north part (fig. 27).

Integration of Borehole and Seismic Data

Depths to bedrock determined from borehole and reflection seismic data at Faskin Ranch

are in reasonable agreement (fig. 28). Seismic data indicate that the basin deepens to the
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Figure 25. Faskin Ranch seismic reflection line LLRL4. Uninterpreted section at top;
interpreted section at bottom. Heavy line represents interpreted bedrock reflector and
lighter lines represent interpreted reflectors within the basin fill. Dashed heavy lines
represent alternate bedrock interpretations. Trace spacing 2.5 m. True amplitude display
having automatic gain control applied. CMP locations shown in fig. 12.
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Figure 26. Land surface and estimated bedrock elevations of reflection line LLRL4. CMP
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southeast along line LLRL1 andr to the northeast along each of the three crossing seismic lines.
Similarly, existing bcicholes that reach bedrock (YM-5, YM-17, YM-62, and YM-63) indicate
bedrock depths increase north of line LLRL1. Primary lithologic control on line LLRL1 is
provided by borehole YM-62, which reached bedrock at 223 ft (68 m). Estimated bedrock depth
on line LLRL1 near this site is 234 to 249 ft (71 to 76 m). No other boreholes were drilled near
this line. Secondary control on LLRL1 bedrock depths is provided at its infersection with line
LLRL4, where the bedrock reflector is tied to a bedrock depth in borehole YM-63. Control of

the bedrock reflector on line LLRL2 is also provided by borehole YM-62; bedrock depth at the
borehole (223 ft [68 m]) is estimated at 233 ft (71 m) on LLRL2.

Two boreholes lie near line LLRL3. Borehole YM-4, near CMP 290, was drilled to 250 ft
(76 m) and did not reach bedrock. Estimated bedrock depths in this area are 427 to 623 ft
(130 to 190 m), values that are consistent with drilling results. Bedrock was reached at YM-17 at
679 ft (207 m), in agreeinent with nearby estimated depths of 646 to 682 ft (197 to 208 m). No
borehole control eXists on the south half of line LLRL3.

Control on line LLRL4 is provided by borehole YM-63, which was drilled near the north
end of the line. Bedrock in the borehole (715 ft [218 m)] deep) is deeper than bedrock
estimated from the seismic line (656 ft [200 m]), but the velocity function used to stack the
section is slightly higher than the function used to convert tWo-way'times to depth. A higher
conversion velocity would decrease the magnitude of the depth discrepancy. Bedrock depths
estimated from seismic data at the south end of LLRL4 do not agree closely with the bedrock
depth foimd in nearby borehole YM-S. It is unknown whether the depth inferred from the
seismic data is real or whether the seismic data are interpreted improperly in this area.

Reflection lines LLRL1, LLRL3, and LLRL4 and boreholes YM-17 and YM-63 all indicate
that the basin deepens in the northeast part of the study area. The deep basin floor has an
elevation near 3691 ft (1125 m); this elevation appears to rise sharply to the south. The south

boundary of the deep basin floor has a southeasteﬂy trend and probably crosses LLRL4
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between CMP’s 194 and 228, LLRL1 between CMP’s 375 and 400, and LLRL3 between

CMP’s 290 and 330. :he boundary apparently passes north of line LLRL2.

Surface Wave Analysis

The seismic work at Faskin Ranch included a study on the feasibility of using surface waves
(ground roll) to generate sheat-wave-velocity models of the shallow subsurface. A limited seismic
experiment was conducted using acquisition parameters optimized for surface wave recording.
Shot records from the seismic reflection and refraction data acquired at the site were also
analyzed for surface waves. This section of the report explains the basic principles behind
surface wave analysis to find subsurface velocity and presents preliminary results from the

Faskin Ranch work.

Introduction

The dispersiveness of seismic surface waves is commonly used to constrain the velocity
structure of the earth. Dispersion of seismic waves occurs if different seismic wavelengths travel
at different velocities. Rock velocity generally increases with depth in the earth. For dispersive
waves, this means that longer Wavelengths travel faster than shorter wavelengths because
longer wavelengths sample the faster rocks deeper in the earth. By measuring phase velocity as
a function of wavelength in surface waves, one can obtain true rock velocity from the data
through an inversion procedure (for exampie, Kovach, 1978; Aki and Richard, 1980).

In this analysis, phase velocity estimates were obtained using the Fourier phase method
(Sato, 1955, 1956). In this procedure, one analyzes the phase curve obtained by taking the
difference between two seismograms from the same shot record in the Fourier domain. An
equivalent procedure is to take the difference between seismograms from different shot
locations recorded by the same receiver. At a given frequency, the phase value represents the

phase shift due to the difference in source-receiver distance for each seismogram. In the case
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of constant velocity, the unwrapped phase curve is a straight line because all frequencies in the
data see the same veiocity material. In cases where rock velocity varies with depth, the phase
curves will deviate from a straight line. Higher frequencies will sense the shallow velocity
strﬁcture, whereas lower frequencies will sense deeper velocity structure.

The phase velocity can be obtained from the phase curves from the relationships

®/360 = d/A, and @)

c=fA, / (2)

where @ is the phase in degrees, d is the distance between the geophones that recorded the
seismograms, A is the wavelength, f is frequency, and c is phése velocity. Given a phase curve,
equation 1is solved for Wavelength (A), and the ‘phase velocity is obtained from equation 2. An
approximate conversion from phase velocity and wavelength to roék velocity and depth is
obtained by as‘suming that the observed phase velocity represents the shear velocity at a depth
equal to one-third to one-half the wavelength.

An accurate mapping of phase velocity and wavelength to shear velocity and depth is
obtained through modeling or inversion schemes. In this study, the inversion method of Yuan
(1992) was used to obtain preliminary shear-velocity models from the surface waves. An
important assumption underlying this analysis is that the data contain only Rayleigh waves and

no other modes.

Data

Receiver gathers from the surface wave éXpefiment are found in figure 29 and some of the
better quality raw phase curves from the surface wave experiment are in figures 30 and 31.
Synthetic phase curve for each separation, assuming a phase velocity of 1312 ft/s (400 m/s) is
included in the figures as a guide to data quality. These data are most reliable at 66- and 131-ft
(20- and 40-m) separations near the geophones. Data quality deteriorates at large distances from

the geophones and at larger separations. In pavement applications, phase data are most reliable
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Figure 29. Field records of surface wave experiment. (a) Records of 8-Hz phone from
westward-moving source. (b) Stacked records of 40-Hz phones from westward-moving

source. (¢) Records of 8-Hz phone from eastward-moving source. 40-Hz phones did not
record eastward-moving source.
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Figure 30. Raw phase curves of 8-Hz records of westward-moving source. Curves of
(a) 20-, (b) 40-, and (c) 80-m source separation shown along with a synthetic curve that
assumes a constant phase velocity of 400 m/s. Distance from source to geophones is
annotated on right-hand side of graphs. ,
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Figure 31. Raw phase curves of 40-Hz records of westward-moving source. Curves of
(a) 20-, (b) 40-, and (c) 80-m source separation shown along with a synthetic curve that
assumes a constant phase velocity of 400 m/s. Distance from source to geophones is
annotated on right-hand side of graphs.
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over the first two cycles of the phase curves (0 to 720). This is probably a useful guide for these
data as well. Thus phase curves that are inconsistent in this range represent poor data.

Because a key fd accurétely estimating phase velocity is good phase data at low
frequencies, the surface wave experiment was conducted using an 8-Hz geophone and a 4-Hi
low cut in the acquisition system. An‘ unanticipated result from the experiment is that the
phase curves of the‘ 8-Hz and 40-Hz phones are virtually identical, which suggests that the
acquisition system has enough dynamic range that fhe lower-resonance frequency phone is
unnecéssary for good recording. Plots of amplituﬂde '(fig. 32) of the two different phone types
~ bear this out. This result should be an asset in future surface wave studies using shallow seismic
reflection equipment because it shows that surface wave data can be collected using the higher-
resonance frequency geophones that are commonly uséd in such surveys:

As expected, analysis of sh‘ot gathers from the‘ seismic ;eflection survey showed that the
low-cut filter used during acquisition affects surface-wave data quality. Both 16- and 32-Hz low-
cut filters were used for the acquisition of the reflection data. Phase curves generated from
these data (fig. 33) were of very poor quality. Comparison of amplitude spectra of a 4-Hz and a |
16-Hz low cut (fig. 34) shows that at frequencies below ;16 Hz, trace amplitudes were 60 dB
down, compared with the data from the sufface wave experiment. Because high low-cut filters
are commonly used in shallow reﬂectioh surveys to attenuate ‘surface waves during acquisition,

this result is not surprising.

Data Processing Procedures

The basic steps for obtaining shear-velocity information from surface waves are:
(1) calculating raw phase curvés,, (2) phase curve unwrapping and smoothing, (3) calculating
phase velocity and wavelength, and (4) inverting for shear velocity and depth.

Obtaining good phase-velocity results from the phase curves requires that they be fit to an

expected curve. A Kalman filter was used to perform this task on these data. Figure 35 shows an

SS



8-Hz phone

lllll
lllll
-
.
-
S~
~—

-
~ean
llllll
-~
lllll

——

-20 4

-80 -

o o
¥ e

(gp) epnyjdwy

100

40

20

QAa3731c

Frequency (Hz)

Hz phones at-50-m offset of the westward- .

Figure 32. Amplitude spectra of 8Hz and 40

moving source.

56



(a)
3420
AN
2700 e
; aw
@ V. ~]
9 1980
R T A )
g \_/}' \J
s Mo A
@ 1260 \ .Y |
f A r\\
oMo INCAN
540N U
M NN NI
MMV \J
<180 A

0 5 10 15 20 25 30 35 40

3420
Synthetic
65m

2700
60m
56 m

1980
50 m
45 m

1260
40m
35m

540
30m
25m

-180

A\ e\ A
NS
LA
LILUNN
1N N.A
\ NN
’Jf\ N
AN Vl\
—NAN \
N AN
M Ny
AN ONA
NYY UV NNV VY
A
A

135 m

0 5 10 15 20 25 30 35 40

(c)

3420
Synthetic Synthetic

M
75‘ m 2700 N Uy 95 m
70 m | I\ NA 90 m

: ML
65 m 1980 NN \:]85 m
60m lk \Il\_\\l 80 m
55m 1260 dnteeon VI\ \jh\ 5 m
50m ‘;:f: \lt\\/-\[,\\ 70 m
45 m 540 LA \ \[\\ \JA\T 65m
\ 40 m &‘N“NAWI\{L \\lﬂ\\l 60 m
SRR

80 ity
0 5 10 15 20 25 30 35 40

Frequency (Hz)

Frequency (Hz) Frequency (Hz)

QAa3732¢

Figure 33. Raw phase curves from a shot gather from reflection profile LLFR-1. Curves of
(a) 20-, (b) 40-, and (c) 80-m source separation are shown along with a synthetic curve
that assumes a constant phase velocity of 400 m/s. Distance from source to geophones is
annotated on right-hand side of graphs.
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Figure 34. Amplitude spectrum of reflection data (LLRL1) compared with surface-wave

data (SWE) from west-moving source.
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example‘of a raw phase curve and the filtered curve. The primary effect of the Kalman filter is
the definition of a smooth expected curve for the low-frequéncy end of the phase spectrum,
in order to achieve stable phase-velocity results. Kalman filtering is less effective in larger
separations because phase curves may wrap more than once in the poor data zone at low
frequencies.

Phasé velocity and wavelength are calculated from the filtered phase curves using the
equations cited above. These data are most reliable on wavelengths between one-half and twice
the separation. Figure 36 shows curves from three separations at three different locations in
the surface wave experiment. The center points ‘of each of these separate graphs are only
32.8 ft (10 m) apart. Note that the 66- and 131-ft (20- and 40-m) curves are consistent from
location to location, but the 263-ft (80-m) curve is not. This probably results from poor data
quality at the low frequencies in the larger separartion.

A one-dimensional model of shear velocity asa funqion of depth is obtained through
inversion of the phase velocity information. The curves of all separations at a given site are fit
with a single curve (fig. 37) that is then input to the inversion scheme. Two alternative velocity
models of siteﬁ are shown in figure 38. The corresponding fit to the input phase velocity curve

is shown in figure 39.

CONCLUSIONS

Seismic refraction, reflection, and surface wave data collectéd at the proposed low-level
radioactive waste disposal site on Faskin Ranch varied in quality but revealed much about basin
geometry and the physical properties of basin-fill sediments. Refraction data indicate that near-
surface seismic velocities range from 1243 to 1447 ft/s (379 to 441 m/s) and that velocities of
the underlying basin-fill layer range from 3110 to 3628 ft/s (948 to 1106 m/s). A refracted arrival
from bedrock was recorded at most refraction sites, but a limited offset range precluded velocity

measurements accurate enough to calculate depth to bedrock reliably at every site.
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Figure 36. Phase velocity curves of (a) SO-m center point, westward-moving source;
(b) 60-m center point, westward-moving source; and (c) 70-m center point, westward-
moving source.
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Figure 37. Curve fits of input to inversion: (a) 50-m center point', westward-moving
source; and (b) 60-m center point, westward-moving source.
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Figure 38. Inversion models: (a) S0-m center point, westward moving source, and
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Figure 39. Fit of phase velocity predicted from inversion to original data: (a) 50-m center
point, westward-moving source, and (b) 60-m center point, westward-moving source.
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A borehole velocity survey at well YM-63 showed that seismic velocities increase rapidly
from 1312 to 2625 ft/s (400 to 800 m/s) in the upper 33 ft (10 m) of basin fill. Below this
depth, average velocities continue to increase at a slower rate and reach 3281 ft/s (1000 m/s) by
a depth of 194 ft (59 m). Extrapolations to deeper depths from borehole velocity data provided
useful velocity functions in seismic data processing.

Four shallow seismic reflection lines were collected over a distance of 3.9 mi (6.2 km) at
the site. Bedrock deeper than expected and difficult site conditions reduced data quality on
the initial lines, but changes in acquisition geometry impfoved bedrock imaging on the longest
of the lines. An interpreted bedrock reﬂedor is visible in stacked sections in most areas;
internal basin-fill reﬂ"ectors are also present in the deeper parts of the basin. Reflectors below
the top of bedrock are evident in some‘ areas. Depths to bedrock estimated from seismic data
range from about 197 ft (~60 m) to more than 656 ft (>200 m) and increase to the north and
east on all lines. The deepest section of the basin is present in the northeast part of the site
and is separated from shallower parts of the basin by a relatively abrupt and steeply dipping
boundary.

A feasibility study on using surface waves (ground roll) to generate shear-wave-velocity
models of the shallow subsurface was conducted at Faskirll Ranch. A preliminary one-
dimehsional velocity model of a site near the intersection of"reﬂection lines LLRL1 and LLRL3
was found. This result provides velocity data on the upper few tens of meters for which little
data in seismic reflection sﬁrvey exist. If future surface waves studies are done, we recommend
that:

1. Surface wave data be collected 'during the course of a reflection survey by reducing the low
cut on the field filters periodically. Results from the Faskin Ranch survey suggest that a 40-Hz
geophone can do a good job collecting the low end of the fréquency spectrum.

2. In production mode, a field quality control System be designed that can plot phase curves,

real time, so that data quality can be checked.

65



3. Othef wave packets be removed from the data, by trace muting, for example, to improve
phase curve quality. Surface wave analySis assumes that the trace represents a record of Rayleigh
waves only. If other wave modes are present, Idata quality is degraded.

4. The shear-velocity data éollected from surface wave analysis be used in combination
with compressional wave data on velocity to characterize lithology through analysis for
Poisson’s ratio.
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