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1 Introduction

1 INTRODUCTION

1.1 LOCATION AND DESCRIPTION

The Private Fuel Storage Facility (PFSF) site is located in the southeast portion of Skull Valley,
about 60 miles southwest of the city of Salt Lake City and directly south of the Great Salt Lake in
northwestern Utah. Oriented in a north-south direction, Skull Valley is part of the basin and range
province. The PFSF site lies some 25 miles south of the Lake from Interstate 80 and is situated
about 2 miles west of Skull Valley Road which runs down the east side of the valley (Flgure 1. 1)
The site was accessed using a series of two-track roads through the desert brush.

The area consists of eroded former lake terraces and alluvial deposits situated between two north-
south mountain ranges located east and west of the proposed storage facility. The site lies on
alluvial/lake deposits in a relatively flat topographic setting; elevations vary from 4450 to 4500 feet
over the site and access road easement where the survey was conducted. A bedrock hill called
Hickman Knolls protrudes through the alluvial sediments about 2 miles south of the storage area;
it rises some 350 feet above the surrounding desert. Drainage in the vicinity of the site is towards
the west and north into small drying basins and ephemeral stream beds (Figure 1.2) that extend to
the Salt Lake.

Previous drilling information shows that subsurface soils are composed predominantly of silt, sand
and clay deposits with occasional gravel constituents. The deepest (two) boreholes did not encounter -
bedrock or the water table to a depth of 100 feet.

1.2 PURPOSE

As part of an overall assessment study of the PFSF site as an interim spent fuel storage site, Stone
& Webster Engineering Corporation (SWEC) required an investigation of subsurface conditions
including soil conditions, depth to water table, and topography and character of the underlying
bedrock. Such information will assist them in the design of appropriate foundations and structures
for the stored materials.

Geosphere was contracted to conduct seismic geophysical surveys along two perpendicular lines
across the proposed storage site and one traverse line southeast of the site along a proposed easement
towards Skull Valley Road. Primary (P) wave and shear (S) wave refraction data were requested
on two lines over the center of the storage area; only P-wave data were requested in the easement
area. Deeper reflection information was required over the second and third refraction lines. The
field work was completed between 9 and 20 December 1996.
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2 GEOPHYSICAL METHODS

2.1 GENERAL DESCRIPTION

 Two seismic geophysical methods were used at the PFSF site:
1) Seismic Refraction Profiling for both P-wave and S-wave data
2) Seismic Reflection Profiling.

Descriptions for both seismic methods are given below as they apply to the site. Although all
seismic data contain both refraction and reflection events, differences between the two methods
occur during (field ) data collection and processing of results. In this report, the term “seismic
velocity” is in reference to compressional or primary (or P-wave) seismic velocity through soil and
rock layers; seismic velocities are given in units of feet per second (ft/sec). The term “S-velocity”
is used for shear wave seismic velocities, also given in fi/sec.

2.2 SEISMIC TECHNIQUES

- Seismic refraction was employed to detect subsurface soil and sediment layers. By determining
seismic velocities in these layers, lateral variability within each layer could be assessed and provide
input for calculating the engineering properties of these layers. The refraction data could also
provide depth to water table and bedrock if they were sufficiently shallow. (The depths of water and
rock were not known at the onset of the survey). Refraction results were processed using the
Generalized Reciprocal Method (GRM) of analysis, that provides much greater detail of subsurface
conditions than the older plane methods of forward/reverse refraction.

The Common Depth Point (CDP) method was employed as the seismic reflection technique to detect
and map the surface of the underlying bedrock in the depth range of 300 to over 1000 feet, Similar
in principle to reflection techniques used by the petroleum industry, field methods employed at the
PFSF site were designed to provide higher resolution of reflectors. This included high frequency
geophones, a state-of-the-art seismograph, low-cut filters, and special software designed for shallow
reflection data.

Seismic methods are used to. measure the depth and thickness of geologic strata using acoustic
(sound) waves transmitted into'the ground. These waves, generated from a controlled source, travel
in different directions and velocities through various soil and rock layers. During this travel, these
waves are refracted and reflected from various interfaces in the subsurface. The time required for
the wave to traverse this path through these layers and return to the surface permits calculation of
layer depth and velocity (Appendix A). Reflections and refractions are most often received from
significant interfaces in the subsurface between clay, sand, gravel, top of water, top of bedrock, and
intra-bedrock layers.

Primary and shear seismic waves move through subsurface geologic layers in response to layer
physical properties (acoustic impedance), layer thickness, and layer sequence. A significant change
in any one of these parameters will cause a notable shift in the seismic wave's velocity and path of
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travel. Layer density and elastic properties primarily determine the velocity at which the acoustic
energy will travel through the layer; these properties are determined largely by the more recognizable
attributes of water content, compaction, porosity, and mineral composition.

Reflection and the new (GRM) refraction methods require extensive computer processing.
Processing utilizes the time of wave arrivals occurring from subsurface reflections and the geometry
of the wave path. Different methods have been developed using reflections in deriving layer depth
and average velocities of the geologic section. Typically, the CDP methods are limited to discerning
layers at minimum depths of 50-250 feet, dependent on near-surface seismic velocities, the depth
to water table and frequencies transmitted by the soil or rock. Using geophone spacings of 2-5 feet,
specialized field methods may permit acquisition of data as shallow as 10-20 feet with the ‘CDP
method. GRM refraction can be used to determine layer depths of less than 5 feet to over 200 feet
and variations of the clay or rock interface along the line. Unlike reflection methods, refraction
spreads need to cover greater lateral distances to detect and map deeper interfaces. Refraction data
are based on “picks” of the first primary seismic wave armrival times for each geophone in the array;
reflection results are derived from coherent wavelet events farther down in the seismic trace. Most
seismic surveys measure P-wave first arrivals and reflections; S-wave work employs a special
seismic source and geophones to generate and receive transverse waves through the ground.

A seismograph is used to process and display seismic wave arrivals from a geophone array. The
seismic energy source may be a hammer striking a metal plate, explosives, shotgun device or a drop
weight. Deep reflected wave energies are usually stronger signals than most refraction arrivals, even
though the reflecting layer may be several hundred or thousand feet in depth.

The vertical resolution and minimum usable depth of both methods are dependent on several factors
1) Frequency transmitted by the subsurface (often a function of grain size and depth to
water table)
2) Seismic velocities of surface soils/sediments
3) Frequency characteristics of geophones
4) Filter capabilities of seismograph
5)  Resolution capabilities of seismograph.

Higher seismic frequencies will permit better resolution of subsurface layers as well as detection of
shallower layers. Different ground conditions will transmit different frequencies (ranging from less
than 1 to over 500 Hz) with various attenuation. Acoustic frequencies of 30 to 150 Hz are often
obtained in reflection surveys and will provide good results. Subsurface transmittal of frequencies
of 100 Hz or better are less common or very rare in some areas, but, if obtained, will provide
excellent resolution results. Lower frequency filters are usually set in refraction studies to permit
reception of greater amounts of the refraction energy (signal). The lower frequencies (4-16 hertz)
travel better than higher frequencies within geologic materials.

2.2.1 EQUIPMENT

The seismic data were collected with a 24 channel Bison 9024 seismograph with digital floating
point gain control. The system was coupled to an Input/Output Instrument 120 channel roll switch
which permitted sequential collection of 24 channel data from a 48 geophone array per spread. A



GEOSPHERE MIDWEST PFSF SITE, SKULL VALLEY, UT
2 Geophysical Methods

modified Bison Elastic Wave Generator (EWG-5) was employed as a seismic energy source.
Hydraulically lifted to a height of approximately 2.5 feet, the 1,500 pound weight of the EWG-5 is
accelerated by four 6-inch elastic bands as it is released towards a (40x40-inch) steel plate on the
ground to generate P-wave energy. The steel plate is employed to generate a “sharper” seismic
signal than that obtainable on normal, uncompacted surfaces in order to obtain higher frequency
values and, consequently, better resolution. To generate shear wave energy, two special 150 pound
transverse hammers are mounted on the left and right sides of the EWG-5's frame. These hammers
strike the ends of a 4-foot long, 6x7-inch wooden beam that has been pressed into the ground surface
by 6,000 pounds of weight (from the EWG-5 trailer) and secured with steel spikes. Signals are
stacked from the two hammers in such a manner to accentuate S-waves and cancel P-waves. An
electronic switch mounted on the EWG provided the trigger signal via cable to the seismograph.
Thirty hertz (low-cut) Mark Product geophones were used with a 32 hertz low-cut filter (set in the
seismograph) for reflection data and 16 hertz low-cut for refraction data. The collected data were
stored within the seismograph and downloaded each evening to a computer for processing.

23 QUALITY CONTROL

A quality assurance survey was conducted at Geosphere Midwest's facility by SWEC on 5 December -
1996. The inspector was G. Sauter from SWEC’s Denver Office. The objective of the surveillance
was to verify that Geosphere Midwest controls those items determined to be critical as documented
in Commercial Grade Application Evaluation number PI-0199, Rev 0. The surveillance also
included a visit by Northern States Power auditor T. Iseman to witness and audit the seismic field
work in progress at the PFSF site in Utah.

The surveillance documented that Geosphere Midwest controls critical characteristics:

1) Geosphere has qualified personnel to take, read, and interpret seismic readings.
Three individuals who conducted the survey have a total of 41 man-years of
geophysical experience with seismic methods.

2) Calibrated measuring equipment was identified, controlled and traceable to
recognized national standard. The Bison 9024 seismograph was the only calibrated
instrument used. The seismograph was returned to Bison Instruments for evaluation
prior to and following the work for SWEC. Bison certified that the instrument
performed to specifications on both occasions.

3) Qualified software was used to record, process and output the seismic data. This
software included “Eavesdropper,” written and sold by the Kansas Geological Survey
(KGS) and Firstpix/Gremix software from Interpex of Golden, Colorado. Software
was validated by processing known data sets and comparing the results with
previously documented results. Results from PFSF were compared to actual drilling
logs obtained near the seismic lines for validation of the shallow seismic results.
Deeper bedrock depth results (over 100 feet) are based on calculations from seismic
stacking velocities, as no drilling data were available to these depths.

4) Geosphere has written procedures and instructions to direct work activities. These
include "Field Procedures, Seismic Reflection Surveys" Revision 00, 10/13/95 and
"Field Procedures, Seismic Refraction Surveys" Revision 00, 10/13/95.
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3 DATA ACQUISITION

3.1 SURVEY LINES AND COVERAGE

Two seismic lines were run across the central portion of the site perpendicular to each other: Line
-1 in a north-to-south direction and Line 2 in a west-to-east direction. A third seismic line (Line 3)
was run in an area southeast of the proposed storage area, along the easement to Skull Valley Road.
Line locations are given in Figure 1.2.

Both P- and S-wave data were obtained along Lines 1 ai;d 2 for a distance of 2,400 feet each. In
addition, reflection data were acquired along Line 2 for 2880 feet, centered on the 2,000x2000 foot
site. P-wave refraction and reflection data were acquired along Line 3 for a distance of 2880 feet.

" The ground surface along Line 1 was relatively flat whereas Line 2 cut across two dried stream beds
at its eastern end. Line 1 has a 17 foot drop in elevation towards the north from elevation 4477 to
4460 feet; Line 2 has a slight concave shape with higher elevation ( 4470 feet) near the center of the
line. The topography along Line 3 rises towards the east from an elevation of 4482 to 4497 feet;
Line 3 cut across several linear (north-south) ridges believed to be old lake sand bars

The reflection and refraction data were acquired during the period of 9 through 20 Decernber 1996.

3.1.1 LINE LAYOUT AND PROFILE POSITIONS

During the field survey, shot points and geophone positions were keyed to a system of linear stations
along each line. The lines were positioned to be centered relative to the approximate edges of the
2000x2000 foot site. Each station line was laid out using surveyor's tapes, wooden stakes and
colored pin flags. Labeled wooden markers were placed at the beginning and end of each line for
future reference. To simplify matters, our results and discussions below describe events and features
- in terms of our linear footage along each seismic line; however, each seismic figure has a lower scale
~ that correlates Utah State Plane Coordinates with our Spread Distance station numbers.

3.2 SEISMIC REFRACTION SURVEY
3.2.1 DATA ACQUISITION

Refraction data for Lines 1 and 2 were acquired along a series of five 24 channel geophone arrays,
using a geophone interval of 20 feet, for a total distance of 2,400 feet. Data for Line 3 were acquired
along a series of six 24 channel geophone arrays, using a geophone interval of 20 feet, for a total
distance of 2,880 feet. Each array of 24 geophones was connected to a 24 channel seismograph
through a large 120 channel roll switch (Input/Output Instrument); this setup permitted selecting
different groups of 24 phones using the roll switch as the seismic source was advanced to each
refraction shot position (every 240 feet along the line). - Where possible, two 24 channel records
were combined from a common shot location to yield 48 channel data sets. The Bison EWG-5
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seismic source was employed starting at near offset distances of 490, 250 and 10 feet from the first
geophone of the first array. This pattern was repeated through the entire line; far offset (reverse)
shots were also made back into the geophone arrays at the same 240 foot spacings, resulting in
symmetrical forward and reverse data sets. Timing between the EWG and seismograph was
established using a trigger switch on the source and a connecting cable to the seismograph.

After each shot, the 24 geophone signals (channels) were dumped onto a thermal paper record for -
viewing and quality control. Data were checked for signal strength, proper triggering and any
unusual features. Dependent on ground conditions and surface (auditory and wind) noise. a number
of multiple hits were made, causing the seismic signals to be stacked (added together) within the
seismograph. After the operator determined that ample signal strength had been acquired through
stacking (usually 15-30 times), the 24 channel record was saved into harddrive memory in the
seismograph. Then, the EWG-5 source and roll switch were advanced for the next shot position (240
feet up the line).

Records saved in the seismograph were downloaded each evening to a computer for preliminary
processing. GRM processing at the office included picking the first arrival times for each channel
and entry of phone and source position geometries and elevation data. The processed refraction
profiles consist of interpreted layers detected in the first pick data (Appendix B).

3.3 SEISMIC REFLECTION SURVEY
3.3.1 DATA ACQUISITION

The reflection data were acquired along Lines 2 and 3 as the refraction survey described above, (ie,
a series of five and six 24-channel geophone arrays using a geophone interval of 20 feet). Each array
of 24 active geophones was connected to the 24 channel seismograph through the 120 channel roll
switch; this setup permitted the selection of 24 successive groups of 24 phones to be connected to
the seismograph using the roll switch as the seismic source was advanced 20 feet per shot along the
line. The Bison EWG-5 seismic source was employed at a constant offset distance of 490 feet from
the first geophone of the array at each shot position. Timing between the EWG and seismograph
was established using a trigger switch on the source and a connecting cable to the seismograph.

After each shot, the 24 geophone channels were dumped onto a paper record for viewing and quality
control. Data were checked for signal strength, proper triggering, and any unusual features.
"Dependent on ground conditions and surface (auditory and wind) noise, a number of multiple hits
were made using the EWG, causing the seismic signals to be stacked (added together) within the
seismograph. After the operator determined that ample signal strength had been acquired through
stacking (usually 15-25 times), the 24 channel record was saved into harddrive memory in the
seismograph. Then, the EWG source and roll switch (connecting the next group of 24 phones) were
advanced for the next shot position (20 feet up the line).

Records saved in the seismograph were downloaded each evening to 2 computer for processing and
preliminary analysis. CDP processing of the field seismic records included filtering, muting, sorting,
deconvolution, velocity analysis, normal moveout (NMO) correction, statics, stacking, and gain
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correction. The processed reflection profiles consist of individual wiggle traces that represent CDP
gathers of 12 traces each, yielding a 12 fold data set. During processing, the seismic results were
corrected using elevations taken from a detailed map of the site; an elevation datum of 4460 feet was

used to normalize all profile results.
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4 SEISMIC RESULTS AND INTERPRETATION

* The seismic results and interpretation are described below for each of the three survey lines. P-and
S-wave refraction results for Line 1 are given in Figures 4.1 and 4.2; corresponding results for Line
2 are given in Figures 4.3 and 4.4. Line 3 P-wave results are presented in Figure 4.5. Deep bedrock
reflection sections are given in Figure 4.6 for Line 2 and Figure 4.7 for Line 3. Each figure includes
the Spread Station Distance as the x-axis with a corresponding Utah State Plane Coordinate axis
below. The refraction figures include an elevation scale (in feet above sea level) on the left and right
sides; the reflection figures provide a reflection time scale on the left and an approximate depth scale
on the right side of the reflection record. Elevations are given in feet above mean sea level (MSL).
The reflection profiles have been normalized to an elevation datum of 4460 feet above MSL.

Interpretation of the P-wave refraction profile data shows:
D three layers and their associated seismic velocities to a depth of about 120 feet:

a) a near surface low velocity layer (dry soil)
b) an unsaturated sediment layer and
c) an interpreted saturated layer

2) that the water table (top of the interpreted saturated layer) is not flat

3) that the top of bedrock is greater than 120 feet deep

4) that no evidence exists for faulting or movement within the alluvium section.

Interpretation of the S-wave refraction profile data shows:
1) two layers and their associated seismic velocities to a depth of about 60 feet:
: a) a near surface low velocity layer (dry soil) and
b) an unsaturated sediment layer
2) that the water table and bedrock were not encountered.

Interpretation of the reflection section data shows:
1) an irregular bedrock surface that dips towards the east in both Lines 2 and 3
2) Line 2 bedrock depths of 520 to 880 feet and Line 3 bedrock depths of 740 to 1020
feet
3) distinctive lower layers within the bedrock
4) interpreted folded and faulted zones within the bedrock, but no ev1dence of faults
extending up into the overburden.

4.1 REFRACTION RESULTS

4.1.1 LINE1

P-wave refraction results for Line 1 (Figure 4.1) provide subsurface information from the ground
surface to a depth of approximately 120 feet. Analysis of the first arrival picks reveals the presence
of three seismic layers which correlate to a low-velocity layer, an unsaturated sediment layer and an
interpreted saturated layer. A plot of the first arrival data for Line 1 is given in Figure B-1

10
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(Appendix B). Seismic velocities characteristic of bedrock were not encountered. The low velocity
soil layer is interpreted as an uncompacted, dry soil zone; it has an approximate thickness of 33 to
40 feet with seismic velocities ranging from 1,125 to 1,300 ft/sec. Due to the coarseness of the
geophone spacing (20 feet), the thickness and velocxty values for the first layer are probably within
20% of the stated value.

The second layer at a depth of about 35 feet is interpreted as a zone of unsaturated sediments; this
layer is approximately 60 to 90 feet thick. Measured seismic velocities (2,725 to 3,475 ft/sec) are
likely derived from more compacted sand and silt layers recorded in nearby drilling logs; due to the
20 foot geophone spacing, velocities are likely within 15% of the stated value. The bottom of this
second layer is interpreted as the water table which ranges in depth from 103 to 131 feet (elevatlon
4334 to 4369), being higher near Spread Station 1500.

The third layer is believed to represent saturated sediments, occurring below the interpreted water
table. This layer is likely composed of wet sand, silt, clay, and gravel lake and alluvial layers and
lenses typical of the area. Seismic velocities range from about 5,200 to 5,900 ft/sec which are
characteristic of water-saturated sand and silt sediments; velocity accuracy is estimated to lie within
10% of the stated value. An alternative interpretation is that the third layer is not saturated and
represents a more compacted (or cemented) sequence of alluvial/lake sediments; such layers have
been previously identified in Basin and Range surveys. The surface of the third layer has a concave
shape, dipping both towards the north and south from a high between Stations 1200 and 1500. The
unevenness of the third layer surface may be caused by capillary action in varying lenses of fine sand
and clayey silt deposits or local artesian conditions. Another explanation may be that substantial
vertical and lateral variations in seismic velocities exist in the alluvjum, leading to apparent higher
velocities and yielding greater thickness of Layer 2 at specific locations (see Appendix B). Thickness
of the third layer extends beyond the depth limits of the refraction survey. A deeper layer having
seismic velocities characteristic of bedrock was not detected nor was any evidence of faulting or
movements within the upper alluvium section.

S-wave refraction results for Line 1 (Figure 4.2) show two seismic layers, a near-surface low
velocity zone and a deeper unsaturated sediment zone. Due to very slow shear velocities, depth to
the interpreted top of water (at about 110 feet) was beyond the limits of the survey; however, the
shear results probably record seismic events to a maximum depth of about 80-90 feet. The upper
soil layer yielded shear velocities in the range of 725 to 825 ft/sec; the lower unsaturated layer
yielded velocities ranging from 1,750 to 2,600 ft/sec. Due to the coarseness of the geophone spacing
(20 feet), these depth and velocity values probably range within 20% of the stated value,

4.1.2 LINE 2

P-wave refraction results for Line 2 (Figure 4.3) provide subsurface information from the ground
surface to a depth of about 120 feet. As in Line 1, analysis reveals the presence of three seismic
layers which correlate to a low-velocity layer, an unsaturated sediment layer and an interpreted
saturated layer. The first arrival data for Line 2 is given in Figure B-3 (Appendix B). Seismic
velocities characteristic of bedrock were not encountered. The low velocity soil layer is interpreted
as an uncompacted, dry soil zone; it has an approximate thickness of 31 to 49 feet with seismic
velocities ranging from 1,150 to 1,550 ft/sec. Due to the coarseness of the geophone spacing (20

11
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feet), the thickness and velocity values for the first layer are probably within 20% of the stated value.

The second layer at a depth of about 35 feet is interpreted as a zone of unsaturated sediments; this
layer is approximately 55 to 85 feet thick. Measured seismic velocities (2,200 to 2,725 ft/sec) are
likely derived from compacted sand and silt layers; due to the 20 foot geophone spacing, velocities
are likely within 15% of the stated value. The bottom of this second layer is interpreted as the water
table which ranges in depth from 90 to 115 feet (clevation 4352 to 43 78), being higher near Spread

" Station 1900.

The third layer is believed to consist of saturated sediments, occurring below the interpreted water
table. This zone is likely composed of wet sand, silt, clay, and gravel lake and alluvial layers and
lenses. ‘Seismic velocities range from about 5,100 to 5,900 ft/sec which are characteristic of water-
saturated sand and silt sediments. An altemative interpretation is that the third layer is not saturated
and represents a more compacted (or cemented) sequence of alluvial/lake sediments; such layers
have been previously identified in Basin and Range surveys. The surface of the third layer has an
apparent dip towards the west. The unevenness of the interpreted saturated layer surface may be
caused by capillary action in varying lenses of fine sand and silt deposits or artesian conditions.
Another explanation may be that substantial vertical and lateral variations in seismic velocities exist
in the alluvium, leading to apparent higher velocities and yielding greater thickness of Layer 2 at
specific locations (see Appendix B). Thickness of the third layer extends beyond the depth limits
of the refraction survey. A deeper layer having seismic velocities characteristic of bedrock was not
detected nor was any evidence of faulting within the upper alluvium section.

S-wave refraction results for Line 2 (Figure 4.4) show two seismic layers, a near-surface low
velocity zone and a deeper unsaturated sediment zone. Due to very slow shear velocities, depth to
the interpreted top of water (at about 110 feet) was beyond the limits of the survey; however, the
shear results probably record seismic events to a maximum depth of about 80-90 feet. The upper
soil layer yielded shear velocities in the range of 700 to 950 ft/sec; the lower unsaturated layer
yielded velocities ranging from 1,675 to 2,425 fisec. Due to the coarseness of the geophone spacing
(20 feet), these depth and veloclty values probably range within 20% of the stated value.

4.1.3 LINE3

P-wave refraction results for Line 3 (Figure 4.5) provide subsurface information from the ground
surface to a depth of approximately 140 feet. Asin Lines 1 and 2, analysis reveals the presence of
three seismic layers which correlate to a low-velocity layer, an unsaturated sediment layer and an
interpreted saturated layer. The first arrival data for Line 3 is given in Figure B-5 (Appendix B).
Seismic velocities characteristic of bedrock were not encountered. The low velocity soil layer is
interpreted as an uncompacted, dry soil layer; it has an approximate thickness of 44-53 feet with
seismic velocities ranging from 1,500 to 1,725 fi/sec. These velocities are significantly higher than
the average values recorded at Lines 1 and 2. Due to the coarseness of the geophone spacing (20
feet), these depth and velocity values probably range within 20% of the stated value.

The second layer at a depth of about 50 feet is interpreted as a zone of unsaturated sediments; this

layer is approximately 45 to 82 feet thick. Measured seismic velocities (2,300 to 3,400 fi/sec) are
likely derived from compacted sand and silt layers that are recorded in drilling logs; due to the 20
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foot geophone spacing, velocities are likely within 15% of the stated value. The bottom of this
second layer is interpreted as the water table which ranges in depth from 97 to 136 feet (elevation
4352 to 4385), being higher near Spread Stations 0000 and 1100.

The third layer, interpreted as saturated sediments, is likely composed of wet sand, silt, clay, and
gravel lake/alluvial sediment layers and lenses. Seismic velocities range from about 5,200 to 6,100
ft/sec which are characteristic of water-saturated sand and silt sediments. An altemnative
interpretation is that the third layer is not saturated and represents a more compacted (or cemented)
layer of sediments; such layers have been previously identified in Basin and Range surveys. The
surface of the third layer is irregular and has an apparent overall dip towards the east. The
unevenness of the saturated layer surface may be caused by capillary action in varying lenses of fine
sand and silt deposits or artesian conditions. Another explanation may be that substantial vertical
and lateral variations in seismic velocities exist in the alluvium, leading to apparent higher velocities
and yielding greater thickness of Layer 2 at specific locations (see Appendix B). Thickness of the
third layer extends beyond the depth limits of the refraction survey. A deeper layer having seismic
velocities characteristic of bedrock was not detected nor was any evidence of faultmg within the
upper alluvium section.

4.2 REFLECTION RESULTS
4.2.1 LINE 2

Figure 4.6 presents the processed reflection section generated for Line 2. The reflection profile
presents seismic events in a different manner than the refraction results: the data are dlsplayed as
reflection wavelets as a function of time with an estimated depth scale on the nght margm

Reflection Line 2 (as well as Line 3) were processed using ﬁltermg, statics, edltmg, muting, sorting,
and stacking functions (Appendix C). Bandpass and fan filtering was used to remove low frequency
-events and enhance higher frequency reﬂecnons, many velocity scans were performed to determine
optimum stacking velocities for the section. Deconvolution and migration methods were also used
in attempts to enhance the reflection information; however, they provided little or no 1mprovement
to the data and were not used in the final section given in Figure 4.6.

The interpreted top of bedrock is represented by the upper edge of the strong black wavelets in .
Figure 4.6. The character of reflectors is different above and below this line. Strong and weak,
discontinuous reflectors above the bedrock are interpreted as various alluvial layers that have been
deposited on top of bedrock in recent geological times. Layers within the bedrock are interpreted
from lower, dipping reflection pattemns; these reflections are stronger on the western end of the line.
At Station 1000, a series of apparent parallel reflections (300-450 msec) are interpreted as multiples
from the strong bedrock surface; these should not be interpreted as geologic layers. Apparent
discontinuities within the rock are interpreted as geologic faults that, in times past, have disturbed
the normal geologic stratigraphy. Offsets on several faults are observed between Spread Stations
450 and 800, ranging from about 20 feet to over 50 feet. A less pronounced feature is found near
Station 1800. These results do not contain any evidence of fault continuation into the overlying
alluvial sediments; hence, the bedrock faulting is interpreted to be older than the age of the

13



GEOSPHERE MIDWEST PFSF SITE, SKULL VALLEY, UT

4 Seismic Results & Interpretation

sediments. The reflection method is estimated to be able to detect displacements of 10-20 feet
within the bedrock with conditions found at this site.

The strong bedrock reflection occurs in the time interval of 210 to 330 msec. To relate seismic travel
time (left scale, Figure 4.6) to bedrock depth (right scale), reflector event times were multiplied by
the average stacking velocities for that portion of the section. In this manner, the depth scale was
derived for Figure 4.6. Normally, depths are calibrated by comparing reflector time to drilling
information, but no information was available at these depths. Thus, our depth scale should only be
considered a rough approximation, and less accuracy should be expected at greater depths below the
bedrock surface. Using this information, the bedrock surface dips from an estimated depth of 520
feet in the west to over 880 feet in the east. .

422 LINE3

Figure 4.7 presents the processed reflection section generated for Line 3. The data are displayed as
reflection wavelets as a function of time with an estimated depth scale on the right margin..

Reflection Line 3 was processed using filtering, editing, muting, sorting, and stacking functions
(Appendix C). Bandpass and fan filtering was used to remove low frequency events and enhance
higher frequency reflections; many velocity scans were performed to determine optimum stacking
velocities for the section.

The interpreted top of bedrock is represented by the upper edge of the strong black wavelets in
Figure 4.7. Very few coherent reflectors were resolved above the bedrock due to the small “time
window” between the first arrival energy (which was muted) and the bedrock reflectors. Layers
within the bedrock are interpreted from lower, flat-lying and dipping reflection patterns. Apparent
discontinuities within the rock are interpreted as geologic faults that, in times past, have disturbed
the normal geologic stratigraphy. Offsets on several faults are observed between Spread Stations
1000 and 1300. Similar, less pronounced features, are found between Stations -100 and 250.

The strong bedrock reflection occurs in the time interval of 200 to 265 msec. To relate seismic travel
time (left scale, Figure 4.7) to bedrock depth (right scale), reflector event times were multiplied by
the average stacking velocities for that portion of the section. In this manner, the depth scale was
derived for Figure 4.7. Normally, depths are calibrated by comparing reflector time to drilling
information, but no information was available at these depths. Thus, our depth scale should only be
considered a rough approximation, and less accuracy should be expected at greater depths below the
bedrock surface. Using this information, the bedrock surface dips from an estimated depth of 740
feet at Station 700 to 1020 feet at the eastern end of the line.

Deep intermittent reflectors observed below 430 milliseconds are in a region of weak reflectors and
should not be considered significant or “real”.
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5 Summary of Seismic Results

5 SUMMARY OF SEISMIC RESULTS

Analysis of the seismic results provides information about the overburden soil/sediment layers.
bedrock surface and bedrock structure.

5.1 OVERBURDEN SOIL/SEDIMENT LAYERS

The refraction P-wave results revealed the presence of three seismic layers within the soil and
sediment structure below the site to an approximate depth of 120 to 140 feet. S-wave results
identified two soil/sediment zones to a depth of about 80 feet. These results indicate that a low-
velocity upper soil zone, an unsaturated sediment zone and an interpreted saturated zone exist below
the site. Each layer contains a limited range of seismic velocities which indicate that they are
relatively homogeneous in character. As expected, these layers are somewhat horizontal and do not
have significant lateral changes in their seismic velocities. No evidence exists for faultmg or
movement within the alluvium section.

' 52 BEDROCK CONDITIONS

Reflection results provided profiles of the bedrock surface. estimates of its depth and stratigraphy -
and structure within the bedrock. The bedrock surface shows a significant dip from the west portion
of the site towards the eastern portion. Along Line 2, bedrock depths are estimated to range from
520 feet to over 820 feet below the proposed storage area; along Line 3, bedrock depth dips from 740
feet at Station 700 to over 1020 feet at the eastern end of the line along the access easement.

Reflectors within the bedrock revealed many strong and weak reflecting layers, many of which
showed significant dip to the east. Discontinuities in the reflection profiles on both lines are
interpreted as a complex fault system within the bedrock; however, no evidence exists for the
continuation of these features into the lower alluvium section.
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GEOSPHERE Consultents in Nesr-Surface Geology sand Geophysics

Seismic Exploration e .
Applications of Seismic Methods
"Seeing” with sound is a familiar concept. Bats and submarines do it and '
so does a blind man with 2 cane. In total darkness we can sense whether
we are in a closed or open space by the echoes from our footsteps.

Seismic reflection and refraction have nu-
merous potential applications to & variety
of environmental and geotechnical prob-

, -lems, -including:

Seismic exploration, in principle, is nothing more than a mechanized )

version of the blind person and his cane. In place of the tapping cane we | *“e.../Depth and characterization of bed-
have a bammer blow on the ground, or an explosion in & shallow hole, to |- -7 rock surface ' ’
generate sound waves. And we "listen” with geophones, spring-mounted |*~® Buried channel definition
electric coils moving within a magnetic field, which generate electric | ¢ “Depth-of water table

‘Depth and -continalty -of .strati-
.. igraphic.interfaces
:Rippability- determination
;Mapping :of faults -and -other

- “structural features - - - :
iLocation of karst features. .. 7

LS g,

currents in response to ground motion. Careful analysis of the motion can
tell us whether it is a direct surface-borne wave, one reflected from some
subsurface geologic interface, or a wave refracted along the top of an
interface. Each of these waves tells us something about the subsurface.

Seismic Reflection

Reflections of sound waves from the subsurface arrive at the geophones
some measurable time after the source pulse. If we know the speed of sound in the earth and the geometry of the wave
path, we can convert that seismic travel time to depth. By measuring the srrival time at successive surface locations we
can produce a profile, or cross-section of seismic travel times. A simple concept. ’

In practice, the speed of sound in the earth varies enormously. Dry, unconsolidated sand might carry sound waves at
800 feet per second (fps) or less. At the other extreme, unfractured granite might have a velocity in excess of 20,000
fps. And the more layers between the surface and the layer of interest, the more complicated the velocity picture.
Various miethods are used to estimate subsurface velocities, including refraction analysis, borehole geophysical
measurements, estimates from known lithologic properties, and analysis of reflection times at increasing offsets.
Generally, a combination of velocity estimation methods will give the best results.

Seismic Refraction : _

When & 4sou.nd wave crosses an interface between layers of two different velocities, the wave is refracted. That is, the
angle of the wave leaving the interface will be altered from the incident angle, depending on the relative velocities.
Going from a low-velocity layer to a high-velocity layer, a wave at 2 particular incident angle (the "critical angle®) will
be refracted along the upper surface of the lower layer. As it travels, the refracted wave spawns upgoing waves in the
upper layer, which impinge on the surface geophones. '

Sound moves faster in the lower layer than the upper, so at some point, the wave refracted along that surface will
overtake the direct wave. This refracted wave is then the first arrival at all subsequent geophones, at least until it is in
turn overtaken by a deeper, faster refraction. The difference in travel time of this wave arrival between geophones

. : depends on the velocity of the lower layer. If that layer is plane and

] ' L level, the refraction arrivals form s straight line whose slope
~ ] corresponds directly to that velocity. The point ahwhich the refraction
e overtakes the direct arrival is known as the "critical distance®, and can

A o : be used to estimate the depth to the refracting surface.
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Field Procedures .
Seismic field acquisition involves three basic elements:
R N ] ® a source of acoustic energy
Distance {feel) . .
$ ] ® seismic recelvers, or geophones
=2 ® a seismograph to record the data
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The choice of seismic source depends on the needs of the particular
Seismic 'l_’mve] Time Diagram survey. For deeper work, a powerful source, such as the "Elastic Wave

3800 Gettysburg Street ® Midland, Michigan 48642 . Phone (617) 832:8626 @ Fax (617) 832-8631
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depends on the naturs of the survey. For seismic reflection, the relative source and geophone positions ars usually held
constant, the entire 24-geophons array being moved along with the shot. (The logistical difficulties of this ars cased by
using a “"roll switch”, which selects 24 geophones from an overall spread of 48.) Refraction work requires shots at
opposite ends of the spread, with additional shot locations depending on the particular needs of the job. '

Data Processing : }

A seismic reflection section is, in principle, a series of seismic traces recorded by a geophone at the same location as
the shot, Each trace must be time-corrected to allow for the source-geophone offset, the correction depending on the
layer velocities. If the correction is accurate, a given reflection is moved up the tracs to the position it would have were
the source and receiver coincident. Using the field procedurs described abovs, 12 individual traces, of various source-
receiver offsets, will have a common midpoint. Thess 12 traces, after correction, ars summed to producs ons-common
depth point, or 12-fold CDP trace. The resulting summed traces are then displayed as a singlée seismic cross-section.

A seismic trace may contain as many as 4000 individual samples. With each shot generating 24 traces, a typical seismic

line will contain several million samples. Geosphers processes these data with the "Eavesdropper” package, developed

by the Kansas Geological Survey for 386/486 PC computers. Specialized reflection data can also be processed using

‘common offset software developed by the Canadian Geologic Survey. Augmented by several programs developed by

Geosphers, we now havs a seismic reflection processing system tailored to the unique problems encountered in high-
resolution seismic work. We believe this system to be unmatched in the industry.

Seismic refraction data can be interpreted in several ways. The simplest approaches assume a seﬁes of plane, dippihg
layers. While effective in many instances, this method is not suited to irregular or undulating layers. The Generalized
Reciprocal Method (GRM) goes beyond the plane-layer assumption, producing a profile which allows for irregularities

in the refracting surface. When possible, we combine GRM results with reflection data to producs the most-

comprehensive seismic interpretation available.

GRM- Selamie Refraction Lims j""
Showing Buried Alluvis} Valley

Summary A
Seismic exploration is a powerful geophysical. -
technique. The same principles which have |3
achieved unparalleled success in the petroleum |3
industry can also enhance environmental and i

T YT T T
.

1
hazardous waste site investigations, ground water [ \ ; ]
exploration, geotechnical engineering, archaeol- _,t i 1.
ogy, and mining exploration. At Geosphers, we G Surtoce b ]
intend to continue providing the most effective, S e o s ]
state-of-the art seismic exploration available. -LI%%“—%“W%,—-

D\I\nﬂ {teet)
3800 Gsttysburg Strast ® Midland, ‘Michigan 48642 Phons (517) 832-85828 ® Fax [517) 832-8831
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Diutanes (Tevt) Generator”, a trailer-mounted accelerated weight drop,
e T T R S ST T would be used. Shallow, high-resolution work demands a
]'LU ll ]f | i ”"m’ ] u }_ high-frequency source, such as the "Betsy” downhole
1 ( ) ' ‘IX ! ( I shotgun. Geophones are also selected according to the
13}$~‘ st g‘ﬁ 42 7& P peeds of the survey: higher-frequency phones for high-
| | ; 0 4 "-(«!f' Es = | resolution work, lower-frequency for deeper targets. Our
Ok ! 5%}‘ \ ! e ," ™ E_, 2 | Bison Instruments 8024 and 9024 seismographs both offer
'é TG G20 d -TL E } 24-channe) recording capability, with internal data storage
Eav Wigegy oo reitarord St A e ; _ to enhance field productivity. The 9024 floating-point.
¥ O Ak M? ) e i system. is »atguabl.y the be-st engin.eei'in.g seismograph
H 1k ! J § | availabls today, with recording specifications better than
L) | » SR many oil industry systems.

TS - \ o .-
6 ) m N : ':l‘ypically, the geophones are placed 'along a line at equal
$ intervals (3 to 5 feet for high-resolution, 10 to 20 feet for
Seismic Rgﬂaeﬁon Profile Showing Faulted Bedrock deeper work). The arrangement of source and ggophones

(L



GEOSPHERE MIDWEST PFSF SITE, SKULL VALLEY, UT
Appendix B

APPENDIX B

SEISMIC REFRACTION DATA

B-1: SEISMIC REFRACTION PROCESSING DESCRIPTION: LINES 1.2&3

FIGURE B-1: REFRACTION LINE 1: P-WAVE
Plot of first arrival times for shot locations (480 to 2880 ft)

FIGURE B-2: REFRACTION LINE 1: S-WAVE
Plot of first arrival times for shot locations (0000 to 2400 ft)

FIGURE B-3: REFRACTION LINE 2: P-WAVE
: Plot of first arrival times for shot locations (-480 to 2880 ft)

FIGURE B-4: REFRACTION LINE 2: S-WAVE
o Plot of first arrival times for shot locations (0000 to 2400 ft)

' FIGURE B-5: REFRACTION LINE 3: P-WAVE
Plot of first arrival times for shot locations (-480 to 3360 ft)



GEOSPHERE MIDWEST

PFESF SITE, SKULL VALLEY, UT

Appendix 8
SEISMIC REFRACTION PROCESSING DESCRIPTION
LINES 1,2 &3

DATA ACQUISITION PARAMETERS
Shotpoint Interval: 240 ft Geophone Interval: 20 fi
Configuration: on end, split spread Traces/Record: 24 traces
Instruments: Bison 9024 Gain Type: AGC
Sample Rate: 0.25 msec Data Length: 500 msec
Energy Source: EWGS Field Filters: 16 to 250 Hz
Near Offset: 10, 250, 490 ft Geophones: 30 Hz low-cut
Far Offset: 470, 710, 950 ft
PROCESSING SEQUENCE
| 8 Picking of first arrival times (Interpex’s Firstpix software)

I

IIL.

IVv.

VL

A. Data displayed and expanded on computer screen
B. Picks made with electronic cursor, stored to file

Entry of positions and geometries
A. Manual entry of shot locations and elevations
B. Manual entry of geophone geometries, locations and elevations

Sort data into 48 channels per shot location
A. 24 channel first-pick files are sorted into proper 48 channel data sets

Layer assignment by first arrival breaks
Gremix analysis using generalized reciprocal method (GRM)

Plotting of Gremix layer results with seismic velocities.
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FIGURE B-1. REFRACTION LINE 1: P-WAVE: PLOT OF FIRST ARRIVAL TIMES
FOR SHOT STATIONS -480 TO 2880
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FIGURE B-2. REFRACTION LINE 1: S-WAVE: PLOT OF FIRST ARRIVAL TIMES
FOR SHOT STATION LOCATIONS 0000 TO 2400
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FIGURE B-3. REFRACTION LINE 2: P-WAVE: PLOT OF FIRST ARRIVAL TIMES

FOR SHOT STATIONS -480 TO 2880
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FIGURE B-4.

REFRACTION LINE 2: S-WAVE: PLOT OF FIRST ARRIVAL TIMES

FOR SHOT STATIONS 0000 TO 2400
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FIGURE B-5. REFRACTON LINE 3: P-WAVE: PLOT OF FIRST ARRIVAL TIMES
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Appendix C

APPENDIX C

SEISMIC REFLECTION DATA

C-1: SEISMIC REFLECTION PROCESSING DESCRIPTION: LINES 2 AND 3



GEOSPHERE MIDWEST PFSF SITE, SKULL VALLEY, UT
Appendix C

SEISMIC REFLECTION PROCESSING DESCRIPTION
LINES2 &3

DATA ACQUISITION PARAMETERS

Shotpoint Interval: 20 ft Geophone Interval: 20 ft
Configuration: Off-end Traces/Record: 24 traces
Instruments: Bison 9024 Gain Type: AGC

Sample Rate: 0.25 msec Data Length: 500 msec
Energy Source: EWGS5 Field Filters: 3210250 Hz
Near Offset: 490 ft Geophones: 30 Hz low-cut
Far Offset: 950 ft

PROCESSING SEQUENCE

L Filtering
' A. Bandpass Filtering: 45-290 Hz
B. Fan Filtering: 5-12

II. Preprocessing
A. Trace Editing
1. Kills
2. Surgical Mutes (Airwave, First Arrival, Ground Roll)
B. CDP Sorting
C. Elevation Correction/Datum Correction: 4460 ft

III.  Velocity Analysis
A Exact NMO Equation Velocity Analysis
B. Constant Velocity Stacks/Scans
C. Refraction Results

IV. Stacking
A. NMO Correction
B. CDP Stacking: 12 fold
C. AGC Scaling: 120 msec

V. Postprocessing
A. Front End Muting -
B. Programmed Gain: +5 Db
C. Trace Normalization
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Introduction

Surficial lineaments symbolized as “faults or fractures having small or
undetermined displacement” and described as “the north-south-trending
Hickman Knolls fault and lineament zone” have been -mapped by Sack (1993;
cited below as a dataset) in an area (TBS, R8W, sections 5, 6, 7, and 8) north of
Hickman Knolls that is near a potential candidate site for a surface storage
facility. The work scope of this geomorphological survey is to perform an
evaluation of these surficial lineaments, to establish their origin and design
impact for the adjacent siting area. Technical requirements provided by SWEC
list several specific questions:

(A) Are the lineaments properly idéntified, i.e., are the notations on
the referenced geologic map indicative of seismic faults? If yes, (1) what
geologic evidence supports the existence of these lineaments as a
surface expression of seismic faults, {2) are the lengths and relative
location of the lineaments accurately shown on the map, (3) is there any
connection between the lineaments and the presence of the Hickman
Knolls in Skull Valley, (4) since bedrock appears to be several hundred
feet or more below the surface in this area, are the lineaments indicative
of faulting in the bedrock below, and (5) would they be considered
“active” (capable) under the definition contained within 10 CFR Part 100,
Appendix A? , , _

(B} If no, what is their source of origin and do they require any = -
engineering consideration in the design of a surface storage facility?

Datasets

‘Observations summarized in this report are based on several sets of data.
Surficial geology of the area is depicted on the Quaternary Geologic Map of
Skull Valley, Tooele County, Utah, by Dorothy Sack (1993, Utah Geological
Survey Map 150) at a scale of 1:100,000, with accompanying booklet.
Topography and surface features of the area are shown on the USGS 7.5
minute series orthophotomap (topographic) of the Hickman Knolls
Quadrangle, Utah—Tooele Co., which was publisﬁed in 1973 at a scale of
1:24,000 and with a contour interval of 10 feet. Surface features of the area
appear in three stereopairs of USGS/EROS Data Center aerial photographs, viz.,
frames GS-VCXL 2-2 and 2-3 (4-29-72, from which the orthophotomap was
compiled), frames GS-VEFK 1-46 and 1-47 (8-8-76), and frames GS-VERD 2-16



and 2-17 (8-27-78). Information collected during a site visit {in part accompanied

by SWEC engineering geologist Richard P. Gillespie) is contained in fleld notes
dated 28 Oct 96.

Observations
Field data gathermg (including a dozen hand~augered holes 2to 6 ft
deep) on October 28, 1996, was followed by office examination of aerial
photographs. With little if any ambiguity, these data yield a coharent sat (the
following bulleted list) of constraining obsarvations that are fundamental to the

interpretation of the geomorphology of the surficial lineaments immediately
north of Hickman Knoils.

» A total of at least twenty surficial lineaments, about haif of which are quite
distinct and about half of which are much fainter, are parallel or subparailel

to each other (not en echelon) and occur wnthm a Iimlted area of roughly
one square mlle '

» The surificial lineamsants have an individual length of no more than 1 2 miles;
‘'similarly, the lineament group has a maximum length of 1.2 miles.

e Within that length, the generally NNE-SSW trends of the surficial lineaments
display as much as 45° of sweeping curvature {convex to the NW).

» The surficial lineaments seem to radiate southward from a relatively small

area (near tha center of T5S, RBW, saction 5), whera many of them tend to be
tangent to each other.

 The small area from which the surficial lineaments seem to radiate is adjacent
to a major alluvial fan-fed stream (now ephemeral) that has its headwaters in
Indian Hickman Canyon, at the 11,000-ft level of the Sténsbury Mountains.

» The surficial lineaments are pot one-sided scarps—thsy are two-sided ridges
that range in height from about 1 to 9 ft and in width from about 10 to 100 ft.

¢ The ridges have hummocky (probably wind-modified) crests, but

nevertheless are distinctly accordant in elavation (4485 + 10 ft a.s.l.), both
along a single ridge and from ridge to ridgs.



« To the north and to the southwest, the ridges appear to be vertically
accordant with—and planimetrically tangent to—a zone of strong Lake
Bonneville shoreline development.

e The ridges are composed of relatively clean sand to depths of at least 6 ft
(the maximum depth of hand augering on October 28), although at least
one ridge also contains some fine gravel.

¢ All of the sandy ridges are partially overlain by (are older than) Lake
Bonneville deep-water sediments (white marl and reworked white marl).

¢ There is no evidence on the ground that lineaments of any sort project
southward into or onto the bedrock of Hickman Knolls. (The sedimentary
bedrock of Hickman Knolls has weakly expressed homoclinal bedding that
strikes generally north and dips about 20° east, giving rise to very low, north-
trending hogback ridges that are completely unrelated to the lineaments.)

Conclusions

The above constraining observations lead to two inescapable
conclusions that are definitive with respect to the nature of the linear features
(and definitive with respect to the main concern on page 2 of this report).

(1) The surficial lineaments north of Hickman Knolls are almost certainly
not “faults or fractures having small or undetermined displacement,” as
mapped from aerial photographs by Dorothy Sack, but rather they are sandy
beach ridges deposited by southward longshore transport of sediments from a
local sandy delta (Indian Hickman Canyon paleodrainage) in the Stansbury
shoreline coastal zone, which was active about 20,000 radiocarbon years (about
23,000 calendar years) ago, during the transgression of Lake Bonneville.

{2) The sandy beach ridges (Surficial lineaments) north of Hickman Knolls
provide no basis for inferring anything about the paleoseismicity of the
proposed surface storage facility site—except that (a) the ridges themselves are
not of tectonic origin and (b) the ridges show no discernible evidence of having
been disturbed by faulting since they were first deposited by lacustrine
processes about 20,000 radiocarbon years (about 23,000 calendar years) ago.
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John Donnell, Project Manager ‘ March 11, 1997
. Stone & Webster Engineering Corporation

P. O. Box 5406

Denver, CO 80217-5406

Dear Mr. Donnell,

Enclosed is a report on the results of analyses of volcanic ash samples
submitted to me by Richard Gillespie. If you have any questions about the
report, please let me know.

Sincerely yours,

William P. Nash

Professor of Geology and Geophysics
University of Utah

801-581-8587 (0)
801-582-6807 (h)
801-581-7065 (FAX)
wpnash@mines.utah.edu

Department of Geology and Geophysics

College of Mines and Earth Sciences
719 W.C. Browning Bullding
Salt Lake City. Utah 84112-1183
(801) 581.7162
Fax: (801) 581-7065
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Analysis of Volcanic Ash

William P. Nash
Department of Geology and Geophysics
Unijversity of Utah
Salt Lake City , Utah

Summary

* Two samples of volcanic ash, A-1-85 and A-1-90, were analyzed for their
chemical composmon by electron microprobe. They are chemically
identical in composition.

¢ The unknown samples are chemically similar to the fallout ash of the
Walcott Tuff. The Walcott Tuff was erupted approximately 6.4 + 0.2
million years ago from an eruptive center near Heise, Idaho, on the
eastern Snake River Plain, and is a widely distributed ash unit in the
western United States.

* The ash samples analyzed do not resemble widespread younger ashes such
as the Bishop, Lava Creek or Huckleberry Tuffs.



Analysis of Volcanic Ash

Objective. The objective was to perform a chemical analysis of the glass
component in two ash samples (A-1-85 and A-1-90), and to attempt to
correlate those samples with a known ash on the basis of chemical similarity.

Procedure. An aliquot of each sample was dried overnight at 110°C, mixed
with epoxy and placed on a 1" circular mount. The mount was polished to an
optically flat surface, and coated with a thin coat of carbon by vacuum
deposition. The samples were analyzed with a Cameca model SX-50 electron
microprobe. The analytical conditions were: accelerating voltage 15 KeV,

beam current 25 pA, and a beam diameter of 15 pm. Approximately 20 glass
shards were analyzed in each sample. :

Analytical results. Results of the analyses, together with comparative
analytical data for other ashes, are presented in Table 1 in terms of weight
percent element. Results of individual glass shard analyses, together with

. averages, are given in the appendix, where they are presented in both -
elemental and oxide formats. Table 1 also provides the standard deviation for
each element as determined on a laboratory standard. '

The two samples provided are identical in composition within the
limits of analytical uncertainty. The similarity is apparent in Fig. 1 which
plots Fe versus Ca for individual glass shards from the two samples. One
glass shard in sample A-1-85 has an anomalously high Fe and Ca content.

Comparison with other ashes. An assessment of the correlation of an
unknown ash with a known ash is based on the degree of similarity of the
composition of glass shards. The composition of the unknown is compared
to known compositions using a statistical distance function described by
Perkins et al., 1995 (copy appended). In electron microprobe analysis we use
Ca, Cl, Fe, Mn, Mg, Ti and Ba; the elements Al and Si are not used because
they show little variation from tuff to tuff. The elements Na, K and F are not
used because the concentrations of these elements may be variably changed
during post-depositional hydration of glass shards.

The unknown samples were statistically compared with 1,965 analyses
of tuffs, representing approximately 450 tuff units younger than 17 million
years that occur in the western United States. The unknown samples most
closely match the fallout ash of the Walcott Tuff. Comparative analyses of
four samples of the Walcott Tuff are presented in Table 1, and individual
shard analyses are compared in Figure 2.

The Walcott Tuff was erupted from the Heise volcanic field in the
eastern Snake River Plain approximately 6.440.2 million years ago. It has also
been known in the literature as the Tuff of Blue Creek. Its source is inferred to -
be the Blue Creek caldera. It was a large volume eruption and is found in a



number of locations throughout the western interior of the U. S. as well as in
the High Plains of Nebraska and Kansas. A recent description of the Walcott
Tuff is provided by Morgan (1992) who presents several whole-rock age dates
for the Tuff ranging from 6.3+0.3 to 6.910.4, although there is uncertainty
about the validity of the oldest date. The value we have adopted in our work
(6.410.2 Ma) is the average of the four dates on established samples of the
Walcott Tuff (Morgan, 1992, Table 1). In the local Utah region, the Walcott
Tuff outcrops on the west side of the Salt Lake Valley (sample OQM90-02,
Table 1) and has been encountered in several deep exploration wells in the
Great Salt Lake.

Your samples do not resemble younger, widespread ashes common to
the Great Basin, such as the Bxshop, Lava Creek or Huckleberry Tuffs. A
comparison to these is provided in Table 1 and Figure 3. Although the
unknown samples are somewhat similar to Lava Creek B in terms of Fe and
Ca (Fig. 3), the two units are distinctly different in terms of Ti, Mg and Ba
contents.

References:

Morgan, L. A., 1992, Strahgraphlc relations and paleomagnetic and
geochemical correlatlons of ignimbrites of the Heise volcanic field,

eastern Snake River Plain, eastern Idaho and western Wyoming, in Link, P.
K., Kuntz, M. A., and Platt, L. B,, eds., Regional geology of eastern and
western Wyoming: Geological Society of America Memoir 179, p. 215-225.

Perkins, M. E., Nash, W. P., Brown, F. H., and Fleck, R. J., 1995, Fallout tuffs of
Trapper Creek, Idaho - A record of Miocene explosive volcanism in the Snake

River Plain volcanic province. Geologlcal Society of America Bulletin, v. 107,
1484-1506.

- William P. Nash

Professor of Geology and Geophysics
University of Utah

Salt Lake City, UT 84112
801-581-8587
wpnash@mines.utah.edu

March 11, 1997



sample Unit

A-1-85 unnamed
A-1-90 unnamed

WAL93-01 Walcott Tuff
PAL93-06 Walcott Tuff
AMF93-01 Walcott Tuff
OQM90-02 Walcott Tuff

0c-92-5 . Bishop Tuff
0c92-02 LavaCreck B
brd92-01  Huckieberry

Std. Dev.  Analytical standard

Si

344
349

344
340
344
340

35.2
34.7

345

0.35

0.11
0.12

0.12
0.12
0.12
0.12

0.03
0.06
0.05

0.007

Al

6.23
6.22

6.10
6.02
6.10
6.05

6.40
6.20
6.18

0.06

Fe

0.88
0.87

0.84
0.82
0.85

0.84"

0.52
1.04

1.15

0.02

Comparative Analyses

Mn

0.03
0.03

0.03
0.03
0.03
0.03

0.03
0.03
0.02

0.004

Mg

0.06
0.05

0.05
0.05
0.05
0.05

0.02
0.01
0.01

0.007

Ca

0.34
0.33

0.32
0.31
0.33
0.33

0.30
0.36
0.40

0.008

Page 1

0.06
0.05

0.09
0.09
0.09
0.08

0.00
0.01
0.02

0.010

439
4.44

4.29
4.45
432
4,37

3713
4.16
411

0.34

Na

201
2.17

241
2,02
234
2,29

232
223
2,29

0.21

a

0.10
0.10

0.11
0.10
0.11
0.11

0.08
0.14
0.14

0.004

0.21
0.19

0.13
0.16
0.17
0.15

0.04
0.15
0.13

0.029

0

517
517

49.7
524
50.6
51.0

517
50.5
513

0.63

Total

100.5
100.9

98.6
100.6
99.5
99.4

100.3
99.7
100.2

0.67
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Figure 1. Analyses of individual glass shards from
samples A-1-85 and A-1-90 .
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Figure 2. Analyses of individual glass shards from
samples A-1-85 and A-1-90 and three samples of
the Walcott tuff
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Individual Shard Analyses - Elemental
Sample Si Ti Al Fe Mn Mg Ca Ba K Na Q F O Total

A-1-85 345 010 623 082 004 005 035 008 464 205 009 021 513 1005
A-1-85 344 010 622 085 003 006 035 006 429 223 009 026 525 1014
A-1-85 340 0.11 6.17 08 003 006 033 000 458 205 008 024 511 996
A-1-85 346 012 622 085 005 005 034 004 439 245 0.0 021 517 101.1
A-1-85 343 013 626 084 003 005 034 006 450 199 0.1 028 520 1009
A-1-85 344 014 627 08 001 007 034 008 443 209 0.1 020 520 101.0
A-1-85 341 011 617 081 002 006 033 004 458 199 O.11 015 517 1002
A-1-85 343 010 614 083 001 004 034 004 459 195 011 019 512 998
A-1-85 347 012 629 08 006 006 032 003 440 222 011 020 515 1009
A-1-85 346 0.1 633 088 006 006 032 008 437 210 011 018 517 1009
A-1-85 342 012 613 088 00! 004 032 007 459 208 011 018 511 998
A-1-85 343 010 623 087 001 006 034 009 449 217 011 0.18 515 1004
A-1-85 344 010 621 086 002 007 036 006 451 207 012 015 516 100.6
A-1-85 345 010 626 092 005 007 034 O0.11 437 217 012 018 524 1015
A-1-85 350 015 629 088 005 006 033 007 235 035 0.0 026 S53.1 989
A-1-85 345 013 626 089 003 006 034 006 462 209 010 021 514 100.6
A-1-85 340 013 622 093 005 005 033 0.0 433 166 0.10 021 520 1000
A-1-85 344 0.11 624 091 005 005 033 000 448 218 013 018 521 1011
A-1-85 344 005 623 09 005 006 032 005 447 219 009 023 519 1009
A-1-85 343 009 621 091 001 007 034 007 461 190 009 022 513 100.1
A-1-85 347 007 620 091 004 007 033 005 461 206 009 019 514 1007

A-1-85 340 013 630 106 003 008 036 008 443 209 010 027 51.7 100.6

A-1-90 350 010 625 081 001 006 030 007 438 237 011 015 513 1009
A-1-90 345 014 627 092 001 005 035 003 437 230 010 018 513 1005
A-1-90 345 013 625 091 003 006 032 009 439 209 0.10 025 524 1015
A-1-90 347 010 6.6 087 003 005 032 005 432 226 010 025 516 1008
A-1-90 346 013 625 089 005 004 032 007 439 230 O0.11 0.8 514 1007
A-1-90 346 0.13 627 083 005 006 030 001 443 238 011 020 514 1008
A-1-90 345 012 622 087 000 005 035 007 437 216 011 0.6 520 1009
A-1-90 344 0.13 6.10 089 002 005 034 005 453 225 012 0.16 521 1011
A-1-90 346 0.15 616 086 003 005 034 009 445 215 0.10 016 519 101.0
A-1-90 348 009 625 081 005 005 036 008 468 196 011 017 515 1009
A-1-90 349 010 626 095 000 007 034 003 434 218 009 020 517 101.2
A-1-90 347 0.14 6.17 083 001 005 032 005 425 230 010 0.18 51.6 100.6
A-1-90 345 015 622 084 003 006 034 008 443 214 0.1 015 516 100.7
A-1-90 346 012 626 085 005 005 035 006 448 229 0.10 018 514 1008
A-1-90 348 012 624 091 005 005 033 005 443 209 0.0 022 518 1012
A-1-90 349 013 621 086 003 006 034 005 454 213 0.0 020 520 1015
A-1-90 345 013 619 083 003 005 034 000 4.19 212 010 021 524 1011
A-1-90 350 011 612 08 005 005 034 006 464 194 0.1 017 513 100.7
A-1-90 347 012 630 092 003 007 034 005 464 211 011 022 507 1003
A-1-90 346 014 627 089 004 006 033 004 462 194 0.11 019 51.8 1011
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Sample

A-1-85
A-1-85
A-1-85
A-1-85
A-1-85
A-1-85
A-1-85
A-1-85
A-1-85
" A-1-85
A-1-85
A-1-85
A-1-85
A-1-85
A-1-85
A-1-85
A-1-85
A-1-85
A-1-85
A-1-85
A-1-85
A-1-85

Si02

738
73.5

726

740
734
73.5
73.0
73.3
74.2
74.0
732
734
737
73.7
74.8
737
72.6
73.6
73.6
733
743
72.8

Individual Shard Analyses - Oxides

TiO2 A203 Fe203 MnO

.16
16
18
20
22
23
I8
A7
20
19
.20
16
A7
A7
25
22
22
18
08
14
Al
22

118
11.8
11.6
11.7

11.8

11.9
11.6
11.6
119
119
11.6
11.8
1.7
11.8
11.9
11.8
11.7
11.8

118

11.7
1.7
11.9

1.18
1.22

1.22 -

1.21
1.20
1.22
1.16
1.19
1.21
1.26
1.25
1.24
1.23
1.32
1.25
1.27
1.33
1.30
1.28
131
1.31

1.52

.06
04
04
07
04
02
02
01
08
.08
.01
02

03
.06
.06
03
07
06
07
01

.05
03

MgO

0

09
10
.08
. .09
11
.10
07
10
10
07
11
A1

b
10

10
.08
.08
10
Al
A1
13

Ca0

49
49
47
47
48
47
46
A7
A
.45

45

A1
50
48

45

48
47
46
45
47
46
.50

BaO

=88

8grE&S8:

Na20

28

3.0

28
33
29
28
27
26
30
28
2.8
29
2.8
29
05
28

22

29
29
26
28
28

Page 1

K20

5.6
52
55
53
54
53
5.5
55
53
53

55

54
54
53
2.8
5.6
52
54

54 .

5.6
5.6
53

288

10
A1
A1
Jl
A1
11
A1
1
A1
12
A2
A0
10
10
13

10

0.21
0.26
0.24
0.21
0.28
0.20
0.15
0.19
0.20
0.18
0.18
0.18
0.15
0.18
0.26
0.21
0.21
0.18
0.23
0.22
0.19

027

Oxide
stm

96.4
95.9
94.8
96.7
95.8
95.9
95.0
95.3
96.8
96.5

95.5.

95.9
96.0
96.3
92.5
96.4
. 943
96.1
96.1
95.6
96.8
95.7

H20

49
6.3
54
50
59
5.1
5.8
5.2
4.8

50

50

5.2

52
6.0
73
49
64
58
56

52

4.6

57

-0 Total

0.11
0.13
0.12
0.11
0.14
0.11
0.09

0.1

0.11
0.10

0.10

0.10

0.09

0.10
0.13
0.11
0.1
0.11
0.12
o.u
0.10
0.14

101.2
102.1
100.1
101.6
101.6
101.5
100.7
100.3
101.5
1014

- 1004

101.0
101.1
102.2

99.7
101.2
100.6
101.8
101.5
100.7
101.3
101.2



Sample

A-190
A-1-90
A-190
A-190
A-1.90
A-1-90
A-1-90
A-1-90
A-1-90
A-190
A-1-90
A-1-90
A-1-90
A-1-90
A-1-90
A-1-90
A-190
A-190
A-1-90
A-1-90

Sample
A-1-85
A-1-90

Sample
A-1-85
A-1-90

Individual Shard Analyses - Oxides

§i02 TiO2 Al203 Fe203

74.9
738
73.8
74.2
74.0
74.1
738
73.5
740
744
74.6
74.1
73.8
74.1
744
74.7
738
74.8
74.1
74.1

Si
344
347

St02
73.5
74.2

A7
24
22
17
22
22
19
22
.24
16
.16
.24
25
.20
.20
22
22

19

21
23

0.11
0.12

TiO2
I8
21

11.8
11.8

1.8

1.6
1.8
1.8
1.8
1.5
1.6
11.8
11.8
1.7
11.8
11.8
11.8
1.2
11.7
11.6
11.9
1.8

Al
6.23
6.22

Al203
11.8
11.8

1.15
1.31
1.30
1.24
1.27
1.19
1.24
1.28
1.23
1.16
1.34
1.19
1.19
1.22
1.30
1.22
1.19
1.22
1.31
1.27

Fe
0.88
0.87

Fe203
1.26
1.24

MnO

.01
.02

=]
w

2R828388283%2888¢%

Mn
0.03
0.03

MgO

10
09
09
07
07
.10
.08
.08
.08

.08
N1

07
09
09
07
.09
.08
.08

11
.09

Ca0
42
49
45
A5
AS
42
49
47
47
.50
A48
44
417
49
46
47
47
47
47
46

BaO

.08
03
10
06
.08
.02
.08
06
10
.08
04
05
.08
06
06
05
.00
07
05
.05

Na20

32
3.1
28
30
31
3.2
29
30
29
2.6
29
3l
29
31
28
29
29
2.6
2.8
26

Sample Averages - Elemental

Mg

0.06

0.05

Ca
0.34
0.33

Ba
0.06
0.05

K
4.39
4.44

Sample Averages - Oxide

MnO MgO CaO BaO

04
.04

10
09

47
A7

07
06

Na20
27
29

Page 1

K20

5.3
53
53
5.2
53
53
5.3
55
54
3.6
5.2
5.1
53
54
5.3
5.5
5.0
56
5.6
56

Na
201
2.17

K20
5.3
54

Cl

A1
10
10
10
A1
1
R
12
10
Al

10
A1
.10
10
10
.10
A1
Al
A1

a
0.10
0.10

10
10

0.15
0.18
0.25
0.25
0.18
0.20
0.16

0.16

0.16
0.17
0.20
0.18
0.15
0.18
0.22
0.20
0.21

0.17.

0.22
0.19

0.21
0.19

0.21
0.19

Oxide
sum

974
96.5
96.2
96.4
96.6
96.7
96.2
95.9
96.3
96.7
96.9
96.3
96.2
96.8
96.8
97.2
95.7
97.0

96.9

96.6

51.7
51.7

. sum
95.7
96.7

H20

4.1
4.6

6.1

50
4.1
417
5.6
59
54
4.7
48
50
5.1
4.6
50
50
6.2
4.3
38
5.2

Total
100.5
1009

H20
55
50

0.09
0.10
0.13
0.13
0.10
0.11
0.09
0.09
0.09
0.10
0.11
0.10
0.09
0.10
0.12
0.11
0.11
0.09
0.12
0.10

-0
0.11

0.10 .

Total

101.4
101.0
102.2
101.3
101.2
101.3
101.7
101.7
101.6
104.3
101.6
101.2
101.2
101.3
101.7
102.1
101.8
101.2
100.6
101.7

Total
101.1
101.6
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CLARIFICATION OF PSHA FORMULATION

PSHA Formulation for Ground Motion Hazard

Equation (6-2) of the text, repeated below, is the basic equation used in computing the
ground shaking hazard. The hazard is expressed as the frequency of exceeding a
specified level of ground motion, W(z), where z is the ground motion level. Given a
known set of models and model parameters for réprcsenting the frequency of earthquake
occurrence, the randomness of size and location of future earthquakes, and the
randomness in the level of gfound motion thcy may produce at the site, V(z) is computed
by the expression: -

| v(z)= Za,, (m°)J f (m)l:j f(rm)- P(Z > 2jm, 1) -dr]-dm (6;2)
" m® 0

where a,,(mb) is the frequency of all earthquakes on source n above a minimum
magnitude of engineering signiﬁc.ance, m®; Jfim) is the probability density of earthquake
size between m® and a maximum earthquake the source can produce, m“; fir | m) is the
probability density function for distance to an earthquake of magnitude m occurring on
source n; and P(Z>z | m,r) is the probability that, given an earthquake of magnitude m at
distance r from the site, the peak ground motion will exceed level z.

However, the models and model parameters of Equation (6-2) are not known with
certainty. They depend upon the collective set of scientific judgments and data
interpretations documented in the PSHA report. These can be represented by a set of
parameters © . The elements of © include all of the parameters of Equation (6-2),
together with the specific interpretations that lead to those parameters. The uncertainty in
© is characterized using the logic trees shown on Figures 6-3 and 6-5 of the PSHA
report. Each end branch at the right hand side of the log tree defines a specific set of
input parameters, 6; that can be used to compute the hazard using Equation (6-2). The
result is a frequency of exceeding ground motion level z that is conditional on 6;, W(z|6;)
and Equation (6-2) can be rewritten as: '

m*je, -
v(Z8,) = Y a,(m",) } f(m]ﬂ,)[ [£(r}m,8,)- P(Z > 2jm, r,e,).dr]-dm (C-1)
n mo 0 «
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The probability that © will take on any particular value 0; is equal to the joint probability of
the set of parameters 8; being the true parameter values. P( ®@ = 0)) is obtained by
multiplying the probabilities on all of the branches leading to 0;:

P(O© = 9,) =] P(branch:|branch, ..-branch..) ‘ (C-2)
k ) o

where P(branchkl branch,...branch,.;) is the probability that a specific branch at node kis
the correct branch conditional on all of the branches leading to node k represent the correct
path through the logic tree. '

As a result of computing the hazard for each end branch of the logic tree, a discrete
distribution for Wz| ©) is obtained. The expected or mean value of Wz} ©) s given by:

Elnz10)]= Sx(z! 8,)-P(©=8,) (C-3)

and the fractiles of the distribution are obtained by ordering the values of W(z|6; ) and
computing the sum of P( ©® = ) until the desired fractile levels are reached.

PSHA Formulation for Fault Displacement Hazard

The formulation for probabilistic evaluation of the hazard from fault displacementAis' o
analogous to that developed for the hazard from ground shaking. The fault displacement -
PSHA prov:des the frequency of exceedin ga specified level of dlsplacement Wd), where
d is the amount of fault dxsplacement Equation (7-1) in the PSHA report presents the
basic hazard formulation is its simplest terms: : :

w(d) = Apg - PID > d) . (7-1)
where Apg is the frequency of displacement events and P(D>d) is the conditional probability -
that the displacement in a single event will exceed value d. The exact form of Equation (7-

1) used in the calculation depends upon whether the earthquake approach or the
displacement approach is being used.

For the earthquake approach, Apg is given by Equation (7-3) in the PSHA report:

C\worddoc\sv-cqua.doc 03/22/99, 4750.01 2



Ape = Z A ;(Events on source j) X R(SliplEvent on source j) (7-3)
j= .

where P;(Slip|Event on j) is the probability of slip at point i due to an earthquake on
source j, given by Equations (7-4) and (7-5) in the PSHA report, and J; is the frequency of
earthquakes of different sizes and at different locations from Equation (6-2). Thus, using
Equations (6-2) and (7-3), Equation (7-1) is recast as:

wd)=Y.a,(m’ )mf f(m)[] f(rjm)- P(slip|m,r,h)- P(D > d|m,r)- dr] -dm (C-4)
J m°® 0 ’

Because both P(Slip|Event on j) and P(D>d) vary with earthquake magnitude and
source-to-site distance, they are included within the magnitude and distance integrals.
[Note that for ground motion hazard, the analogous probability, P;(Shaking|Event on j), is
. equal to 1.0 because it is assumed that every earthquake will produce some level of
shaking at a site, though the level may be very small.] As was the case for Equation (6-
2), incorporating the uncertainty in the models and parameters leads to the displacement
hazard form of Equation (C-1) for the earthquake approach:

. m" e, - .
w(dje,) = ;a ,(mB) | f('mlﬁ,.)[ [ £({m,8,)- P(slip}m,r,h,8,)- P(D > dm,r,8,)- dr]- dm
= L ,
| (C-5) .

where again, 6; represents a specific set of models and model parameters used to compute
the hazard.

For the displacement approach uéing fault slip rate, the formulation is much simpler, with
Ape given by Equation (7-2) in the PSHA report and P(D>d) dependent on the average

displacement per event, D-E , and the form of the distribution for D/ 155 . Incorporating

uncertainty in the models and parameters leads to displacement hazard form of Equation
(C-1) for the displacement approach:

v(d]ﬂ,-)=§§lg—‘+l{D>d

Dzloa

155,9,] (C-6)
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The mean hazard integrated over the uncertainty in © is computed using Equation (C-3).

Probability of Distributed Slip for Earthquake Approach to Fault Displacement
Hazard

For the distributed faulting approach, the probability that an earthquake on source j-will*
cause distributed slip on the feature at point i is computed using the logistic regression
model of Equation (7-4) in the PSHA report:

ef (m,r)

P(Slip| Eventon j)= -

P -4

where f{m,7) is given by Equation (7-5) in the PSHA report
~ f(myryhyt)=3.27+(-8.28 +0.577m +0.629h) - In(r +4.14) +0.611¢ (7-5)

in which 4 is 1.0 if the site lies in the hanging wall of the rupture and 0.0 if the site lies in
the foot wall, and 7 is a random variate with 0 mean and unit variance that accounts for
variability from earthquake to earthquake.' When Equation (7-5) is used to compute the
probability of distributed slip, the mean value of P(Slip|Event on j) is found by
integrating over the random effect distribution. Figure C-1 shows the variation in the
predicted pfobability of distributed rupture for a magrlimdc 6.5 earthquake as the random
effect Tis varied from —1.22 to +1.22, corresponding to a + 2 standard deviation range for
a normal variate which encompasses 95% of the probability mass. Note that the curves
shown on Figure C-1 represent a balance between the data with non zero densities of
distributed faulting and the larger mass of data with observed zero density of distributed
faulting show by the data points at the bottom of the plots. |

The general form of Equation (7-5) was developed as part of the seismic hazard
assessment for Yucca Mountain (CRWMS M&O, 1998, Appendix H). The relationship
preferred by the majority of the experts was:

f(myr,h) =2.06+(—4.62+0.118m +0.6824) - In(r + 3.32) (CD
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During application of the displacement hazard methodology in a subsequent project for
the Los Alamos National Laboratory (Olig and others, 1998) it was suggested that the
distributed faulting data may be more scattered than represented by the form of Equation
(C-7) and that a random effects model might provide a better fit. Hosmer and Lemeshow

(1989, page 141) define a goodness of fit statistic, ¢, for logistic regression in the form
~ of a Pearson 2 statistic for a table of observed and predicted frequencies. Using this

approach, Olig and others (1998) found a goodness of fit statistic, C, for Equation (C-7)
of 317 with a p-value of 0.00, indicating that the data are more scattered than expected
for the model.

The suggested improvement in the model was adding a random effect term, Y7, , to - |
Equation (C-7) to represent variability from earthquake to earthquake resulting from
unknown variables (e.g. Brillinger and Preisler, 1983). Parameter 7; is a normal variate
with 0 mean and unit variance representing a random effect for the i™ event, and yis a
parameter estimated from the data that defines the magnitude of this variation. Brillinger
and Preisler (1983) present a general approach for estimating the coefficients of a random
effects model using maximum likelihood combined with Gaussian quadrature. Applying
this method, Olig and others obtained Equation (7-5). The resulting goodness of fit

statistic, C, was 8.4 with a p-value of 0.68, indicating a large improvement in the model.
Thus, it was judged that the use of Equation (7-5) from Olig and others (1998) rather than
Equation (C-7) from the Yucca Mountain study was warranted for computing the
displacement hazard at the Skull Valley site.

Figure C-2 compares the predicted probabilitieé of distributed slip obtained using
Equation (C-7) to those obtained using Equation (7-5) with the random effect set to zero.
The values obtained using Equation (C-7) are much less sensitive to earthquake
magnitude. Figure C-3 shows the effect on the computed displacement hazard of using
Equation (C-7) instead of (7-5). At a displacement of 1 cm, there is about a factor of two
increase in the frequency of exceedance. The difference between the two results
decreases as the displacement level increases. The difference between the two results is
primarily due to the lower rate of attenuation of the predicted probabilities of distributed
slip from Equation (C-7), which results in a greater contribution from events at larger
distances. Because of the attenuation in the amount of slip with distance, these events
contribute more to the hazard for small displacements than large displacements. The
resulting mean hazard curve using Equation (C-7) in the earthquake approach remains

Ciworddoc\sv-equa.doc 03/22/99, 4790.01 5



near or below the hazard computed using the preferred displacement approach. Thus, the
overall effect on the total hazard is small.
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earthquakes due to +/- 2 standard deviations in the random effect
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Appendix 2G of previous revisions of the SAR (based on 0.528g horizontal and
vertical design basis ground motions) discussed two issues with respect to the
ground motion assessment for the Skull Valley site.

The first issue concerns new information about the East Great Salt Lake fault.
The conclusion reached in previous SAR revisions wés that an increase in the
slip rate for that fault would have no significant impact on defining the 2,000-year
return period ground motions for the Skull Valley site. The current revision of the
SAR revises the 2,000-year return period ground motions for the site based on
revisions to the ground motion models for the site. Because no changes were
made to the seismic source model, the relative effect of increases in the rate of
activity of the East Great Salt Lake fault on site ground motions is unaffected by

the revisions to the ground motion models for the site.

The second issue concermns the impact of coseismic rupture of the Stansbury,
East and/or West faults of site ground motions. The conclusion reached in
previous SAR revisions was that including coseismic rupture would result in a
slight decrease in the 2,000-year return period ground motions for the Skull
Valley site. This conclusion was based on scaling -ubward the median and
standard deviation of the ground motion models for the site to representa
coseismic rupture and computing the increased conditional probability of
exceeding the 2,000-year return period ground motion. This was offset by the
reduced frequency of events. The current revision to the SAR uses revised
ground motions models for the site. The impact of these models