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ABSTRACT

In assessing geologic hazards, geophysical methods are commonly used in the
development of a robust geologic model of the subsurface. To study subsurface soil
characterization and assess liquefaction potential of the debris-avalanche trigged by the eruption
of Mount St. Helens on May 18th, 1980, | used ground penetrating radar and active seismic
methods. Characterization of the subsurface is particularly important at this study site because
the debris-avalanche now serves as a natural dam to the regional basin lake, Spirit Lake, with
potentially catastrophic results if the dam fails. The main failure mode for thesdam
overtopping followed by rapid, episodic erosion and seepage erosion. Since the region around
Mount St. Helen is prone to earthquakes, liquefaction also poses a serious geoladic haza

The boundary between the debris-avalanche and overlying tephra was imaged using
ground penetrating radar. Water table depths and deposits were identified from seismic refraction
data. Depth to the water table depth varies between 20 and bbse seismic surface wave
data for delineating the boundary between the debris-avalanche and overlying tephra and
modeling liquefaction potential. The southern end of the geophysical survey area shows thick
regions of low-strength pyroclastic material overlying the debris-avalanche which can be
significantly impacted by erosion. Liquefaction modeling revealed there is not a significant risk
of liqguefaction with moderate seismic adiyv

The geophysical subsurface investigation identified the boundary between the debris-
avalanche and overlying pyroclastic, blast and ash cloud deposits. A deep pocket of ~15 m thick
low shear wave velocity material along the dam crest was identified as highly erodible material.
P-wave velocity from seismic refraction data successfully located the water table which at a



depth varying between 20 and 55 m below the surface. Liquefaction potential is relatively low at
the water table elevation during this study; 37% of the saturated soils are liquefiable for a
moderate earthquake of magnitude 7.0 with a peak ground acceleration of 0.27. Liquefaction
increases when more of the subsurface is saturated by a higher water table and when the

magnitude and peak ground acceleration increase.
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Figure 2.7: A) Map of GPR lines collected over Mount St. Helens debris-avalanche blockage. B)
GPR system customized for the terrain at Mount St. Helens. The system is an end-on
set up with transmitter in front sled, receiver in back sled and GPS centered between
L= o PP PPPPPPPPR 25

Figure 2.8: CMP gather collected coincident with Line P2-5a. The black dashed line represents
the reflection picks used to determine the EM velocity of the subsurface. ................ 27

Figure 2.9: A) Line 1 p-wave refraction profile. The top 15 m is very low p-wave velocities
consistent with unsaturated deposits. Where the water table is low and not as
impactful on the velocities (north end of Line 1) the pyroclastic material is interpreted
DV ” 1PTNe water table (between 20-40 m depth) is at 1500 ama dips
northward trending similarly to the seasonal streambeds. Debris-avalanche deposits
above the water table on the north-end are interpreted as p-wave velocities >550 m s
1. The velocities < 1800 m'sare interpreted as the peasption surface at about 49
m depth and correlating with the seismic reflection image (Figure 9.11). B) Line 2 p-
wave refraction tomography profile. The water table (1500 interval between 20-
55 m depth) reaches lower elevation indicating a northward and westward dip across
the region between Lines 1 and 2 and a slight increase in the north end of Line 2. P-
ZDYH YHORFLW [ ilRdrpreted aB agh and blast deposits overlying the
debris-avalanche and > 600 rhigp to 4000 m$velocities are debris-avalanche
GHSRVLWYV 9HO R'R+5&m depth) are intBrpxeted as the bedrock
surface due to the high velocity. The red triangle indicates the location of the south
critical area and the yellow triangle is over the north critical area. ............................ 35

Figure 2.10: Line 1 MASW s-wave velocity profile. Pyroclastic deposits are expected to have
low s-wave velocity because they are loose soils with little cohesion and are thickest
on the south end of the line and thin to the northZ B-YH YHORF L WllaeV "~ P V
interpreted as the pyroclastic deposits and > 250 aresinterpreted as debris-
avalanche deposits. The lower velocity material at depth along the profile shows the
intermixing of materials expected as the deposits came down from the northern flank
(o) 1 g 1SRV ] o o Vo TSR 36

Figure 2.11: Line2MASW£DYH YHORFLW\ SURILOH %ODVW DQG DVK (
220 m & and velocities > 220 m'sare interpreted as debris-avalanche deposits based
on refraction, GPR and borehole (DH-30) analysis and depth comparisons. There is a
deep pocket of very low s-wave velocities on the south end of the line that is in the
same location as the south critical zone. The red triangle indicates the location of the
south critical area. Unlike Line 1, the profile shows less mixing of low andighe
velocity materials during depoSItiON. .......ccooeiiiieeii e 37
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Figure 2.12: Line 1 seismic reflection image. The red dashed line is interpreted as the pre-
eruption surface and the blue dashed line is interpreted as the stacked water table
L1111 1[0 ] PR PP PSP P PRI 40

Figure 2.13: Line 2 seismic reflection iMage. ... 41

Figure 2.14: Line P1-1 profile. The black line delineates the pyroclastic flow materials above the
line and debris-avalanche deposit below the line at an average depth of 5+ 0.4 m
b.g.s. The bowl-shaped feature between 125 m and 225 m from line start is
interpreted as an explosion crater formed by a phreatic explosion, reported in the days
and weeks immediately following the May 18th, 1980 eruption. The EM velocity for
this line is 0.091  0.006 M MS.....c.eciiiiieieiiecteeeie ettt ete e ere e 45

Figure 2.15: Line P1-2 profile. The black line delineates the pyroclastic flow materials above the
line and debris-avalanche deposit below the line with an average thickness of about 8
+0.6m. TheVWURQJ UHIOHFWLRQ GHOLQHDWHY WKH ERXQG
YDOOH\" IHDW XU K thebluhiindcks ldn@réctetiktid f tie debris deposit
and the more consistently horizontal features of the pyroclastic flow deposits overtop
the debris-avalanche. The EM velocity for this line is 0.091 + 0.006'm.ns..... 46

Figure 2.16: Line P2-5 profile. The black line delineates ash and blast deposits above the line
and debris-avalanche deposit below the line. The thickness of the pyroclastic
material at the south end is 15 = 1 m b.g.s. and thins northward to 5 £ 0.4 m b.g.s.
The red triangle indicates the location of the south critical area. The EM velocity for
this line is 0.116 = 0.010 MMAS....cciiiiiiieieceeete ettt 47

Figure 2.17: Lind>2-5a profile. The black line delineates the ash and blast deposits above the
line and debris-avalanche deposit below the line with an average depth of 5+ 0.4 m
b.g.s. The green lines are interpreted as the water table or perched aquifers at an
average depth of depth of ~25 m b.g.s. The yellow triangle indicates the location of
the north critical area. The EM velocity for this line is 0.116 + 0.010'm.ns..... 48
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J)LIXUH ILTXHIDFWLRQ SRWHQWLDO PRGHO ZLWK PLQLPXI
35%, magnitude M7.0 earthquake, PGA of 0.27 and the water table has been shifted
upward 15 meters. 52% of the saturated soil is susceptible to liquefaction. ............. 62

Figure A.1: Line P1-3 profile. The line transects Line P1-2 at 137 m from the north end. The
black line delineates the pyroclastic flow deposits above the line and debris-avalanche
deposits below the line at an average depth of 8 + 0.6 m b.g.s. The EM velocity for
this [ine is 0.091 + 0.006 M MAS......cceiieieeieeieireeeeeee ettt eee e re e eeens 74

Figure A.2: Line P1-4 profile. The line starts about 128 m north of Line P1-3 and transects Line
P1-2 at 110 m from the north end. The black line delineates the pyroclastic flow
deposits above the line and debris-avalanche deposits below the line at aa averag
depth of 8 + 0.6 m b.g.s. The EM velocity for this line is 0.091 + 0.006'm.ns 75

Figure A.3: Line P1-5 profile. The line starts about 134 m north of Line P1-4. The line transects
Line P1-2 at 40 m from the north end. The black line delineates the pyroclastic flow
deposits above the line and debris-avalanche deposits below the line at an average
depth of 10 + 0.7 m b.g.s. The EM velocity for this line is 0.091 + 0.006'm.ng6

Figure A.4: Line P1-6 profile. The line starts about 72 m north of Line P1-5 and transects Line
P2-2 55 m from the north end. The black line delineates the pyroclastic flow deposits
above the line and debris-avalanche deposits below the line at an average depth of 8 +
0.6 m b.g.s. The EM velocity for this line is 0.091 + 0.006 t.ns...................... 77

Figure A.5: Line P1-7 profile and was collected roughly parallel to Line P1-1. The black line
delineates the pyroclastic flow deposits above the line and debris-avalanche deposits
below the line at an average depth of 4 £ 0.3 m b.g.s. The EM velocity for this line is
0.091 & 0.006 M NS ....uviiiieieeieeieete e et ee et e et et e et e e ebe e e et e stesaeeseeseeeesteeseensenseeees 78

Figure A.6: Line P1-8 profile. The line transected Line P1-1 at 27 m from the north end and 25
m from the west end of this line. The bowl-shaped feature aligns with the phreatic
explosion crater presented and discussed on Line P1-1. The black line delineates the
pyroclastic flow, ash and blast deposits above the line and debris-avalanche deposits
below the line at an average depth of 3 + 0.2 m b.g.s. outside of the phreatic
explosion crater region. The EM velocity for this line is 0.091 + 0.006n.ns.. 79

Figure A.7: Line P1-9 profile. The black line delineates the top of the debris-avalanche deposits
below the line at an average depth of 6 + 0.5 m b.g.s. The EM velocity for this line is
0.091 3 0.006 M NS ....uviiiieeeeieeieete e eteetee et e st e te et e st e ete e e et e stesteeseesseseesteeseessenseees 80
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Figure A.8: Line P1-10 profile. The black line delineates the ash and blast deposits above the
line and debris-avalanche deposits below the line at an average depth of 8 £ 0.6 m
b.g.s. The EM velocity for this line is 0.0116 + 0.010 M.NS.........cceevvreveerrennne. 81

Figure A.9: Line P2-1 profile. The black line delineates ash and blast deposits above the line
and debris-avalanche deposits below at an average depth of 8 £ 0.6 m b.g.s. The EM
velocity for this line is 0.0116 + 0.010 MNS......cccooiveiiiieiie e 82

Figure A.10: Line P2-2 profile. Southeast is to the left on the radargram and was collected
towards the northwest then at about 76 m from start bends towards the northeast. The
black line delineates the ash and blast deposits above the line and debris-avalanche
deposits at an average depth of 9 £ 0.7 m b.g.s. The EM velocity for this line is
0.0116 % 0.010 M IS ...oiiiiiiiiieceee e ee et et ete et et e e e te et e et e s teeereeneeeneeereeereenns 83

Figure A.11: Line P2-3 profile. The black line delineates the ash and blast deposits above the
line and debris-avalanche deposits below at an average depth of 8 + 0.6 m b.g.s. The
EM velocity for this line is 0.0116 + 0.010 MNS......ccccoiiiiieiiiiceeeeeee e 84

Figure A.12: Line P2-3a profile. The black line delineates the ash and blast deposits above the
line and debris-avalanche deposits below the line at an average depth of 8 £ 0.6 m
b.g.s. on the northwest end and thins to about 3 £ 0.2 m on the southeastern end. The
EM velocity for this line is 0.0116 + 0.010 MNS......cccoveiiiceiceeeceeeee e 85

Figure A.13: Line P2-4 profile. The line was collected in a dry streambed. The black line
delineates the ash and blast deposits above the line and debris-avalanche deposits
below the line at an average depth of 5+ 0.4 m b.g.s. At 400 m from the start of the
line the depth to the water table/ perched aquifer(s) is 12 + 1 m. The EM velocity for
this [iNe is 0.0116 = 0.010 MTAS......coviiiiieeieiece ettt ere s 86

Figure A.14: Line P2-6 profile. The black line delineates the ash and blast deposits above the
line and debris-avalanche deposits below at an average depth of 8 + 0.6 m b.g.s. The
green line represents the water table or a perched aquifer(s) at 18 + 1 m b.g.s. on the
radargram. The orange circle is where the pipe (or buried artifact(s)) is located. The
EM velocity for this line is 0.0116 + 0.010 MNS......ccccoeiiiieieieieeeeeeeee e 87

Figure A.15: Line P2-7 profile. The black line delineates the ash and blast deposits above the
line and debris-avalanche deposits with an average depth of 9 + 0.5 m b.g.s. The EM
velocity for this line is 0.0116 + 0.010 MNS.......cccoiieiiiieieceece e 88
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Figure A.16: Line P2-7a profile. Line starts east; heads west therstuthsand ends east.
The black line delineates the ash and blast deposits above the line and debris-
avalanche deposits below the line at an average depth of 10 + 0.7 m b.g.s. The
orange circle is where the pipe or buried artifact(s) is located. Theeltiity for
this [iNe iS 0.0116 = 0.010 M TAS......ccvieiiiieieiecie e eeeete e eee et teereere e 89

Figure A.17: Line P2-8 profile. The black line delineates the ash and blast material above the
line and debris-avalanche deposit below at an average depth of about 10 + 0.5 m
b.g.s. The green line represents the water table or perched aquifer(s) at an average of
20 £ 2 m depth. The orange circles are where the pipe and/ or buried artifacts are
located. The EM velocity for this line is 0.0116 + 0.010 M.NS.......ccccovveeveennenn. 90

Figure A.18: Line P2-8a profile. The black line delineates the ash and blast material above the
line and debris-avalanche deposit below at an average depth of 8 £ 0.4 m b.g.s. The
green line represents the water table or a perched aquifer(s) at an average depth of 25
+ 2 m b.g.s. The EM velocity for this line is 0.0116 + 0.010 th ns.................... 91

Figure A.19: Line P2-9 profile. The black line delineates the ash and blast material above the
line and debris-avalanche deposit an average depth of 6 + 0.5 m b.g.s. The green line
represents the water table or a perched aquifer an average of 20 £ 2 m b.g.s. ........... 92

Figure B.1: Liquefaction model of Line 1. Parameters: maximum density, PGA of 0.27,
magnitude M7.0 earthquake, and water table at 10 m and percent fines content is
L0000, ettt ettt e et e e e e e et et et e e e e e e e R b ettt e e e e e e e nnn bt e eeeeeaanrereeeaeaaans 94

Figure B.2: Liquefaction model of Line 1. Parameters: maximum density, PGA of 0.27,
magnitude M7.0, and water table at 10 m and percent fines content is 15%.............. 95

Figure B.3: Liquefaction model of Line 1. Parameters: maximum density, PGA of 0.27,
magnitude M7.0, and water table at 10 m and percent fines content is 21%.............. 96

Figure B.4: Liquefaction model of Line 1. Parameters: maximum density, PGA of 0.27,
magnitude M7.0, and water table at 10 m and percent fines content is 26%.............. 97

Figure B.5: Liquefaction model of Line 1. Parameters: maximum density, PGA of 0.27,
magnitude M7.0, and water table at 10 m and percent fines content is 31%.............. 98
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CHAPTER 1

INTRODUCTION

The May 18, 1980 eruption of Mount St. Helens began with a magnitude 5.1 earthquake
that triggered the largest landslide in recorded history and was followed by successive eruption

events (Figure 1.1Glicken, 1996). As one-third of the volcano mass slid down the northern

Figure 1.1: Study area, Mount St. Helens and Spirit Lake. The study area located over

debriss DYDODQFKH VOLGH HPSODFHG GXULQJ WKH 0D\ HUX €
only outlet.

flank, exposing the highly pressurized cryptodome, its collapse initiated a lateral blast explosion

that decimated a region 30> east to west and 20 km north of Mount St. Helens (Grant et al.,

2017). The heat of the pyroclastic flow melted snow and glacier ice, combined with the water

released from the debris-avalanche, generated devastating lahars that impacted® ars@



and carried sediments to the Columbia River which impacted shipping lase&or the

eruption circulated around the globe (Grant et al., 2Glicken, 1996).

The debris avalanche deposited 2.6 of unconsolidated sediment over a 60 ° area
and filled Spirit Lake, the basin lake on the northeastern flank of the volcano. The slide altered
WKH Odptd HMvVation, and area, and completely blocked the lake from the Toutle River
system; Spirit Lakes only outlet (Glicken, 1996). Post-eruption, the US Geological Survey
(USGS) and the US Army Corps of Engineers (USACE) monitored the lake level for 2 years and
documented an increase of lake elevation 16.5 meters from normal precipitation events (Grant et
al., 2017). In 1982 the USFS realized the potential for catastrophic failure of the earthen dam
composed debris-avalanche deposits, and assembled a task force of specialists from the USFS,
USACE and USGS to quantitatively assess risks posed by Spirit Lake overtopping the debris-
avalanche and causing a massive flood. The resulting report dete@piriedake would
overtop the debris-avalanche blockage by the end of 1985 with average precipitation rates (Grant
et al., 2017; NAS, 2017). The report also determined that should Spirit Lake breach the dam the
resulting floods would be catastrophic for downstream communities. The problem was
compounded by the tremendous amounts of loose, highly erodible sediments deposited by the
eruption which would be pigdup and cause a lahar with increasing energy as the materials
moved downstream and devastdie still-recovering communities along the Toutle River
system (Grant et al., 2017). This report ultimately led to the Disaster Relief Act of 1984 which
tasked the USACE with investigating a long-term solution to maintain safe lake elevations of

Spirit Lake (NAS, 2017).

To stabilize lake elevation, a 3.4 m diameter tunnel was completed in 1985, which

traveled NP WKURXJK +DUU\YV 5LGJH FRQQHFWLQJ 6SLULW /DN



Figure 1.2: A 2.6 km long tunnel bored by USACE and completed in 1985 to maintain sa
lake elevations after the eruption blocked the original lake outlet to the North Fork Toutle
River. Ground penetrating radar and seismic survey data collected in August 2018 for thi
study are shown.

During tunnel construction, Spirit Lake elevation was maintained by pumping water over the

debris-blockage through a 1.8 m diameter pipe that was buried and abandoned after use (Grant et

al., 2017).

Since construction, the tunnel has undergone three major repairs that have closed the
tunnel and increased the risk of the lake over-topping the debris-avalanche dam. The first two
occurred in 1995 and 1996 when a 30 m section was damaged in 1992 by displacement along
known major shear-zone mapped during construction. The third repair was done in 2016 after a

heave event in the tunnel reduced the tunnel diameter to 2 m thus reducing its flow capacity

3



(Grant et al., 2017). Due to the costs associated with the repairs and the likelihood of continued
repairs over time, the US Congress requested a long-term plan to maintdiiNBpiD NHYV ZDWHU
level and a risk assessment from the USFS, USACE and USGS. In 2017, the agencies

completed a robust risk assessment of the natural hazards, and options for the long-term
management of Spirit Lake and the Toutle River system authored by Grant et al. 2017. The

USFS requested the National Academies of Sciences, Engineering and Medicine develop a

decision framework to support how Spirit Lake and the Toutle River system long-term plans are

to be determined (NAS, 2017).

Grantetal. (2017) id®@ WLILHG PDQ\ KD]DUGV WKDW FRXOG OLPLW
PDLQWDLQ 6SL UL WTHénbkt $ignificantfividingsLoRtie investigation into

mechanisms that could result in dam failure were (Grant et al., 2017):

x Flood event rendering the tunnel useless.
x Earthquake collapsing the tunnel along a fault.
x Earthquake inducinhar that could block the tunnel.

X Hydrologic event while the tunnel closed for repairs.

Each of these potential risks could cause a breach of the debris-avalanche dam or seepage and
erosion of the dam as the rising water enters the debris-avalanche blockage. Among the possible

hazards with less risk but of valid concern were (Grant et al., 2017):

x Earthquake-induced liquefaction event within the debris-avalanche.

X Landslide event blocking the tunnel intake.

X

Earthquake event damaging the tunnel intake.

X

Internal seepage erosion or knickpoint erosion.



The NAS 2017 and Grant et al. 2017 reports recognized the need and urgency to better
characterize and update the geologic model of the debris-avalanche blockage to assist in the
long-term management plan of Spirit Lake and the North Fork Toutle River system.
Geophysical surveys were recommended for soil and rock characterization of the Spirit Lake

debris blockagéo:

X Provide a geophysical interpretation of the subsurface to aid in the development of
the geologic subsurface model.

X Locate the water table.

x Identify boundary between the pyroclastic, blast and ash deposits overlying the
debris-avalanche matekia

X Locate the boundary between the pre-eruption surface and the overlying debris-
avalanche material.

X Locate a buried 1.8 m diameter steel pipe installed for the emergency pumping of

Spirit Lake in the early 1980s.

To meet the objectives, between August 48d August 24, 2018, Iconducted a
geophysical field survey over the debris-avalanche deposit extending onto the pumice plane of
Mount St. Helens (Figure 1.2).collected over 7.2 km of ground penetrating radar along
twenty-three profiles and 1.3 km of 2D active seismic data along two profiles. The seismic data
were used to interpret seismic reflection, refraction and multi-channel analysis of surface wave
(MASW) data. | used the MASW data to assess liquefaction potential along the seismic survey
areas. In 1981, following the Mount St. Helens eruption, a liquefaction assessment of the debris-
avalanche blockage concluded that liquefaction potential was very low (Youd et al., 1981).

However, that analysis did not consider Cascadia megathrust earthquakes or the Mount St.

5



Helens seismic zone. Factors that could increase damage to the debris-avalanche blockage

caused by liquefaction are:

X Seismicity.
X Soil saturation caused by heavy, sustained rains common to the region by
increasing the water table elevation.

x Erosion causing slope steepening.

Using the refraction and MASW data collected during the field campaign | assessed the potential
IRU OLTXHIDFWLRQ XVLQJ WitikdtheaMiaResnddifitatioBs pr&ssriteld ByF K

Andrus and Stokoe, 2001 (Seed and Idriss, 18id Youd et al., 2001).

The persistent geologic hazards imposed by Mount St. Helens are hydrologic in nature.
Understanding where the water in Spirit Lake and within the subsurface may go in a cataclysmic
event and the composition of the debris-avalanche dam which would need to hold the water back
are extremely important in developing a long-term hazard mitigation plan for Spirit Lake.

Active seismic and ground penetrating radar methods are ideal in this environment because they
are non-invasive, can cover large area and can be transported without the use of vehicles, a

necessity at Mount St. Helens.

To my knowledge, this study represents the first geophysical analysis of a debris-
avalanche dam mantled by pyroclastic, blast and ash material damming a basin lake using
ground penetrating radar (GPR) and active seismic. The high-resolution radar data delineated the
boundary between the debris-avalanche and the erosive overlying material. Seismic shear-wave
data, where coincident with ground penetrating radar data, show good correlation with GPR data

on the depth to debris-avalanche deposit. Refraction and reflection seismic identified the water



table and differing lithologies below the debris-avalanche deposits. Seismic shear wave data
show relative strength of soils in the near surface and liquefaction potential of the unconsolidated
materials. Together the multi-method geophysical analysis of the subsurface at Mount St.
Helens can be incorporated into tBe6 $ & ( fj&blogic model, constraining subsurface

parameters to help Spirit Lake managers make decisions to manage the geologic hazards.
Finally, the refraction, MASW and GPR data were integrated into an interactive Python-based

3D LiDAR model for visualization of the data, see Appendix C.



CHAPTER 2
SUBSURFACE CHARACTERIZATION USING MULTI-METHOD
GEOPHYSICS AND LIQUEFACTION POTENTIAL
ASSESSMENT OF THE DEBRIS BLOCKAGE

AT MOUNT ST. HELENS, WASHINGTON

Kristen Marberry, John Bradford, and Adam Mangel

To be submitted tdlatural Hazards

2.1  Abstract

The eruption of Mount St. Helens on May 18th, 1980 caasedssive debris-avalanche
that blocked Spirit Lake, the regional basin lake, and serves as a natural dam. Recent studies
have shown the two main failure modes for the dam are overtopping followed by rapid, episodic
erosion and seepage erosion (Grant et al, 2017). For this study | acquired 1.3 km of seismic and
7.2 km of ground penetrating radar to characterize the subsurface to identify debris-avalanche
boundaries and locate the water table. Seismic shear wave and p-wave data were used to analyze
liquefaction ppV HQWLDO XVLQJ WKH pVLPSOLILHG SURFHGXUHY GHY
the shear wave adaption suggested by Andrus and Stokoe in 2000 (Seed and Idriss in 1971,
Andrus and Stokoe in 2000). The geophysical subsurface investigation identified the boundary
between the debris-avalanche and overlying pyroclastic, blast and ash cloud deposits; water table
depths; pre-eruption surface and location of a buried abandoned pumping pipe. A deep pocket of
~15 m thick low shear wave velocity material along the dam crest was identified as highly

erodible material. P-wave velocity from seismic refraction data successfully located the water
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table which at a depth varying between 20 and 55 m below the surface. Liquefaction potential is
relatively low at the water table elevation during this study; 37% of the saturated soils are
liquefiable for a moderate earthquake of magnitude 7.0 with a peak ground acceleration of 0.27.
Liguefaction increases when more of the subsurface is saturated by a higher water table and

when the magnitude and peak ground acceleration increase. In a magnitude 8.0 earthquake event

with a peak ground acceleration of 0.66 53% of the saturated soils are liquefiable.

This study demonstrates the applicability of geophysical methods to characterizing
aspects of geologic hazards over a relatively large area especially in remote, sensitive areas
where vehicle access can be limited. The resulting seismic and GPR interpretations can be used
to improve geologic models and physical properties of geologic deposits. This study
demonstrates the applicability of geophysical methods to characterizing aspects of geologic
hazards such as deposit boundaries and liquefaction potential over a relatively large area

especially in remote, sensitive areas like Mount St. Helens.

2.2 Introduction

Mount St. Helens poses significant geologic hazards as a result of the cataclysmic May
18, 1980 eruption. The USFS manages the level of Spirit Lake dammed by the massive debris-
DYDODQFKH WKDW F XW Rihltafthi HoufldoRWErBystant.  Heddhke Rexwas@dH W
the regional catchment for runoff precipitation and snowmelt. The geologic hazards at Mount St.
Helens are largely hydrologic in nature and it is imperative for Spirit Lake managers to
understand where water moves in the subsurface and where the lake water will go in a
catastrophic event. The hazard created by liquefaction is slope failure which could impact the
functionality of the debris-avalanche dam and send liquefied soils down the drainage system

impacting downstream systems and populations. | collected ground penetrating radar and active



seismic data to image the subsurface to inform the geologic model used by USFS, USGS and

USACE. | then used the processed shear-wave data to estimate liquefaction potential.

Numerous geophysical investigations of landslides have been performed for
characterization of subsurface structure (Popescu eta I., 2016; Imposa et al., 2017; and Carroll et
al., 1968). Ground penetrating radar and active source seismic surveys over pyroclastic deposits
have proven successful at characterizing near surface stratigraphy, water table depth and seismic
velocities (Gomez et al., 2006; Kruse et al., 2010; Russel andistd897; Cagnoli and
Russell, 2000; Gase, 2017; Gase et al., 2015; Cassidy et al., 2009; Haney et al., 2009; De Vita et
al., 2006; Bruno and Castiello, 2009 and Nelson et al., 2014). Liquefaction studies using shear
wave seismic have been performed over a variety of unconsolidated materials (Lin et al., 2004;
Sundararajan et al., 2011; and Rahmanian and Rezaié, 217 the best of my knowledge,

not over pyroclastic deposits.

Mount St. Helens provides a unigue case study of geologically young poorly sorted,
unconsolidated landslide (earthen dam) deposits mantled with pyroclastic, blast and ash deposits
in a seismically active region. Geophysical applications of active source seismic and ground
penetrating radar are well suited to characterize the voa@omplex deposits and assess

liquefaction potential in a remote, ecologically sensitive area.

2.3 Field Site Description

The sequence of eruption events on Ma¥), 180 began with a debris-avalanche that
collapsed the entire northreflank of the volcano triggering a blast pyroclastic flow that affected
a 550 km area then followed by a Plinian eruption and lahars (Figure 2.1) (Brand et al, 2014).

The geologic setting is highly variable due to the deposition sequence and drastically changed
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the surface geology over the course of a day. The start of the eruption began as an earthquake
triggered the debris-avalanche that was deposited in three slide-block events. Slide block I is
comprised of mafic rocks: older dacite under andesite, basalt and modern dacite. Slide block |
shattered during the slide event but did not tumble as evidenced by the contacts between older
dacite and the andesite and basalt (Glicken, 1996). Slide block Il initiated as slide block one
continued down-slope and the blast pyroclastic density current blew through slide block 1l and
out-paced slide block | which intermixed the blocks and the blast dep8$is.block Il is older
dacite, andesite and basalt, modern dacite and cryptodome dacite (Glicken, 1996). Slide block
lIl was largely diverted downstream away from Spirit Lake and thus has little deposition in the
study area (Glicken, 1996). The thickness of the debris-avalanche varies between 60 and 150 m
and consists mainly of poorly sorted sands and gravel sized grains but contains rocks, silts and
clays (Grant et al., 2017). Pyroclastic deposits are between a few centimeters to 13 m thick and
range in size of coarse sands to silts. The ash cloud deposit over the debris-avalanche is between
1 and 12 m thick and is comprised of grain sizes between sand and silt (Grant et al., 2017). The
southern- most portion of the survey is debris-avalanche material mantled by pyroclastic flows
and ash deposits. The debris-avalanche deposits are characterized by their hummocky features
which contrast with the flat-lying pyroclastic flows, blast and ash fall that mantle the debris-
avalanche deposit. Along the dam crest the two lowest points are referred to as the north critical
area and south critical area; these points would be the first areas Spirit Lake would be over-
topped in a breach (Figure 2.2). These areas are of special interest to determine the actual
elevation of the debris-avalanche deposit and thickness of the overlying ash and blast deposits.
deployed ground penetrating radar (GPR) and active seismic lines to characterize the most

critical areas of concern along the debris-avalanche (Figure 2.2) with the following objectives:
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X Provide a geophysical interpretation of the subsurface to inform the geologic
subsurface model developed by the USFS, USACE and USGS.

X Locate the water table.

x ldentify the boundary between the pyroclastic, blast and ash deposits overlying the
debris-avalanche material.

X Locate the boundary between the pre-eruption surface and the overlying debris-
avalanche material.

X Locate a buried 1.8 m diameter steel pipe installed during the emergency pumping of
Spirit Lake in the early 1980s.

x Complete a liquefaction potential assessment coincident with the seismic surveys.

Figure 2.1: The yellow area is the debris-avalanche deposit that is characteristically
hummocky and the red lines indicate the general flow path of the pyroclastic deposits.
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on debris-avalanche blockage.

To meet these objectives, between Auguétdd August 24, 2018, | collected 7.2 km

of GPR data and 1.3 km of active seismic data along the debris avalanche crest and at the
southern extent of the debris-blockage where pyroclastic flows were diverted east and west
(Figure 2.1). Survey line locations were selected to optimize sampling density of the subsurface
over the debris-avalanche and survey important points such as the south and north critical areas

and the area south of the debris blockage. Safety and site access for the field crew were also

taken into consideration.

13



2.4 Methods

2.4.1 Seismic Data Acquisition and Processing

| acquired 1.3 km of active seismic data in two separate survey lines for collection of
seismic refraction, multi-channel analysis of surface waves (MASW) and seismic reflection data.
Line 1, the south-most line, was oriented north to south for a total distance of 720 m (Figure 2.2).
The north-most 240 m of the survey was collected over the hummocky geologic formations
defined as the debris-avalanche mantled with pyroclastic, blast and ash deposits and the
remaining southern 480 m of Line 1 extended over the pyroclastic flow mantled debris-
avalanche. Line 2, the north-most line, was collected from south to north for a total distance of
600 m over the crest of the debris-avalanche blockage mantled by the blast and ash deposits
(Figure 2.2). Seismic surveys were collected with a 5 m spaced, 72 channel spread using a
sledge hammer as the energy source. Each source location was repeated 4 times and summed to
increase signal to noise ratio. | used the roll-along method to create a source (shot) at every
geophone from channel 1 to 24 then picked up the first 24 channel cable and placed those 24
channels at the end of the array and continued this pattern until the line profile length was
reached. | then shot through the full 72 channels at the end of the spread. Seismic data
acquisition parameters are listed in Table 1.1. Data collected in the field were quality checked
each day. Figures 2.3A and B.8re representative field data of Lines 1 and 2. Seismic
refraction, MASW and reflection data were uniquely processed and interpreted for specific

objectives.
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Figure 2.3: A.) A typical seismic shot on Line 1, the southern-most seismic line on Figure
B.) A typical seismic shot on Line 2, the northern-most seismic line on Figure 2.2.
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Table 2.1: Seismic data acquisition parameters.

Seismograph 3 Geomeitrics Geodes (24 channel)
Geometry In-line

Source 16 1b. (Linel) , 12 1b. hammer (Line 2)
Source spacing Sm

Receivers 10 Hz vertical geophones

Receiver spacing Sm

Sample interval 0.5 ms

Listening time 1000 ms

Stack 4

Seismic Refraction

Compressional body waves (p-waves) travel from the energy source to interfaces defined
by seismic impedance contrasts (product of density and velocity). Waves incident upon an
LOQWHUIDFH EHWZHHQ PHGLD ZLWK GLITHUHQW YHORFLWLHYV C
law. If the angle of incidence is the critical angle, then the refracted wave will travel parallel to
the interface in the faster layer. Typically, we use refracted compressional p-waves which travel
from the surface into a deeper, higher velocity layer, then return to the receiver(s) at the surface.
Seismic refraction surveys depend on increasing velocity with depth and relatively planar
boundaries. The data recorded by the seismic survey system records the travel time and
amplitude of the p-wave arrival from an initial energy source release (the shot) to each geophone
in the array. Progressively deeper refracting interfaces cause the travel-time for the wave to take

longer to reach each geophone (Figure 2.4).ebdr shot record, travel time versus geophone
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distance (time-distance plots) record the p- waves first arrival time at each geophone. Each

record is analyzed, and the time of p-wave first arrival is picked.

Source energy

Seismic
energy

' ]
*e Ry ‘\ Refraction
X 3 Interf
. . / nterfaces
Figure 2.4: Diagram of active source seismic refraction. A source energy is emitted at tl
surface and seismic energy travels to an interface defined by contrasting impedance. W

seismic velocity of the lower medium is larger, the refracted wave will travel at the interfa
the higher velocity medium.

| collected seismic refraction datameet the following objectives

X Water table mapping.
X Imaging the boundary between pyroclastic, blast and ash deposits and the underlying
debris avalanche deposits.

X Pre-eruption surface identification.

| processed refraction data with Rayfract, version 3.35 by Intelligent Resources, Inc.
After loading the shot records and survey geometry into Rayfract, first breaks are manually
picked as the first arrival travel-time of the p-wave from each trace for every shot record (Figure
2.5). Finally, an inversion from refracted energy recorded by the receivers generates the p-wave
velocity profile. The refraction inversion for Line 1 was calculated with the Wavepath Eikonal

Traveltime (WET) inversion for 101 iterations and an RMS traveltime error of 1.3%. The
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inversion for Line 2 refraction ran with the WET inversion for 101 iterations and & RM
traveltime error of 2.2%. The inversion process produces a seismic refraction tomography

profile; a 2D p-wave velocity model of the subsurface.
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Figure 2.5: Example shot record from shot 46 on Line 1 from data collected at Mount St. H

on August 14th, 2018. The figure is travel-time in milliseconds versus the station number for

each geophone in the array. The record shows the propagation of seismic energy as it moves

across the geophone@d®D\ WKURXJK WLPH 7KH UHG [fVstauithl W KH PDQ X
the seismic energy picked during data processing.

Seismic MASW

In MASW, the surface Rayleigh waves (or ground roll) traveling along the surface are
analyzed to determine shear wave velocity soundings (1D) which can be constrained during
inversion for lateral coherence to produce 2D profiles. MASW analysis generates dispersion
plots of phase velocity versus frequency (dispersion spectrum for each source). From the
dispersion curve the fundamental mode is picked to determine velocity versus depth through an
inversion process. | used Seismic Pro version 9.0, by Geogiga Technology Corp. to process the
MASW data which performs the Genetic Algorithm for the inversion (Sen and Stoffa, 1991).

Figure 2.6 is an example of the dispersion curve fundamental mode picks. Depth of
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investigation is a function of frequency; higher frequencies are sensitive to the near surface and

lower frequencies are sensitive to deeper stratigraphy (Ilvanov et al., 2010).
| collected MASW seismic data to meet the following objectives:

X Boundary between pyroclastic, blast and ash deposits atop the debris-avalanche
deposits.
X Measure shear properties.

X Liquefaction potential assessment.

| processed MASW data with Seismic Pro version 9.0, by Geogiga Technology Corp.
MASW software. | first uploaded shot records to shot records to include only the traces close to
the shot that contained good signal to noise. Next, to generate the inversion | picked the
dispersion curve of the fundamental mode froemélocity vs frequency image. The dispersion
curves are all inverted simultaneously with an automatically built initial model. The Genetic
Algorithm inversion parameters were set for Raleigh wave, velocity resolution oftzandgan
for 30 iterations. For plotting the apparent veloditysed a mean smoothing method with a
width of 7 on the horizontal axis and 5 on the vertical axis. Finally, the inversion created 2D

subsurface shear-wave velocity profiles.
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Figure 2.6: Example dispersion plot of shot 15 from Line 1 collected during the Mount .
Helens seismic campaign on August 14th, 2018. The plot is showing high amplitudes in hot
colors (reds and oranges) and lower amplitudes in cool colors (blue and purple) of frequency
versus phase velocity components of the fundamental mode. Black plus signs indicate the
manual dispersion curve picks for the fundamental mode.

Seismic Reflection

In seismic reflection surveys, elastic waves travel from the source to subsurface
boundaries separating materials with different acoustic impedances. When the wave-front hits
an interface where acoustic impedances differences exist between two materials the wave is
reflected back to the surface and the travel-time and signal amplitude are recorded by the
geophones. This process is repeated for each interface. Source location is moved along the
geophone array to produce common mid-point gathers (CMPs) that arrange the traces of all
sources and geophones that share a midpoint. By stacking the traces with a common mid-point,
the signalto-noise ratio increases the signal from the reflector and reduces the noise in the

stacked traces. The quality of processed data is site dependent and acquisition characteristics
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such as source size, signal to noise ratio and velocity structure. Like refraction, the velocity of
the medium above a reflector can be estimated from the travel-time versus geophone distance
plot. Fom the difference in travel-time to different receivers we can determine wave velocity.
Depth to the reflector can then be estimated with the velocity and travel time. Seismic reflection

processing provides a cross section of acoustic impedance contrasts.

| collected seismic refraction data to meet the following objectives:

X Pre-eruption surface mapping.

| processdreflection data with SeisSpace ProMax 2D 5000.10.0.4 by Landmark
Solutions. Processing reflection data is unique to the specific subsurface site conditions and
requires an iterative approach of parameterization analysis to produce the best seismic cross-
sectional image (Yilmaz, 1987). Ormbsy filters are applied to thefldéeguency spectrum to
improve the signal to noise ratio, the filter is trapezoidal in shape with four frequency values.
The filter rejects those frequencies above upper and below the lower frequency values and allows
the frequencies between. Refraction statics perform a time shift correction to account for
elevation differences between source and receivers based on the first refractor. The correction
adjusts travel-time to account form variations in elevation along the seismic line (Yilmaz, 1987).
A normal moveout (NMO) correction are applied with a specified velocity function determined
across the profile using the velocity estimations at depth from the refraction profiles. These
velocities correct for the hyperbolic time versus CDP offset curve typical of flat reflections as
receivers further away from the source receive the reflected energy later in time. Through an

iterative process, the best estimated root mean square velocity flattens the reflection travel-time
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with the goal of making every trace equivalent to what would have been recorded at zero offset.

Finally, a CDP stack ensemble creates the final reflection image of the survey area.

On Line 1, | applied an Ormsby frequency bandpass filter of 40-80-160-320 Hz to
improve the signal to noise ratio and eliat@noise below 40 Hz and above 320 Hz. | used a
replacement velocity of 400 m‘$or refraction statics. Line 2 was processed nearly identically
to Line 1 with a different Ormsby frequency bandpass filter of 40-60-160-320 Hz which slightly

increased the image resolution by widening the band pass filter.

2.4.2 Ground Penetrating Radar Data Acquisition and Processing
Ground Penetrating Radar Common-Offset Survey

Ground penetrating radar (GPR) emits electromagnetic (EM) waves through a
transmitting antenna then records the reflected wave with a receiver antenna. The system
records the travel-time and amplitude on traces of the reflected EM wave. An EM wave is
reflected and refracted at an impedance (or reflectivity) contrast and as the GPR system is moved
along the subsurface, most often, as is this study, the reflected wave is used for processing. The
EM wave is reflected from subsurface boundaries separating different electrical properties
including conductivity, permittivity and magnetic permeability. Measurements record differences
in the subsurface reflectivity structure. Permittivity is the dominant material property controlling
both radar velocity (EM wave speed) and reflectivity in the subsurface since magnetic
permeability for most earth materials is approximately equal to that of free space. Electrical
conductivity ultimately controls signal attenuation with high attenuation occurring in material
with high electric conductivity such as clays. Depth of penetration is dependent on soil
conditions where the best of conditions: low conductivity (high resistivity) and low frequency

allow deepest penetration. There is a trade-off between low frequency and high frequency GPR
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surveys; low frequency GPR surveys have deeper investigative penetration but low resolution
whereas high frequency surveys image shallower but have higher resolution. Common-offset
surveys refer to when the GPR transmitter and receiver are separated by a fixed distance and
moved together along a profile, collecting trace data at specific time or distance intervals. A 2D
image of the EM reflectivity is produced when the traces are plotted as profile distance versus
travel-time. The image is a proxy for a geologic cross-section that maps electric property
changes.

| acquired 7.2 km of common-offset, end-on GPR data in a sparse grid of approximately
2 km north-south by 1.3 km east-west over the debris-avalanche with the Sensors and Software
Spidar NIC-500x controller (Figure 2.JAThe 25 MHz ruggedized transmitter and receive
antennas were custom built at Colorado School of Mines to navigate the rough terrain at the site
(Figure 2.7B). Parameters for all GPR lines are listed in Table 2.2. Data quality was excellent
due to the dry, resistive soil conditions and the weather was ideal for maximizing GPR efficiency

with dry, sunny days.

| collected GPR data to meet the objectives of:

x

Water table mapping.

X

Imaging the boundary between pyroclastic, blast and ash deposits and underlying

debris avalanche deposits.

x

Locate the abandoned steel pipe from the 1980s temporary lake pumping project.

X

Potentially identify shallow (< 30 m) pre-eruption surface.

| first dewowedthe data to minimize the influence of low frequencies generated by the

transmitter antenna on the data signal (Jol, 2009). To increase the strength of the signal at depth,
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| used an automatic gain control with gate length between 0.08 and 0.10 ns to each line. Next, |
applied a bandpass filter of 6-12-50-100 MHz to reduce random noise (Jol, 2009). | applied a
time zero correction to remove the padding included in measurement to account for instrument
drift. To remove signal ringing in the radargrams (GPR images) caused by GPR system noise
and interference, | did a background subtraction to all profiles which takes subtracts the mean

from all traces (Jol, 2009).

Table 2.2: GPR acquisition parameters

GPR System Sensors and Software Spidar NIC-500X
Antennas, unshielded 1 transmitter, 1 receiver

Center Frequency 25 MHz

Survey Type End-on

Common Offset S5m

Source trigger (step size) 0.5m

Recording time 1000 ns (Line P1-2) & 1500 ns (Line P2-5)
Points/ trace 1000 (Line P1-12 ) & 1500 (Line P2-5)
Number of stacks 8

CMP Fold 67 (Line P1-2) & 65(Line P2-5)

CMP bin size 0.25m

Minimum CMP Offset 4m

Maximum CMP Offset 37.5 m (Line P1-2) & 36.5 m (Line P2-5)
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Figure 2.7: A) Map of GPR lines collected over Mount St. Helens debris-avalanche blockage
GPR system customized for the terrain at Mount St. Helens. The system is an end-on set up with
transmitter in front sled, receiver in back sled and GPS centered between the two.

GPR Common-Midpoint
GPR common-midpoint (CMP) gathers were acquired for estimating the EM velocity of
the subsurface. EM velocity is estimated by plotting the CMP data as observed moveout versus
two-way travel time and picking reflection events and determining velocity with NMO. This
analysis is done using trendlines in squared space to estimate velocity. The function for the EM
velocity analysis of reflected waves is a linear regression relationship
PPL T Ro6 E IEpﬁ @D
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Where travel-timett, squared versus offset,squared the EM velocity, of the subsurface can
be determined from the slope of the line as the squared invergeiamtdpth to reflector (Jacob

and Urban, 2015).

| collected two CMP gathers at the study site for colidevelocity estimates. The first
CMP gather was collected coincident with Line P1-2 and the second was collected coincident
with Line P2-5 (Figure 2.7A). Each CMP was collected with a 4 m minimum offset then the
transmitter and receiver were separated by 0.5 m at each offset move. Table 1.2 lists the CMP
acquisition parameters for each CMP location. Figure 2.8 is the CMP gather collected coincident
with GPR line P2-5a where the black dashed line represent velocity picks of reflections to
estimate EM velocity. After applying the processing steps of dewow, automatic gain control,
time zero correction and the background subtraction to the CMP gathers they were analyzed to
estimate th&M velocities of 0.091 m n'sover Line P1-2 and 0.116 + 0.010 m‘rsver Line
P2-5. Common-offset data was converted to a depth estimate for each GPR radargram by
utilizing the EM velocities estimated from the CMPs. Errors in the true EM velocity value occur
when applying a single velocity over a large area because this does not account for the inevitable

subsurface variations across the entire survey area.
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Figure 2.8: CMP gather collected coincident with Line P2-5a. The black dashed line repr:
the reflection picks used to determine the EM velocity of the subsurface.

2.4.3 Liquefaction Potential Modeling

Liguefaction is a process driven by an increase me-p@ter pressure and the associated
decrease in effective stress that causes soil to change state from a solid to a liquid (Marcuson,
1978). Soils most susceptible to liquefaction are those with lower bulk densities and poor
drainage or sands and gravels overlain with or interbedded with seams of impermeable deposits
(Youd et al. 2001). The soils at Mount St. Helens in the near surface have a low bulk density
with an average of about 1.6cg1° (USACE, 2018). Geologic mapping done by the USGS
following the eruption found finer materials from the blast overtook the debris avalanche and are
intermixed with the sands and gravels of the shattered debris-avalanche deposit (Glicken, 1996).

These fine-grained deposits could behave as low permeability layers within the debris avalanche.
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Liguefaction could occur at Mount St. Helens due to a seismic event such as a megathrust
event along the Cascadia subduction zone or an earthquake in the Mount St. Helens seismic zone
(Grant et al, 2017; and Youd, 1981). In this study lusétie PSOLILHG(SedRRH G XUH”
Idriss, 1971; Youd et al., 2001) to model the liquefaction potential of the soils at Mount St.

Helens using the p-wave and shear-wave, MASW data | collected. Refraction analysis
determine the water table depthincorporate the shear-wave procedure from Andrus and

Stokoe which implements specific parameters and bounding values for the overburden stress-
corrected shear-wave velocities in the simplified procedure method (Andrus and Stokoe, 2000).
The shear-wave analysis method for liquefaction potential is advantageous over other methods

because the data can be collected over large areas with simple equipment.
Assumptions required for the simplified procedure method satisfied at for this study:

x Gently sloping and relatively level.
X Water table is unconfined and can move relatively easily upward.

X Measured shear-wave in direction of a vertical principle stress.

| first calculate the cyclic stress ratio (CSR) which represents the displacements and
forces caused by earthquake motions are on the soil.

%5 4 LréchéOAé?ééN (2.2)
C éa

Where =; ¢ dS peak is horizontal ground acceleratid®is acceleration due to gravitg 5 is
total vertical overburden stress at depth @t is effective overburden stress assuming

hydrostatic pore pressure. The total and effective stresses are calculated as
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Where €3 ds the dry soil layer density) is the depth below surface above the water table,

€= ds the saturated soil layer densit@s hydrostatic pressure caused by water filling pore spaces,

€ is density of water and\} is the depth below the water table. The stress reduction coefficient,
N, is the seismic shear stress of a flexible soil column relative to that of a rigid soil column at z
depth below the surface, where both are equal in length (Lasley et al., 2016) and is calculated as

sarrFrassMaE ravrwY ErarrsywayVv (2.6)

L - -
N sarrFrasyyaE rawyty F raxtrwPaE rarstsinp

Next, | calculate the cyclic resistance ratBRR) capacity of the soil to resist

liquefaction as

%95 S S
%44 ==——>0F > F—;
srr ReF Rs Rl

Wherea = 0.022 and = 2.8 are empirically derived curve fitting values determined from 99 test

2.7)

data sites that represented global regional values in uncemented Holocene-aged soils with
varying fines content (Andrus & Stokoe, 2000). The shear-wave velBgityust be corrected

to a reference overburden stress velocRysusing

O 489 (2.8)
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Rds the shear-waves values determined from the MARW, the reference atmospheric
pressure of 88.95 kPa, (corrected for the elevation at Mount St. Helens).RIBis Jimited by
the upper limit with RY, 5 and is based on the fines cont&@, of the soiland are defined as

(Andrus & Stokoe, 2000).

i !
Resl tswd  BKN O=I@QWSEPD (2.9)

RLcL tswF raw%F wa BKN O=w@®(%BE PWD" (2.10)

|
RJae5Ltrr—Oé BKN O=J@0 =J@REWPO S (2.11)

Upper limit values were developed by Andrus and Stokoe , 2000 using >70 case history sites
with fines content representative of equations£22911. Gravelly soil cases were determined
with the same percent fines content method though no case studies exist (Andrus & Stokoe,
2000). The percent gravel within the debris-avalanche deposit varies between 22-92.3 weight
percent (Glicken, 1996).

TheCRRwas derived based on a magnitude 7.5 earthquake and must be used with the
Magnitude Scaling Factors (MSFs) to correct for earthquake magnitudes that are not 7.5 and are
important in determining the factor of safety for liquefaction. MSFs are calculated as

s 088 (2.12)

WhereM is the earthquake magnitude (Youd et al., 2001). The factor of safety is commonly
used in liquefaction prediction and is determined by (Andrus & Stokoe, 2000).

% 4 4 (2.13)
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not occur.

2.5 Results and Interpretation
2.5.1 Seismic Refraction Results

The p-wave velocity profile of seismic Line 1 in Figure 2.9A reaches a maximum depth
~66 m b.g.s. with horizontal resolution of 2.5 m and vertical resolution of 8 m. Figure 2.9A has
pixel sizes of 1 meter both laterally and vertically. The top ~5 to1l5 m b.g.s exhibits very low p-
wave velocities consistent with unsaturated, unconsolidated sediments. Thiergyyeaor
unsaturated deposits are between <100- 800 (Bantamarina et al., 2005). P-wave velocity
increases with increasing depth due to the increase in vertical overburden which in turn increases
sediment stiffness. Between 20 m b.g.s. on the southern end and 40 m b.g.s. on the northern end
the velocity increases to >1500 rhwhich | interpret as the transition to the water saturated
zone which typically has a p-wave velocity of 1500-1900'n(Santamarina et al., 2005). P-
wave velocities are very sensitive to the transition to full saturation and can abruptly increase by
a factor of 4 or more across the water table (Bradford, 2002).

From the velocity profile the water table dips to the north which follows the trend of the
surface streams. On the north end of the survey the water table dips significantly below the
surface. In this region, | interpret the low p-wave velocity material m s?) above the water
table as the pyroclastic deposits and the velocities between 550 and 1566 nnsaturated
sands and gravels consistent with the debris avalanche deposits (Gas8adfdmarina et al.,

2005). The pre-eruption surface is within the range of ~1800-2400awcsirring near 4én

b.g.s. which is in the same region as the reflection data estimates the depth to the pre-eruption
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surface ~53 m b.g.s. The refraction and reflection depth estimates to the pre-eruption surface are
reasonably close considering the reflection data uses the average, root mean square (RMS),
velocity and uncertainty in refraction data is 10%.

Line 2 refraction profile of Figure 22reached a maximum depth of ~66 m b.g.s. with
horizontal resolution of 2.5 m and vertical resolution of 17 m. Figure 2.9B has pixel sizes of 1
meter both laterally and vertically. The profile has very low p-wave velocities of variable
thicknesses typical of unsaturated sediments <100-80b(8astamarina et al., 2005). The
velocity profile near the surface is less cohesive laterally than Line 1 with pockets of low p-wave
velocity anomalies {600 m &'). A borehole (DH-30) was bored within 9 meters of the south
end of the line and was commissioned by the USCAE in 1982 (USACE, 2DHSR0 reported
the top of the debris-avalanche at 11 meters. From this information | interpret the near-surface,
low-velocity soils "600 m &) as blast and ash cloud deposits and debris avalanche deposits
below with unsaturated p-wave velocities between 600 and 1500 irirsterpret the water table
at 1500 m & which ranges in depth from 20 to 55 m b.g.s. The water table is lower in elevation
than Line 1 suggesting a general north dipping regional trend between Line 1 and Line 2. Below
the water table the velocity increases with depth at a faster rate and has higher maximum values
than Line 1. The maximum p-wave velocity is 4500 has18 m b.g.sp-ZDYH YHORFLWLHV -

4000 m & are interpreted as bedrock.

2.5.2 Seismic Multi-Channel Analysis of Surface Waves Results (MASW)
Line 1 shear-wave (s-wave) velocity data (Figure 2.10) show sensitivity to a maximum
depth of ~30 m with horizontal resolution of 2.5 m and vertical resolution of 2 m. Figure 2.10

has a pixel size of 1.5 m laterally and 0.36 m vertically. The profile model has a minimum and
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maximum s-wave velocity of ~135 and ~540 ™ §he pyroclastic deposits are loose and have
little cohesion, so | expect the very low s-wave velocity'of m s*to be pyroclastic deposits.

The pyroclastic deposits have a maximum thickness of about 11 m on the south end and thins
northward. The south end of Line 1 shows more lateral and vertical variations of low velocity
inter-mixed with higher velocity sediments indicative of a chaotic mixture of pyroclastic and
debris-avalanche deposits. Unlike the p-wave observations, shear waves have little sensitivity to
saturated versus unsaturated soils which make s-waves ideal for delineating between the
pyroclastic and underlying debris-avalanche deposits. Within the debris-avalanche deposits, |
expect higher shear wave velocities > 28 since the material is poorly sorted and tightly
packed; as the material slid down the northern flank of the volcano it mixed and decreased pore
space. The fastest velocities400 m &', in the model occur as anomalies between 200 m and
400 malong the survey profile and are surrounded by a relatively sharp drop in velocity of about
350 m &&. These high s-wave velocity regions coincide with the highest p-wave velocities in the

Line 1 refraction profile (Figure 2.9A), increasing confidence in both models.

Line 2 s-wave profile (Figure 2.11) reached depths of ~30 m below the surface with
horizontal resolution of 2.5 m and vertical resolution of 3 m. Figure 2.11 has a pixel size of 1.5
m laterally and 0.36 m vertically. The profile model has a minimum and maximum s-wave
velocity of ~140 and ~440 m'srespectively. The lower s-wave velocities at the near surface
relative to Line 1 are likely because of the higher density and higher stiffness blast deposits on
Line 2 (USCAE, 2018). Along the Line 2 profile the debris-avalanche was overtopped with blast
and ash cloud deposits and is beyond the extent of the pyroclastic flows of the 1980 eruption.
Very low s-wave velocities of ~140 rit are overlying s-wave velocities that reach a maximum

of ~440 m &. Line 2 s-wave velocities increase with increasing depth and exhibit less lateral
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and vertical heterogeneity, which | interpret as less mixing during deposition than Line 1. The
south end of Line 2 shows a large, deep pocket ~fthak of low s-wave velocities on the

southern critical zone (Figure 2.2). The s-wave profile shows similar trends in velocity as the
Line 2 refraction profile at the near surface (Figure 2.9B). The good agreement between the p-

wave and s-wave velocity model trends increases confidence in both.

2.5.3 Seismic Reflection Results

The horizontal resolution of the reflection data is 2.5 m and vertical resolution is 7 m.
The reflection profile of Line 1 (Figure 2.18hows a strong reflector (dashed red line) between
100 and 130 ms on the south end of the line. From the refraction analysis | determined a near
surface velocity of 400 ni'sreplacement velocity and from the NMO corrections | determined
the root mean square (RMS) velocity of 1050 hoa the south end of the profile. This is the
approximate average subsurface velocity; the actual velocity will vary and is assumed te increas
with depth. Using the RMS velocity, the depth to the reflector is estimated at 26 m b.g.s. at the
south end and 68 m b.g.s on the north end. Due to the high amplitude reflection and depth |
interpret this as the pre-eruption surface. The Line 1 refraction profile in Figure 2.9Aahows
similar depth estimate of about 49 m to the pre-eruption surface. The reflection image shows a
coherent signal above the reflector which is the stacked refraction of the water table (dashed blue
line) estimated to be at a depth of 11 m on the south end then dips downward to the north
reaching a depth of 28 m. By comparison the refraction estimate shows the depth to the water
table in the same southern region at a depth between ~20 and 40 m b.g.s. Applying an RMS
velocity will place the near surface events at a shallower depth than realistic. The large velocity
contrast between the stacked refraction and reflection mean that the two events are separated by

significant depth differences but will have similar tratigles as depicted in the reflection image
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Figure 2.9: A) Line 1 p-wave refraction profile. The top 15 m is very low p-wave velocities consistent with unsaturated deposits.
Where the water table is low and not as impacttuMelK H YHORFLWLHY QRUWK HQG RI /LQH WKH S\URF
550 m §'. The water table (between 20-40 m depth) is at 1500 ama@ dips northward trending similarly to the seasonal streambeds.
Debris-avalanche deposits above the water table on the north-end are interpreted as p-wave velocities > 5@ welscities <
1800 m & are interpreted as the pre-eruption surface at about 49 m depth and correlating with the seismic reflection image (Figure
9.11). B) Line 2 p-wave refraction tomography profile. The water table (1500mresval between 20-55 m depth) reaches lower
elevation indicating a northward and westward dip across the region between Lines 1 and 2 and a slight increase in the north end of
Line 2. P-wave veRFL W L HV R#1ate interBreted as ash and blast deposits overlying the debris-avalanche and ='&@0ton s
4000 m g velocities are debris-avalanche deposits. Velociki4600 m & (~59 m depth) are interpreted as the bedrock surface due
to the high velocity. The red triangle indicates the location of the south critical area and the yellow triangle is over the north critical
area.
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Figure 2.11: Line 2 MASW s-wave velocity ra OH % ODVW DQG DVK GHSRViaWd/ DUH
velocities > 220 m$are interpreted as debris-avalanche deposits based on refraction, GPR and borehole (DH-30)
analysis and depth comparisons. There is a deep pocket of very low s-wave velocities on the south end of the line
that is in the same location as the south critical zone. The red triangle indicates the location of the south critical area.
Unlike Line 1, the profile shows less mixing of low and higher velocity materials during deposition.

37



(Figure 2.12). Deeper in the subsurface on the south end of Line 1 around 250, 300 and 450 ms
there are short, coherent reflections that we interpret as surfaces of successive eruption-flow
deposits. Data quality for Line 2 reflection profile (Figure 2.13) was too low to image coherent
subsurface reflections. This is most likely caused by the very thick layer of low velocity
materials, coupled with the highly irregular surface topography which decreases the signal to

noise ratio and coherence of a reflector below the ability to recover a coherent signal.

2.5.4 Ground Penetrating Radar Results

| interpret interfaces between pyroclastic, blast, and ash deposits overlying the debris-
avalanche deposits as the first strong laterally consistent reflection event below the surface that
maintains continuity across the profile. Nearly all GPR profiles identify the boundary between
the pyroclastic, blast and ash deposits overtop the characteristically hummocky debris-avalanche
deposits with a strong reflection at the interface. Due to the chaotic nature of the debris deposit
emplacement, the size and scale of the hummocky debris-avalanche material is variable

throughout the subsurface and visible in the GPR profiles (radargram).

Uncertainty in the EM velocity was determined using the upper-lower bound method.
There is uncertainty in the velocity value when applying a single velocity over a large area
because this does not account for the inevitable lithologic variations. Collecting a CMP
sounding at every line location would improve the velocity accuracy at each line location but is
not practical. | collected two CMP values; one over the pyroclastic flows on the southern portion
of the survey area and one over the debris-avalanche dam crest. The difference of velocities
between the two regions is 0.025 mtn&/ariability is expected du® differences irelectrical

properties of the deposits.
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The data collected on Line P1-1 was of excellent quality due to dry resistive soils which
allowed imaging structures up to ~26 m b.g.s. From the CMP data collected coincident to GPR
Line P1-2 over the pyroclastic and debris-avalanche deposits (Figure 2.7A), | measured an
average EM velocity of 0.091 + 0.006 m*nshich agrees with a previous GPR study over
pyroclastic material on the Mount St. Helens pumice plane of 0.083 to 0.10(@ase, 2017).

The uncertainty in the velocity is due to user variability during data analysis and is 0.086 m ns

Figure 2.14 shows the Line P1-1 radargram with delineation between debris-avalanche
and the overlying pyroclastic flow deposits as a solid black line. At the north end of the profile
the radargram imaged a bowl-shaped feature that | interpret as a phreatic explosion crater infilled
with explosion debris and/or eroded material. | identify the undulating material as the
hummocky debris-avalanche deposit. | determined the pyroclastic flow and debris-avalanche
boundary at an average depth of 5 + 0.4 m b.g.s. from the GPR radargram (Figure 2.14).
Uncertainties in the depth estimates are 7%; the percent of the uncertainty of the EM velocity

picks.

Data collected on Line P1-2 (Figure 2.15) was of excellent quality and allowed imaging
structures up to about 26 m. The continuous boundary line (black line on Figure 2.15) delineates
between the pyroclastic flow deposits overlying the debris-avalanche material with an average
thickness of ~8 =+ 0.6 m and thickens southward. The CMP velocity used in Line P1-1 is the
same used in the analysis of this line and is a reasonable estimate since both these lines are over
the pyroclastic deposit mantled debris-avalanche material and are in the expected range over the
pyroclastic deposits. Line P1-2 exhibits the more chaotic, hummocky features at the north end of
the line which indicate a thinning of the pyroclastic deposits towards the debris-avalanche

deposit. This is consistent with the s-wave profile of seismic Line 1 (Figure 2.10
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Line P2-5 data quality was excellent due to dry, restive conditions and resolved
subsurface features up to ~46 m b.g.s. From the CMP gathered coincident to Line P2-5, |
measured an average EM velocity of 0.116 + 0.010 howmser the debris-avalanche blockage
mantled with ash and blast deposits. EM velocity uncertainty was determined by the same
method as described in the Line P1-1 section above. This value is reasonable when compared to
the range of 0.083 - 0.1 m hor deposits at Mount St. Helens completed by Gase (Gase, 2017).
From the radargram of Line P2-5 (Figure 2.16), | determined the debris-avalanche material
boundary by the reflection near the surface where the overlying fill, ash cloud and blast materials
exhibit horizontal layering. The horizontal layering is expected of the blast and ash cloud
material. The debris-avalanche deposit is characteristically hummocky below the line in Figure
2.15. Atthe south end of the line | determined the starting depth of the debris-avalanche deposit
as15 = 1 m b.g.s. then the blast and ash deposits thin northward to 5 £ 0.4 m b.g.s. Uncertainties

in the depth estimates are 8%; the percent of the uncertainty of the EM velocity picks.

Line P2-5a data quality was excellent over this area due to dry, resistive conditions. The
CMP velocity used in Line P2-5 is the same used in the analysis of this line which is reasonable
considering they are both over blast and ash deposits mantling the debris-avalanche deposit and
is within the EM velocity range for silts and sands. The solid black line in Figure 2.17 delineates
the boundary interpreted between the ash and blast deposits and the debris-avalanche deposits
with an average depth of about 5 + 0.4 m b.g.s. | identified features that are likely the water
table or perched aquifers marked with a green line due to the strong horizontal reflection
between profile distances 183 and 520 m and at an average depth of 25 + 2 m b.g.s. Profile P2-

5a in Figure 2.16 show the hummocks as peak and valley structures which I interpret in the GPR
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radargrams as the debris-avalanche material. This lateral variability is expected because of the

chaotic nature in which the debris-avalanche slid down from Mount St. $delen

Appendix A contains the remainder of the GPR lines collected during the field study. As
was discussed in this section, the near surface of the GPR radargrams of Appendix A
demonstrate the similar laterally consistent top layer interpreted as either pyroclastic, ash cloud
and or blast deposit material overlying the debris-avalanche deposit which is characteristically
hummocky.
2.5.5 Liquefaction Potential Results

Liquefaction models were done on seismic Line 1 where the water table was within the
shear wave profile on this line. The water table for Line 2 shown in the refraction profile (Figure
2.9B) dips deeply in the subsurface and the MASW profile has very little saturated soils and was

not considered in this study .

As of this study, peak ground analysis (PGA) analysis has not been developed for the Spirit
Lake region. To determine the PGA to use for liquefaction modeling in this study. | used the mean
PGA-frequency curve produced by the USACE which produced estimates of potential PGA of
0.10, 0.27, 0.40 and 0.66 for the Cascadia region (USACE, &a6t et al., 2017). Earthquake
magnitude values | considered were determined in a probabilistic seismic hazard analysis
(Peterson et al, 200&rant et al., 2017). Their work found that local seismicity from Mount St.
Helens, St. Helens seismic zone and local background seismicity <20 km could produce
earthquakes of M5.0-6.5. Between 80-120 km they found deep intraslab earthquakes could
produce earthquakes of M5.5-7.0 and 90-200 km from Mount St. Helens Cascadia megathrust
earthquakes could produce M8-9. Grant et al. noted the <20 km seismicity poses a greater

likelihood but suggests that larger earthquakes should be examined as well. Based on this
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assessment | chose to model liquefaction with earthquakes of magnitudes M6.5, M7.0 and M8.0.
Another factor in estimating liquefaction is soil bulk density. | modeled minimum and maximum
density values for the pyroclastic deposits of 1593kgnd 1935 kg"* and debris-avalanche
deposits of 1665 kg and 2018 kg™ from lab analyses of the Mount St. Helens deposits
(USACE, 2018). All figures in this section (Figures 2.18-2.29) have pixel sizes of 1.5 m laterally

and 0.36 m vertically.

Figures 2.18 and 2.19 show how liquefaction potential is influenced by bulk density
GLITHUHQFHV IRU ILQHV FRQWHQW RI 7 0 HDUKTXDNH
increase in liquefiable saturated soils modeled with the lower soil bulk density values; 25% of
saturated soils are liquefiable using maximum density values versus 33% using minimum density

values.

Percent fines within a subsurface soil has a significant impact on the potential for
liquefaction. Soil analysis completed in the early 1980s shows the fines content varies widely at
Mount St. Helens (USACE, 2018 ). Figure2®and 2.21 show that as fines content within the
saturated subsurface increases so does the percent of liquefiable soils while keeping the earthquake
magnitude and PGA constant at M7.0 and 0.1g. Figure R.R0G HZB% fines content, PGA of
0.10, minimum density and a magnitude M7.0 earthquake. Figure2RGHOV "~ ILQHV FRQ'
PGA of 0.1, minimum density and a magnitude M7.0 earthquake. The percent difference between
the liquefiable material is 24;19 IRU VRLOV ZLWK D |L Q3% fd¢f BosWith@ W " D
fines conW H Q W These results make sense since fines have a lower shear strength thus making

higher fines content soils more susceptible to liquefaction.
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Figure 2.14: Line P1-1 profile. The black line delineates the pyroclastic flow materials above the line and debris-avalanche
below the line at an average depth of 5 + 0.4 m b.g.s. The bowl-shaped feature between 125 m and 225 m from line start
interpreted as an explosion crater formed by a phreatic explosion, reported in the days and weeks immediately following tt
18th, 1980 eruption. The EM velocity for this line is 0.091 + 0.006 t ns
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Figure 2.15: Line P1-2 profile. The black line delineates the pyroclastic flow materials above the line and debris-aval
deposit below the line with an average thickness of about 8 + 0.6 m. The strong reflection delineates the boundary &
QRWDEOH 3SHDN DQG YDOOH\" IHDW XU H Vrigit/df tHe @eb i \delpodsit-had the/muvekcbindisi
horizontal features of the pyroclastic flow deposits overtop the debris-avalanche. The EM velocity for this line is 0.0¢
m ns.
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Figure 2.16: Line P2-5 profile. The black line delineates ash and blast deposits above the line and debris-avalanct
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Increasing PGA increases liquefaction potential as illustrated in Figu#2sand 2.23.
Figures 2.22 models a PGA of 0.10, ILQHV FRQWHQW PLQLPXP GHQVLW
earthquake and Figure 2.23 models a PGA of 0.40 while keeping all other parameters the same as
model in Figure 2.22. By increasing the PGA from 0.10 to 0.40 there is a 6% increase in liquefiable

saturated soils: 33% to 39% liquefiable.

Next, | assessed the effect of earthquake magnitude on the model idealizing a local event
and comparing to a Cascadia megathrust event. FigurdP2RGEHOV -« ILQHVY FRQWHQW
bulk density, magnitude M6.5 earthquake and a PGA of 0.40 and Figuré RX5EHOV - ILQHV
content, minimum density, magnitude M8.0 earthquake and a PGA of 0.40. The M8.0 magnitude
earthquake models a 16% increase of liquefiable saturated soils above a magnitude M6.5
earthquakeg37% of the saturated soils are liquefiable in a M6.5 and 53% are liquefiable in a M8.0

event.

| modeled liquefaction potential with a higher water table which would be expected due to
the spring snowmelt runoff, during the fall rain season or an extreme lake level rise. During the
specific year and time of year this study was performed the Mount St. Helens region was
experiencing an unusually hot and dry summer thus the water table was likely below its average
summer elevation and can be expected to be higher during hydrologic events. |increased the water
level by increments of 5 m up to 15 m from the water level determined by the refraction analysis
(Figure 2.9A) to determine the liquefaction potential with increased water saturation. The only
model parameter changed was the water table all others were kept constant to evaluate how the
model changes by moving the water table. Figures 2.26, 2.27, 2.28, 2.29 show the increase in
liquefaction susceptibility of an increasing water table by 5 m increments. Figure 2.26 models

liquefaction potential with the water table as located by the refraction analysis and shows 37% of
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the saturated soils are liquefiable. Figure 2.27 models a 5 m increase of the water tablé and 37
of the saturated soils are liquefiable; representing no significant increase in potential. A 10 m
increase (Figure 2.28) shows that 43% of the saturated soils are liquefiable. Increasing the water

table by 15 m (Figure 2.29) shows that 52% of the saturated soils are liquefiable.

2.6 Discussion

Seismic refraction p-wave data identified the water table depth at between 20 and 55 m
b.g.s. Line 1 refraction profiles identified the pre-eruption surface at about 49 m depth and
bedrock velocities on Line 2 at ~60 m depth. MASW s-wave data proved to be useful in
delineating the debris avalanche material and overlying deposits. The south end of Line 2 shows
a large, deep pocket about 18hick of low s-wave velocities on the southern critical zone
which is significant because it likely has little strength capacity to hold back the water if the lake
ever reached this elevation and because the south critical area is the lowest point on the crest of
the debris-avalanche blockage. Seismic reflection was more difficult to interpret due to the poor
reflection quality, especially on Line 2. On Line 1, the pre-eruption surface and the tracked
water table refraction and pre-eruption surface reflection were reasonably close to the depth

estimates determined from the p-wave refraction velocities on Line 1.

GPR data coincident with seismic Line 1 and Line 2 are in good agreement with the s-
wave and p-wave models on the depth to debris-avalanche deposits where the surveys
overlapped. Electromagnetic velocities between 0.091-0.116'ramisagree with values for
pyroclastic deposits (0.08-0.1 msand silts to sands (0.07-0.13 mhgGase, 2017; Annan,
2004; Annan, 2005). GPR identified the boundary between the debris-avalanche deposit and
overlying pyroclastic, ash cloud and blast deposit. These findings are significant because the

material that mantles the debris-avalanche is highly erodible and will fail against a rising lake
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Figure 2.18 /LTXHIDFWLRQ SRWHQWLDO PRGHO ZLWK PLQLPXP VRLO GHQVLW\
PGA of 0.10. 33% of saturated soil is susceptible to liquefaction.
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Figure 2.19: Liquefaction poteiiO PRGHO ZLWK PD[LPXP VRLO GHQVLW\ YDOXHYV
PGA of 0.10. 25% of the saturated soil is susceptible to liquefaction.
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Figure 2.20: Liquefaction potential model with minkP VRLO GHQVLW\ YDOXHYV
PGA of 0.10. 33% of the saturated soil is susceptible to liquefaction.
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Figure 2.21: Liquefaction potential model with minimum soil densityddly ILQHV FRQWHQW RI1 ” PDJ(

PGA of 0.10. 19% of the saturated soil is susceptible to liquefaction.
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Figure 2.22: Liquefaction potential model with minimum soil density values, fines coritent o PDJQLWXGH O
PGA of 0.10. 33% of the saturated soil is susceptible to liquefaction.
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Figure 223 /LTXHIDFWLRQ SRWHQWLDO PRGHO ZLWK PLQLPXP VR MO.0G&tthguakey \
PGA of 0.40. 39% of the saturated soil is susceptible to liquefaction.
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Figure2.24 /LTXHIDFWLRQ SRWHQWLDO PRGHO ZLWK PLQLPXP VRLO GHQVLW\
PGA of 0.40. 37% of the saturated soil is susceptible to liquefaction.
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Figure2.25 /LTXHIDFWLRQ SRWHQWLDO PRGHO ZLWK PLQLPXP VRLO GHQVLW\
PGA of 0.40. 53% of the saturated soil is susceptible to liquefaction.
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Figure 226 /LTXHIDFWLRQ SRWHQWLDO PRGHO ZLWK PLQLPXP VRLO GHQVLW\
PGA of 0.27 and the water table has not been shifted upward. 37% of the saturated solil is susceptible to liquefaction.
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Figure2.27 /LTXHIDFWLRQ SRWHQWLDO PRGHO ZLWK PLQLPXP VRLO GHQVLW\
PGA of 0.27 and the water table has been shifted upward 5 meters. 37% of the saturated soil is susceptible to liquefaction
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Figure 228 /LTXHIDFWLRQ SRWHQWLDO PRGHO ZLWK PLQL PMX&nkld /. Gdarghyfuake,\
PGA of 0.27 and the water table has been shifted upward 10 meters. 43% of the saturated soil is susceptible to liquefactic
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Figure 2.29: Liquefaction potential model with minimum soil densty®@ XHV [ILQHYV FRQWHQW R - Pl
PGA of 0.27 and the water table has been shifted upward 15 meters. 52% of the saturated soil is susceptible to liquefactic
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level. To manage the Spirit Lake levels it is important to know the actual elevation of the debris-
avalanche deposit, not the dam crest elevation. The GPR radargrams together provide a useful
tool for visualizing the thickness of the mantling material varying in thickness between a few
meters to >15 m thick. GPR radargrams close to Spirit Lake identified a buried object that is
likely the abandoned steel pipe. In some regions, GPR radargrams reveal the water table and or
perched aquifers but often the water table signal is scattered by the debris-avalanche deposit due

to the chaotic and hummocky deposition evident in the GPR images.

The geophysical interpretations provide a better understanding of the structure and
variations within the Spirit Lake blockage. Seismic and GPR data provide insight on the debris-
avalanche structure and where the boundary between the deposits atop the debris avalanche.
This is critical for the hazard mitigation plan because the pyroclastic, blast and ash deposits are
highly erodible and likely not to hold back a rising lake. Within the debris-avalanche, seismic
refraction and to a lesser extent GPR, identified the depth to the water table (or perched aquifers
which is important for planners to know where water is within the debris-blockage. The highest
p-wave velocities on both seismic lines is interpreted as pre-eruption surfaces and on Line 1 a

seismic reflection at a similar depth was interpreted as the pre-eruption surface.

Liquefaction potential at this site is increased by the low bulk density deposits, fine
content, water table elevation and the seismicity of the Cascadia Subduction and Mount St. Helens
seismic Zones. The low-density pyroclastic materials would be at a greater risk of liquefaction if
the water table were to reach full saturation of the subsurfabe.analysis also shows that
higher water table increases the volume of material liquefiable in an earthquake as the deposits
with lower swave values increase towards the surface. Liquefaction modeling shows earthquake

magnitude and the associated increase in peak ground acceleration as the largest factor leading to
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increased liquefiable soils with a 16% increase between a M6.0 and a M8.0 earthquake. Fines
content is also significant and represents a 14QFUHDVH ZKHQ WKH ILQHV FRQWF
to o ORGHOLQJ ERWK PLQLPXP DQG PD[nL&®KiRcréaskQwWienw\ Y DO
minimum values are used. Water table level shamwmcreasing percent liquefiable soils (37-

52%) as the water level is raised to the 15 m maximum increase. The liquefaction modeling
demonstrates that liquefaction is possible on Mount St. Helens and that a larger magnitude
earthquake when the water table is high poses the greatest impact in areas where the fines content

is highest.

2.7  Conclusions

GPR and seismic methods prove to be useful in determining lithologic boundaries and
subsurface properties important for characterizing geologic hazards and assessing liquefaction.
To estimate the depth to the debris-avalanche dam material underlying the pyroclastic, blast and
ash deposits | acquired GPR and seismic data to identify the boundary between a debris-
avalanche deposit and overlying, highly erodible deposits. GPR, corroborated with coincident s-
wave and p-wave dathshow that along the crest of the debris avalanche dam there are between
~5and 15 m of blast and ash deposits that would rapidly erode if the dam was breached by the
lake. GPR and seismic data identified water table and/ or perched aquifer elevations throughout
the debris-avalanche material to inform where water moves through the debris avalanche, a
proxy for where internal erosion could be a potential hazard. Liquefaction modeling
demonstrates the plausible hazard if a seismic event were to affect the region. The hazard
created by liguefaction is slope failure which could impact the functionality of the debris-
avalanche dam and send liquefied soils down the drainage system impacting downstream

systems.
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This study demonstrates the applicability of geophysical methods to characterizing
aspects of geologic hazards over a relatively large area especially in remote, sensitive areas
where vehicle access can be limited. The resulting seismic and GPR interpretations can be used
to improve the geologic model and physical properties of geologic deposits. This type of
analysis can be used to characterize hazard sites by identifying lithology boundaries, liquefaction
and other hazards such as water table locations with the understanding that the method used must
be appropriate for the target lithology. Python-based visualizations create an interactive and
integrated approach to 3D data visualization of the refraction, MASW and GPR datasets which
aid in identifying trends in the data. Future work at this site should include borehole data on the
critical areas along the debris-avalanche dam crest and along the south seismic line for
corroborating the geophysical assessment. For liquefaction assessment the water level across the
debris-avalanche should be measured with refraction seismic and MASW to develop a larger
scale regional model$ QRWKHU 0%$6: VXUYH\ RYHU WKH GDPfV FULWLFD

table is higher is recommended to model potential failure zones resulting from a seismic event.
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CHAPTER 3

CONCLUSION AND FUTURE WORK

In this thesis] illustrate how seismic and GPR methods can be used to develop a regional
hazard analysis of the shallow subsurface. Further, | demonstrate with shear-wave data
liquefaction potential analysis.

Combining multiple geophysical methods can be a powerful tool in developing a
geologic model to understand geologic hazards. Each method contributes information on a
different scale and provides different information about the subsurface. Seismic and GPR data
acquisition is fast and can cover large regions in remote areas or ecologically sensitive areas like
Mount St. Helens. Interpretations of the geophysical data reveal the boundary between
pyroclastic, blast and ash deposits atop a debris-avaldegbsit. The near-surface high
resolution of GPR clearly delineated the laterally laid deposits of pyroclastic, ash and blast
deposits from the hummocky depositional characteristic of the debris-avalanche. GPR identified
buried metal objects that are believed to be the buried pipe or other metal artifact(s) and
determined depth to perched aquifers or the water table on certain survey lines. Seismic p-wave
refraction analysis determined the water table location and thicknesses of the material over the
debris-avalanche in regions where the water table was below the debris-avalanche deposit.
MASW (s-wave) analysis confirmed the boundary identified by GPR where the surveys were
coincident. S-wave profiles delineated the debris-avalanche and overlying deposit Seismi
reflection and refraction interpretation identified the depth to the pre-eruption surface. Shear-
wave data were shown to model liquefaction potential with a range of parameters for peak

ground acceleration, earthquake magnitude, fines content, soil density and water table elevation.
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Taken together, the GPR, seismic and liquefaction analysis provides a way to examine
subsurface hazards. A Python-based 3D visualization that incorporates LiDAR data is available
that brings refraction, MASW and GPR data sets into the model in an interactive display. This
aids in the observable anomalies present and visualizing trends in the data.

The study presented in this thesis will be incorporated into the decision-making process
of the USFK5, USACE and USGS agencies as they develop the hazard mitigation plan for Spirit
Lake. The geophysical analysis will be used to guide the USACE in determining the boring
regime they need in their subsurface assessments. Core analysis from borehole information can
then be used to confirm the geophysical interpretations and constrain the density and fines
content for the liquefaction potential modeling. Looking forward, | conducted a second field
campaign with active seismic, GPR and time domain electromagnetic data acquisitions in late
July and early August 2019. Ultimately, seelatasets will be incorporated into the geophysical
analysis of this thesis and the geologic models of the USACE, USFS and USGS for their

assessment of the Spirit Lake blockage and hazard assessments.
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APPENDIX A

GROUND PENETRATING RADAR RESULTS
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FigureA.1: Line P1-3 profile. The line transects Line P1-2 at 137 m from the north end. The black line delineates the
flow deposits above the line and debris-avalanche deposits below the line at an average depth of 8 + 0.6 m b.g.s. The
for this line is 0.091 + 0.006 mTs
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FigureA.2: Line P1-4 profile. The line starts about 128 m north of Line P1-3 and transects Line P1-2 at 110 m from th
end. The black line delineates the pyroclastic flow deposits above the line and debris-avalanche deposits below the i
average depth of 8 + 0.6 m b.g.s. The EM velocity for this line is 0.091 + 0.006. m ns
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FigureA.3: Line P1-5 profile. The line starts about 134 m north of Bikd. The line transects Line P1-2 at 40 m from the nort
end. The black line delineates the pyroclastic flow deposits above the line and debris-avalanche deposits below the line at
depth of 10 + 0.7 m b.g.s. The EM velocity for this line is 0.091 + 0.006'm ns
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FigureA.4: Line P1-6 profile. The line starts about 72 m north of Line P1-5 and transects Line P2-2 55 m from the north el
black line delineates the pyroclastic flow deposits above the line and debris-avalanche deposits below the line at an averag
+ 0.6 m b.g.s. The EM velocity for this line is 0.091 + 0.006 t ns
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FigureA.5: Line P1-7 profile and was collected roughly parallel to Line P1-1. The black line delineates the pyroclastic flow
above the line and debris-avalanche deposits below the line at an average depth of 4 £ 0.3 m b.g.s. The EM velocity for tk
0.091 + 0.006 m n's
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FigureA.6: Line P1-8 profile. The line transected Line P1-1 at 27 m from the north end and 25 m from the west end of this
bowl-shaped feature aligns with the phreatic explosion crater presented and discussed on Line P1-1. The black line deline
pyroclastic flow, ash and blast deposits above the line and debris-avalanche deposits below the line at an average depth o
b.g.s. outside of the phreatic explosion crater region. The EM velocity for this line is 0.091 + 0.086 m ns
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FigureA.7: Line P1-9 profile. The black line delineates the top of the debris-avalanche deposits below the line at an avera
6 + 0.5 m b.g.s. The EM velocity for this line is 0.091 + 0.006 T ns
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FigureA.8: Line P1-10 profile. The black line delineates the ash and blast deposits above the line and debris-avalanche d

below the line at an average depth of 8 + 0.6 m b.g.s. The EM velocity for this line is 0.0116 + 0.610 m ns
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FigureA.9: Line P2-1 profile. The black line delineates ash and blast deposits above the line and debris-avalanche deposi
an average depth of 8 + 0.6 m b.g.s. The EM velocity for this line is 0.0116 + 0.010 m ns
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FigureA.10: Line P2-2 profile. Southeast is to the left on the radargram and was collected towards the northwest then at ab
from start bends towards the northeast. The black line delineates the ash and blast deposits above the line and debris-avala
at an average depth of 9 + 0.7 m b.g.s. The EM velocity for this line is 0.0116 + 0.0f0 m ns
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FigureA.11: Line P2-3 profile. The black line delineates the ash and blast deposits above the line and debris-avalanc

below at an average depth of 8 + 0.6 m b.g.s. The EM velocity for this line is 0.0116 + 0.010 m ns
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FigureA.12: Line P2-3a profile. The black line delineates the ash and blast deposits above the line and debris-a
deposits below the line at an average depth of 8 + 0.6 m b.g.s. on the northwest end and thins to about 3 £ 0.2 m
southeastern end. The EM velocity for this line is 0.0116 + 0.010'm ns
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FigureA.13: Line P2-4 profile. The line was collected in a dry streambed. The black line delineates the ash and blast dep
the line and debris-avalanche deposits below the line at an average depth of 5+ 0.4 m b.g.s. At 400 m from the start of th

depth to the water table/ perched aquifer(s) is 12nt The EM velocity for this line is 0.0116 + 0.010 m'ns
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FigureA.14: Line P2-6 profile. The black line delineates the ash and blast deposits above the line and debris-avalanche de
at an average depth of 8 £ 0.6 m b.g.s. The green line represents the water table or a perched aquifer(s) at 18 £ 1 m b.g.s.
radargram. The orange circle is where the pipe (or buried artifact(s)) is located. The EM velocity for this line is 0.0116 + 6.(
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FigureA.15: Line P2-7 profile. The black line delineates the ash and blast deposits above the line and debris-avalanche d
an average depth of 9 + 0.5 m b.g.s. The EM velocity for this line is 0.0116 + 0.070 m ns
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FigureA.16: Line P2-7a profile. Line starts east; heads west then turns south and ends east. The black line delineates thi
blast deposits above the line and debris-avalanche deposits below the line at an average depth of 10 + 0.7 m b.g.s. The o
where the pipe or buried artifact(s) is located. The EM velocity for this line is 0.0116 + 0.0¥0 m ns
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FigureA.17: Line P2-8 profile. The black line delineates the ash and blast material above the line and debris-avalanche de
at an average depth of about 10 + 0.5 m b.g.s. The green line represents the water table or perched aquifer(s) at an av&re
m depth. The orange circles are where the pipe and/ or buried artifacts are located. The EM velocity for this line is 0.011€
nst.
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FigureA.18: Line P2-8a profile. The black line delineates the ash and blast material above the line and debris-avalanct

below at an average depth of 8 + 0.4 m b.g.s. The green line represents the water table or a perched aquifer(s) at an ¢
of 25+ 2 m b.g.s. The EM velocity for this line is 0.0116 + 0.010f ns
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FigureA.19: Line P2-9 profile. The black line delineates the ash and blast material above the line and debris-avalanche de
average depth of 6 £ 0.5 m b.g.s. The green line represents the water table or a perched aquifer an average of 20t 2 mk
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APPENDIX B

ADDITIONAL LIQUEFACTION MODELING RESULTS

The models contained in Appendix B demonstrate liquefaction potential along seismic Line
1 with different parametrization than presented in the body of Chapter 2. Figures B.1 - B.5 model
fines contents, FC, 5% < FC < 35% considering maximum density soil values. | model fines
content of 10%, 15%, 21%, 26% and 31%. Figures B.6 - B.10 model fines contents, FC, 5 < FC
< 35 considering minimum density soil value whdrenodel fines content of 10%, 15%, 21%,
26% and 31. Figures B.11+B.13 model three different events with varying parameters as a
minimal impact potential (Figure B.11), a medium impact potential (Figure B.12) and an extreme

impact potential (Figure B.13). Parameterization is detailed in the captions of each of the figures.
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FigureB.1: Liquefaction model of Line 1. Parameters: maximum density, PGA of 0.27, magnitude M7.0 earthquake, and we
at 10 m and percent fines content is 10%.
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FigureB.2: Liguefaction model of Line 1. Parameters: maximum density, PGA of 0.27, magnitude M7.0, and water table €
and percent fines content is 15%.
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FigureB.3: Liquefaction model of Line 1. Parameters: maximum density, PGA of 0.27, magnitude M7.0, and water table at
percent fines content is 21%.
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FigureB.4: Liquefaction model of Line 1. Parameters: maximum density, PGA of 0.27, magnitude M7.0, and water table at
percent fines content is 26%.

97



FigureB.5: Liquefaction model of Line 1. Parameters: maximum density, PGA of 0.27, magnitude M7.0, and water table at
percent fines content is 31%.
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FigureB.6: Liquefaction model of Line 1. Parameters: minimum density, PGA of 0.27, magnitude M7.0, and water table at
percent fines content is 10%.
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FigureB.7: Liquefaction model of Line 1. Parameters: minimum density, PGA of 0.27, magnitude M7.0, anc
table at 10 m and percent fines content is 15%.
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FigureB.8: Liquefaction model of Line 1. Parameters: minimum density, PGA of 0.27, magnitude M7.0, and water table at
percent fines content is 21%.
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FigureB.9: Liquefaction model of Line 1. Parameters: minimum density, PGA of 0.27, magnitude M7.0, and water table at
percent fines content is 26%.
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FigureB.10: Liquefaction model of Line 1. Parameters: minimum density, PGA of 0.27, magnitude M7.0, and water table a
and percent fines content is 31%.
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FigureB.11: Liquefaction model of Line 1. Small event parameters: maximum density, PGA of 0.10, magnitude M6.5, and \
table at 0 m and percent fines content’&%. The percent volume of liquefiable soils $$.9
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FigureB.12: Liquefaction model of Line 1. Medium event parameters: maximum density, PGA of 0.27, magnitude M7
water table at 7.5 m and percent fines conten8&96. The percent volume of liquefiable soils 1939
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FigureB.13: Liguefaction model of Line 1. Large event parameters: minimum density, PGA of 0.66, magnitude N
and water table at 15 m and percent fines content5%. The percent volume of liquefiable soils i€02
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APPENDIX C
3D MODELING RESULTS
The images contained in Appendix C are 3D images of the seismic refraction, MASW
and GPR data assembled with a LIDAR dataset accessed at the Washington LiDARTPertal.
data visualizations in this section were created using Python-based Pyvista and PvGEO models
that allow visualization of the subsurface geophysical data with the high-resolution LIDAR

topography to enhance the geophysical analysis of the subsurface.
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FigureC.1: Overview of the survey area north of Mount St. Helens boxed in black.
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FigureC.2: Overview of survey area boxed in black.
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FigureC.3: GPR and seismic survey lines overlaid on LiDAR.
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FigureC.4: Visualizations are linked in spatial reference from below the LiDAR looking up to the seismis
GPR data. The black line in each profile above is the water table identified and geo-referenced by the
refraction in Figures 2.9A and 2.9B. a) Refraction p-wave profiles: Line 1 is south and Line 2 in north. b
MASW p-wave profiles: Line 1 is south and Line 2 in north. ¢) GPR profiles.
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FigureC.5: Overview of GPR lines and line names.
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FigureC.6: Visualizations are linked in spatial reference from below the LiDAR looking up to the seismic and GPR d:
the subsurface perspective. These visualizations are the data collected in the same region as seismic Line 1. The bl
each profile above is the water table identified and geo-referenced by the seismic refraction in Figure 2.9A. a) Refra
wave profile Line 1. b) MASW s-wave profile Line 2. ¢) GPR profiles collected over seismic Line 1.
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FigureC.7: Visualizations are linked in spatial reference from below the LIiDAR looking up to the seismic and GPR data. TI
visualizations are the data collected in the same area as seismic Line 1 and are visualizations looking up to the seismic an
from the subsurface perspective. The black line in each profile above is the water table identified and geo-referenced by tt
refraction in Figure 2.9A. a) Refraction p-wave profiles. b) MASW s-wave profile. ¢) GPR profiles P1-1 and R&t@dcoller

seismic Line 1.
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FigureC.8: Visualizations are linked in spatial reference from below the LiDAR looking up to the seismic and GPR date
These visualizations are the data collected in the same area as seismic Line 2 and are visualizations looking up to the
and GPR data from the subsurface perspective. The black line in each profile above is the water table identified and ¢
referenced by the seismic refraction in Figure 2.9B. a) Refraction p-wave profiles. b) MASW s-wave profile. ¢) GPR
profiles P2-5 and P2-5a collected over seismic Line 2.
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a) GPS Data b) GPR Images

Figure C.9: Visualizations are linked in spatial reference from below the LIDAR looking down to the GPR data. These visu:
are the data collected east of the north critical area and closest data collected to Spirit Lake. a) GPS data collected with G
GPR lines closest to Spirit Lake with orange circles showing the location of the buried artifacts assumed to be the pipe or ¢

object.
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