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ABSTRACT
Active seismicity and volcanism north

provide key ingredients for hydrothermal circulation at depth. This broad zone of
seismicitydefines the St. Helens Seismic Zone, whegkends well north of the volcanic
edifice below where several faults and associated fractures in outcrop record repeated slip,
dilation, and alteration indicative of localized fluid flow. Candidatemesir rocks for a
geothermal system include marine metasediments overlain by extrusive volddmcs.
colocation of elements comprising a geothermal system at this loistiestedhereby
analysis of the structures potentially hosting a reservoir, th&tionship to the modern
stress state, and temperature logs to a depth of 250 m. Outcrop mapping and borehole image
log analysis down to 244 m document highly fractured volcaniclastic deposits and basalt
flows. Intervening ash layers truncate the wattextent of most structures. However, large
strike slip faults with welldeveloped fault cores and associated high fracture density cross
ash layers; vein filling and alternation of the adjacent host rock in these faults suggest they
act as vertically eensive flow pathsThese faults and associated fractures record repeated
slip, dilation, andhealing by various dolomite, quartz, and hematite, as well as clay
alteration,indicative of longlived, localized fluid flow. In addition, where these rocks are
altered by igneous intrusion, they host high fracture density that facilitated heat transfer
evidenced by associated hydrothermal alteration. Breakouts in image logs indicate the
azimuth of ®Smax in the shear zone is broadly consistent with both the GR& pl
convergence velocity field as well as seismically active strike slip faults and-stigke

faults mapped in outcrop and borehole image Iblgsvever, the local orientation ofiQax

varies by position relative to the edifice and in some cases with dépig the borehole

(



making a simple regional averagenaazimuth misleadingdoreholes within the seismic

zone display a wider variety of fracture attitudes than those outside the shear zone,
potentially promoting peneability. Temperature profilegr these wells all indicate
isothermal conditions at average groundwater temperatures, consistent with rapidly
flowing water localized within fracture$ogether, these results indicate that the area north
of Mount Saint Helens generates and maintains porasiypermeabilitysuggesting that
conditions necessary for a geothermal system are present, aldmyghno modern heat

source or hydrothermal circulation was detected at shallow depth.
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CHAPTER 1
1. INTRODUCTION
Despite active volcanism, geothermal energy remains an-umilieed resource in

the Cascades region of the Pacific Northwest. Lack of development partly reflects difficulty
in locating potential reservoirs due to a strong groundwater masking effect coupled with
lack of outcrop exposure for geological characterization. The GeothermaF&fayay
Analysis (PFA) for Washington State developed and implemented an exploration
methoddogy to improve the search for blind geothermal syst@rosson, 2015; Forson et

al., 2015; Forson et al., 2016; Forson et al., 2017; Swyer, et al., 2016). THearlagy
Analysis evaluateshe likelihood for colocation of essential elements of a complet
geothermal system including: (a) a heat source, (b) a permeable conduit connecting the
heat source to (c) shallow porous and permeable reservoir rocks that are (d) saturated.
These attributes and their uncertainties are estimated from the availablgicecdmd
geophysical proxies using an Analytical Hierarchical Process, and subsequently augmented
by targeted data acquisition. The analysis provides both a constraint on attribute uncertainty
and an integrated assessment of development risk. One sitifiede with a high
geothermapotentialand necessary infrastructure for development, approximately 15 km
north of Mount St. Helens within the NN\WSE trending St. Helens Seismic Zone (SHSZ)

is the subject of this study.

An essential underpinning of thexical geothermal systems at Mount St. Helens
is that actively slipping faults and secondary fractures generate and maintain connected
porosity necessary to hositensive hydrothermal circulatiomhe presence of such

connected porosity and either hot teraindicating active geothermal circulation or



hydrothermal alteration consistent with fossil circulation provide necessary tests of this

critical hypothesis.

The playfairway model is tested by two field studies which began in the summer
of 2018. First,the potential for faultelated porosity is assessed through outcrop and
petrographic mapping of faults and fractures and their associated porosity and alteration.
This investigation at the surface is extrapolated to depth by analysis of image and
petrophsgical logs obtained as part of the Plate Boundary Observatory (PBO) borehole
B201. In addition, a dedicated temperature gradient hole (TGH) has been drilled, providing

preliminary temperature logs and cuttings to analyze for hydrothermal alteration mineral

Together, these studies characterize the geometry, kinematics, local stress state, and
associated healing or alteration of the fracture and fault population as well as their current
or past role as hydrothermal conduits. The goal is to determine i fand fractures in
basalt flows or indurated volcaniclastic deposits at reservoir depths are likely to provide

connected porosity sufficient to host commercially viable geothermal reservoirs.

This study: 1) documents fault and fractasesociated porositin the Mount St.
Helens study aredhrough aseries of outcrop and boreho@nalyses 2) presents
preliminary results from the 2018 drilling campaign, and 3) tests these results against
predictions from the plafairway analysis including local stressatg and geothermal
favorability. Important factorfor an updated conceptual model of geothermal systems are
stratigraphic arrangement, since ash falls and hydrothermally altered units may act as
barriers to connectivity, and the variation of the frachopulation and stress state around

2



the volcanic edifice and shear zone. The result of these investigations is a refined

conceptual model of geothermal systems in the vicinity of Mount St. Helens.

1.1 Review of Fracture Characteristics

In the brittle uppecrust, zones of high porosity may be created and maintained by
slip on rough fracture and fault surfaces due to accompanying dilation (e.g., Caine et al.,
1995; Townend and Zoback, 2001). The fractures most likely to slip are those oriented to
optimizehe ratio of shear to nor mal traction,
Barton et al. (1998) demonstrated that in the Dixie Valley geothermal field, the majority of
hydraulically conductive fractures are critically stressed. Mickelthwaite and(ZE®6)
applied this concept to ore deposits, suggesting that the mechanism operates over the long
time scales necessary to accumulate ores. These studies, along with analyses of aftershocks
and induced earthquakes, suggest relatively little stress cimngeessary to reactivate

faults (e.g. McGarr et al., 1978; King et al., 1994).

Dilation is strongly influenced by host rock properties such as mineralogy, rock
strength, and initial surface roughness of fracture walls (e.g., Davatzes and Hickman, 2010;
Wells and Davatzes, 2015). Mineralogy and rock strength are strongly related; minerals
with high frictional strength and shweakening behavior tend to promote dilation during
slip in the shallow crust (Lockner and Beeler, 2003). For these minerals,ergchirittle
fracture can thus induce dilation as asperities on opposing fracture walls force the walls
apart during slip (Brown, 1987). The resulting connected porosity increases permeability

across the rock volume. In contrast, frictionally weaker miseespecially phyllosilicates



such as smectite and illite, tend to inhibit dilation during slip (e.g. Davatzes and Hickman,
2010). Thus, mineral types and relative abundance provide an indication of rock strength
due to the differences in frictional strehgfor common rock forming and alteration
minerals, as well as fracture or fault permeability (Crawford et al., 2003; Tembe et al., 2010
and references therein; Zhu, 2012). At the outcrop scale, evidence of dilation includes veins
and the textures and muadization of slip surfaces. The history of surface modification
and exposure to fluids is also revealed through petrographic analysis of fractures and the
adjacent host rock. This has the further benefit of establishing the relative timing of

mineralizaton (paragenesis), which is used as a proxy for fluid flow history.

Fluid circulation over the 10006s of me |
hydrothermal system requires an extensive network of connected fractures (Huenges,
2010). Connectivity is mmoted by variation in fracture attitude, high fracture density,
large fracture length, and fracture intersection characteristics (Eichubl et al., 2009;
Davatzes and Hickman, 2010). The types and organization of lithologic units can also have
a profound catrol on the dimensions of fractures (e.g. Laubach et al., 2009). These
characteristics are documented by: (a) outcrop maps of fracture and fault spacing, attitude,
and kinematics and (b) in the subsurface by characterization of fracture populations from

acoustic image logs.

1.2 Play Fairway Analysis at Mount Saint Helens

From a geological perspective, geothermal reservoirs are zones where fluid is

trapped and heated, and is able to be extracted to the sutiaeeges, 2010 Defining



the commerciaviability of a reservoir is more difficult, as it is dependent upon such factors
as enthalpy of the fluid, cost of extraction, size of the resource, the price of energy, etc. To
maximize the potential for profitable electrical energy generation from gswuree, a
reservoir should first be in an area with a temperature gradient elevated above that of the
background crustal gradient, which ranges3R8C/km (Fridleifsson et al., 2008) making
available fluid that is typically at least 160°C. Beyond the presef high temperature,
permeability of the system is the primary limitation on the potential for geothermal energy
extraction. This parameter is related to the porosity of the rock, as well as the connectivity
of those pores, which is often enhanced Hagtures. The upper crust has a permeability
range of 167 to 10 n?, whereas successfully developed geothermal reservoirs are
typically characterized by permeabilities of at least®1@? (Brown, 1987; Barton et al.,

1998; Davatzes et al., 2010; Daxeg and Hickman, 2016tuenges, 2010 If porosity is
dominated by fractures, a high density of fractures is also necessary to facilitate heat
exchange between the hot rock and the working fluid used to transfer that heat to the power
plant at the surfaceBecause drilling and completion costs routinely account for
approximately 50% of the total capital investment necessary to start a geothermal power
plant (Blankenship et al., 2005; Lukawski et al., 2014) the hot, porous, and permeable
reservoir should thebe at depths which are accessible by drilling, Em is a typical
production depth for geothermal reservoirs (Fridleifsson and Freeston, 1994). For
production of electricity, geothermal gradients in excess of 50°C/km are desired to
sufficiently heat resrvoirs at these depthbljenges, 2010 Finally, the fractures which

often maintain reservoir scale permeability should be in an orientation which is likely to
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be critically stressed under the modern stress field to ensure those pathways remain open

and fee of secondary mineral healintduenges, 2010

At Mount St. Helens, the hypothesized geothermal resource is heated by young
intrusives related to the magmatic plumbing system beneath the volcanic edifice and
transported along the SHSZ to potential Elvakreservoirs (Forsoet al, 2017) (Figure 1).

The dominant lithologies within the SHSZ consist of extrusive flows and volcaniclastic
deposits underlain by marine metasediments which are bound on either side by two large,
low porosity igneous plutons (Brtset al, 1987; Evarts and Ashley, 1993). Reservoirs
within the SHSZ would then be hosted in the fractured extrusive flows, volcaniclastic
deposits, and metasediments, with fluid recharged by meteoric water, which may be sealed
from surface expressioryla hydrothermally altered, claych caprock. Repeated, dilatant

slip of fractures within the actively deforming SHSZ creates and maintains the fluid storage

and its connection to the heat source critical to a geothermal reservoir.

This conceptual modelas devised by the PFA, which is a collaborative project
headed by the Washington Geological Survey and AltaRock Energy with support from the
Depart ment of Energyb6s Geot her mal Technol o
refined statewide maps of geothmal favorability, and selected sites at which to test the
methodology and assess the presence of heat by drilling temperature gradient holes
(Forson, 2015; Forsoet al, 2015; Forsomt al, 2016; Forsort al, 2017). In the summer

of 2018, Phase 3 comanced at Mount St Helens, resulting in partial drilling of TGH 17



24 sited above seismic velocity anomalies suggesting fluid filled fractures below (Waite

and Moran, 2009; Swyat al, 2018).

volcaniclastic
layers

Figure 1: Schematic diagram of the geothermal system at Mmt St. Helens
(reproduced from Forson et al., 2017).



CHAPTER 2
2. GEOLOGICAL BACKGR OUND

2.1 Geologic Setting

Mount St. Helens (MSH) is a quaternary stratovolcano in southwestern Washington
with an underlying small, shallow magma body (Barker and Malone, 1991) revealed by an
aseismic volume within an active cloud of microseismicity, a zone of low seismic velocity
(Waite and Moran, 2009; Kiset al, 2016), and by inversion of surface deformations from
GPS and strainmeters for changes in chamber position and volume (Anderson and Segall,
2013, and references therein). Although there are extensive studies of deftaogation
and seismicity associated with the volcanic edifice following the 1980 eruption (e.qg.
Fremont and Malone, 1987; Moran 1994, Iversbal, 2006), relatively little is known of
bedrock stratigraphy (Figure 2). The volcano has formed on taparka of highly eroded,
folded, and altered volcanic and plutonic rocks that range from 28 to 22 Ma. The bottom
of the section consists of basalt and basaltic andesite, while the upper portion is andesitic
and dacitic (Evartst al, 1987). The thicknessf volcanic sequences is a subject of debate
(e.g. Evartset al, 1987; Stanley, 1995), but at greater depths (possibly betw&erk)

there likely exist Eocene metasediments (Buckovic, 1979).
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The volcano is situated at a 25° bend in the highly active St. Helens Seismic Zone;
north of theedifice the seismic zone trends 345°, whereas south of the edifice it trends 140°
(Figure 3a). In combination with focal mechanisms and geodetic analysis of local GPS
stations, the seismicity in the more active northern SHSZ delineates a set of steeply
dipping, leftstepping, NNWSSE trending strikalip faults (Swyeret al, 2016) also
evident in high resolution topographic maps derived from LIiDAR. Geologic mapping in
the region (Weaver and Smith, 1983; Weasteal, 1987; Li, 1988; Forsost al, 2017,
this study) identified faults whose attitudes and slickenlines confirm thislatgral slip.
Together, the modern seismicity and strain field and the mapped faults inaltr&nds
approximately N S (Swyeret al, 2016; Forsoret al, 2017), and thathe mapped faults
may be good representatives of the faults sustaining earthquakes. Furthermore, this
geometry and shear sense produces localized extension within a volume of crust between
the segments; Weavet al.(1987) have proposed that these kiagins may influence the
transport of magma through the crust to the volcanic edifice and Satyar (2016)

propose this promotes localized fracturing.

Earthquake epicenters near Mount St. Helens delineate several vertically extensive
zones (Figure 3b)Below the edifice and above the proposed shallow magma chamber,
seismicity is characterized by frequent, small magnitude events occurring continuously
since the eruption in 1980 (Figure 3b). Below the shallow magma storage reservoir, the
seismicity extendso a deeper chamber proposed based on seismic tomography between
5.5 and 8 km depth (Waite and Moran, 2009). The shallow seismicity is interpreted to

reflect hydrothermal circulation and magma movement (Barker and Malone, 1991)
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whereas seismicity greatdran ~15 km is interpreted to reveal the conduit that delivers

magma to the volcano (Kiset al, 2016).

Outside the footprint of the edifice, several clusters of seismicity are also evident
to the north and south in the SHSZ. Fifteen to twenty kilometetse north, below the
target for geothermal exploration, this includes a prominent magnitude 5 event which
occurred shortly after the eruption at about six kilometers below sea level. Temporally
associated seismicity extends upward to less than ormedtids below sea level (depth of
~2 km). More recent events also occupy the same volume. Although not definitive, these
events are consistent with brittle failure in the SHSZ that could facilitate movement of

fluids from heat sources associated with MSH.

2.2 PFA Geothermal Exploration

The PFA team posits that geothermal heat is transported along fractures and faults
in the SHSZ from deep magmatic sources closer to MSH (Feitsal) 2017). The PFA
interprets the clusters of seismicity to indicate activet felip that may support dilation
and thus promote the crustal circulation of fluid necessary to support a geothermal system.
The clusters also occur in discrete time intervals (Figure 3b), often displaying a typical
maintshock aftershock sequence, whigllso consistent with the damage model proposed

by the PFA to induce fractwigosted porosity (Swyest al, 2016; Forsort al, 2017).

The target for geothermal exploration is 28 km to the north of MSH along the
SHSZ, outside of the protected naabrmonument, and above this zone of active

deformation. The PFA drill sites (black triangles in Figure 3a, b) are located above the
11



northern clusters of seismic activity near the intersection of modeled faults (Stajler
2016; Forsoret al, 2017). Fou additional Plate Boundary Observatory (PBO) borehole
strainmeter sites encircle the volcano (Figure 3, gray triangles), one located in close

proximity to the PFA sites.

Potential reservoirs (Figure 3a, &ynsist of mrine metasediments overlain by
extrusive volcanics. Despite having two distinct candidate reservoirs, this study focuses on
the potential role of extrusive volcanics, taking advantage of their exposure at the surface

and the access afforded by the shallow PBO and TGH wells.
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Figure 3: Map view and cross section view of the study area. (a) Map showing
seismicity, topography, PFA drill sites, PBO borehole strainmeters, and outcrop map
sites relative to Mount Saint Helens and the SHSZ. Bubbles correspond to earthquake
epicentersscaled and colored by magnitude from the USGS Earthquake Catalogue,
19702019. The solid black lines depict the trend of the SHSZ. Smaller dashed lines
demonstrate inferred left-stepping geometry of individual fault segments in the
southern portion of the SHSZ. (b) Crosssection of seismicity within and along the
SHSZ as viewed from the ENE toward WSW. Circle size corresponds to magnitude
as in (a) but color corresponds to time (10x vertical exaggeration).

2.3 Outcrop and Thin Section Locality

Important mpediments to locating blind geothermal systems in the Cascades
Mountains are the massive amount of rainfall this area receives and the dense vegetation
that ubiquitously covers terrain to the West of the range. High annual precipitation
exceeding 1100 mrfClimate Data.org, accessed June 8, 2019) of cold water suppresses
common surface expressions of geothermal systems, such as hot springs and fumaroles

(Forsonet al, 2017). The resulting thick ground cover severely limits access to bedrock
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outcrops. In th area north of Mount St. Helens, the infrastructure in place to support both
the National Monument and the logging land operated by Weyerhauser Corporation and

Noble Farms provides an opportunity to study bedrock exposed by road cuts.

Two outcrops were $e&cted near the TGH sites to characterize the patterns of
fractures, their associated alteration, and any dependence on rock type or position in the
SHSZ. Outcrop maps were made at two locales, one representing the interior of the SHSZ
and another at theHsZ margin (Figure 3, white squares). Outcrop 1 exemplifies a typical
stratigraphic package in the SHSZ comprised of basalt flows, volcaniclastics, and ash fall,
and thus demonstrates the association of stratigraphy and rock type with fracture and fault
characteristics. Outcrop 2 juxtaposes these same rock types against the intrusive Spud
Mountain Pluton at the margin of the SHSZ. This juxtaposition demonstrates the
relationship between an intrusive heat source, fracture and fault characteristics, and

asso@ted alteration.

2.4 PBO Borehole Strainmeter Locality

Geophysical logs and associated mud logs have been analyzed for the four PBO
boreholes in the study area. Whereas th@4 drill site targeted a location where the PFA
methodology predicted high gémirmal potential, B201 is located at a nearby site with
comparatively low favorability. The difference is that site-24/ coincides with the
intersection of modeled fault segments and their mechanical effects (Svale2016), a
critical element of thdPFA assessment of storage and permeability. This difference in

favorability over a distance of just 3 km also highlights the difficulty that sscalle
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heterogeneity poses to exploration of geothermal systems, and for which the PFA model
was specificallydeveloped (Forson, 2015; Forsetnal, 2015; Forsomt al, 2016; Forson

et al, 2017; Swyeret al, 2018). The remaining PBO borehole strainmeters encircle the
volcano; B202 is approximately 5.75 km NE of the edifice, B203 is 12 km WSW and
outside thesouthern extension of the SHSZ, and B204 is 8 km SSE. By probing sites of
high and low potential, as well as distinct geologic settings, this study provides a more

complete test of the PFA approach to these critical elements.
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CHAPTER 3
3. FIELD RESULTS

Outcrop mapping and petrographic analysis is used to document the detailed
geometry of fractures and faults, including the influence of lithology on these structures.
This analysis is extended to depth by assessing fracture attitude and dditkibjoigical

units along boreholes revealed in image and drillers logs.

Two key outcrops were mapped in detail for lithology and fracture characteristics
to document the dependence of porosity and pore structure on deformation history.
Outcrops were digatlly mapped on photographic basemaps in the field using criteria as
defined below. Detailed descriptions of the methods employed can be found in Appendices

A.2 and A.3.

3.2 Outcrop 1

3.2.1 Qutcrop 1 Lithology
The dominant lithologies found in the field area are Tertiary (i.e. not ld&dl)

volcaniclastic deposits, lithified ash deposits, and basalt flows (Estaals 1987; Evarts

and Ashley, 1993) (Figure 4). The term volcaniclastic denotes sedimentasyfootied

by processes resulting from volcanic eruptiang, pyroclastic flows, lahars, debris flows,

and also encompasses sedimentary rocks whose constituent parts are exclusively derived
from volcanic materials. In the study area these units are soesehiighly indurated, and

in some locations where the material is fgrained, are difficult to distinguish from basalt

in the field. Volcaniclastic unit 1Mcl 1) has a reghurple groundmass which supports a
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chaotic arrangement of small clasts, up towa fem in size. Some of these are small
feldspar lathes, while others are amorphous, globular white masses of quartz. Thin section
analysis shows that the groundmass is comprised of a trachytic texture afigsyrallered
feldsparcrystalswith a preferenal grain alignment, and is thus interpreted as an ignimbrite

or welded tuf{Figure 7 Figurel.3). These small grains have been heavily altered or totally
replaced by kaolinite, as indicated byray Diffraction (XRD) for tables of XRD results

see Appedix C). Volcaniclastic unit 2Vcl 2) is comprised of large boulders and cobbles
suspended in a chalky white matrix, likely reflecting deposition by lahar or debris flow.
The lithified ash Ash deposits are stratified in thin layers which are light geelgrown,

very fine grained, and friable. Basalt flowBasalt flowy are massive, and in some places
along the outcrop display poorly developed columnar jointing. These basalts have a dark
green, aphanitic groundmass with phenocrysts of plagioclase, adm@me, and rare

olivine.

Outcrop 1 provides a wedixposed example of a typical stratigraphic package in
the SHSZ comprised of sequences of volcaniclastics, partially draped by ash, which is itself
overlain by a basalt flow. Stations 1 and 2 (Figurehéassubhorizontal volcaniclastics
interbedded with ash deposits. These layers are topped by a massive, blocky basalt flow.
The ash layers pinebwut laterally over distances of tens of meters so that the volcaniclastic
and basalt units are intermittently contact. Several ash layers exhibit soft sediment
deformation where the overlying basalt impinges on the ash layer. On the east edge of
Station 3, the upper boundary of the volcaniclastic layel I) and basalt also thins, thus

appearing to define thedge of a palewalley into which the basalt flowed.
17



The organization of lithological units in outcrop suggests an environment typified
by large bodies of laterally extensive and wigHiified volcaniclastics in which ash layers
discontinuously drape pad-topography. Basalt flows superposed on these layers are less
extensive than volcaniclastics and may be laterally confined by-pallys (as at outcrop
1, station 3). Evarts and Ashely (1993) note that the relative proportions of volcaniclastic

versusbasalt vary significantly across the study area.
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Figure 4: Geological characterization of Outcrop 1: Top Row: Station Photographs
of road cut along Hwy. 504; Middle Row: Geologic Maps; Bottom Row: Fracture,

Fault, and Fault rock frequency distribution. The stations are numbered from SSE

(Station 1) to NNW (Station 4) along the length of a single continuous outcrop. In
Stations 3 & 4, blue dots record sample locations used in XRD and petrographic
analyses. The histogram is calculated from a 1x1m samplandow at a constant y

coordinate, with one box plotted on each map for scale and position.
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3.2.2 Outcrop 1 Structures

Fractures in outcrop are identified as discontinuities in the host rock; fractures in
outcrop 1 are typically steeply dipping, and often display mineral coatings on exposed
fracture wallsCare was taken to distinguish these discontinuities from layeidaoies or
flow structures which influence weathering and occasionally have the appearance of
fractures. Where significant secondary minerals fill a fracture, they are classified as veins

accommodating dilation.

Faults are identified by striations, gougedaoffset. Most faults show multiple
layers of slip surfaces separated by layers of vein fill (most often quartz and/or chlorite),
host rock, or gouge. Gouge zones are very fine grained, friable and crumbly, often reddish
brown in color, are found adjacemwtslip surfaces; they weather to negative relief and are
often associated with springs, streams, and dense vegetation, and were thus only observed
in excavations. Faults in Outcrop 1 are nearly all high angle, striking froni SY8W.
Where measurablenkations on fault surfaces record shallow rakes consistent with strike

slip motion (Figure 5).
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Figure 5: Lower-hemisphere equal area stereonet of Outcrop 1 fault attitude. Blue
great circles are fault planes, blue dots are the poles to the planes, anrdonds
represent rake angles of slickenlines on fault surfaces. The dashed black line and filled
black circle show the attitude of the SHSZ for reference.

Well-developed faults characterized by gouge zones several centimeters or more
thick haveadjacent damage zones. Two distinct fracture orientations occur: (a) steeply
dipping fractures parallel to the fault slip surface that extend in plane several meters, and
thus span the outcrop, and with spacing of two to ten centimeters; (b) small Sacarky
perpendicular to and abutting these fadtallel fractures. In most examples the damage
forms fractureebounded volumes extending up to a few meters from the [faurts he
resulting clasts exhibit limited rotation or no rotation. However, fievaexamples, well

developed breccias with highly rotated, angular frachanend clasts in a matrix of cement
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occur. This brecciation is limited to within less than one meter from the fault sip surface or

gouge zone, and occurs in isolated volumes less dne meter wide.

Dikes are also common features in the vicinity of MSH and in the SHSZ to the
north and south (Evarts and Ashley, 1993). These dikes are typicalyesidally
intruded into volcaniclastics, ashes, and basalt flows. They are typicadlgltic to
andesitic and aphyric to aphanitic. Closer to MSH, some dikes show flow structure parallel
to the margins, but similar examples were not found in the SHSZ in proximity to the drill
sites and mapped outcrops. The margin of the dike mappedtionStas weltpreserved
but lacks a chill margin; similarly, the adjacent formation lacks any clear indication of
contact metamorphism. This may imply that the host rock at the time of deposition was

relatively warm.

3.2.3 Outcrop 1 Stratigraphic Contiis on Faults and Fractures

These outcrop maps document three distinct fracture/fault populations and each of

their relationships to the different lithological units.

Fractures All the lithologies are cut by vertical to swertical, predominantly SW
WSW griking fracture sets lacking vein fill, gouge, or kinematic indicators. However,
these fractures are far more abundant in the volcaniclastics and basalt flows than in the ash
layers (Figure 4)For examplein theStation 1 lithologic map, centeight, andthe Staion
2 lithologic map there are interlayed ash layers (grey) and volcaniclastics (purple$
view (lower half of images) the ash layers are visibly less fractured than the volcaniclastics.

In general, these fractures are lapeund, espeally where ash layers define the unit
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boundary. In damage zones adjacent to large faults withdgeélloped gouge, fractures

typically span the width of the layer to extend into adjacent layers.

Normal faults Conjugate sets of normal fayltsriking WSW and dipping from
59-70°, are evident from the offset of internal layering or of unit boundaries. Unlike the
fractures discussed above, they are present in all layers and often cross layer boundaries,
accommodating offset of no more than a few centimdtggure 4, Station 1 and 2), but
nevertheless are typically shorter than the outcrop height of approximately 7 to 10 meters.
However, several of these faults tip out where they cross from the overlying basalt into the
underlying ash layer. In these instascthis lower tip curves toward lower angle and
parallelism with the fissility of the ash layer. Many of these faults are characterized by
vertical segmentation. Overlapping and linkage of these segments defir®ofaodt
rhombohedrons which are variabbpen, filled with gouge, or filled with white, fine

grained vein materials interpreted as carbonate or zeolites.

Strike slip faultsStrike slip faults are identified as wesiuthwest striking, steeply
dipping structures. These faults are characterizgdslickensided surfaces recording
shallow rakes and are exposed in the volcaniclastic unit Vcl 1 in this outcrop (Figure 6).
Whereas some of these structures are entirely contained within Vcl 1 (Station 3), two
prominent faults span all lithologies presantl are characterized by wdkveloped gouge
in excess of one meter thick, local brecciation and adjacent damage (Stations 3 and 4). The
slip surfaces of all these faults are universally coated with quartz and often chlorite. On the

larger faults, multife layers of quartz have accumulated, and where different layers are
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exposed, each displays striations. Any single layer may show multiple generations-of cross
cutting striations varying about the typical strike slip rakes. The immediate implication is
tha these faults accommodated repeated slip and dilation sufficient to accumulate

centimeters of cement.
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Figure 6: Photograph and sketch of slickenlines on remineralized fault surface at
Outcrop 1, Station 3. The lineationgecord shallow rake angles consistent with strike
slip motion on welldeveloped faults. Slip surfaces are coated in several generations
of quartz and chlorite cement, each layer recording consistently shallow slickenlines.
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Impact of StratigraphyThe maps indicate that lithology and stratigraphic boundaries
have a strong impact on the dimensions and attitude of brittle structures. The descriptions
above illustrate that the smaller fractures show a clear difference in attitude, kinematics,
and densy between rock types, as well as confinement by layer boundaries. This
difference is assessed by comparing the distribution of the different structure types within

each major lithological unit (Figure 4).

- Basalt layers display a uniform density of fraeimwhich are largely confined to

the stratigraphic unit and do not cross ash layers.

- Small normal faults are equally present in volcaniclastic and basalt layers, but are
less common (lower density) than fractures. These structures cross layer boundaries

ard promote localized fragmentation at the decimeter to meter lsogtes.

- Strike slip faults show localized damage revealed by high fracture density adjacent
to gouge zones in both volcaniclastics and basalts. These structures appear likely to
span multife stratigraphic layers, and precipitation on slip surfaces, in breccia, and

local silicification of adjacent fractures imply they may act as key fluid conduits.

3.2.4 Outcrop 1 Fracture Paragenesis

The role of the faults and fractures in fluid flow att€op 1 is assessed by
comparing the alteration of the host rock in samples as a function of proximity to the major
faults or to smaller associated fractures either in their damage zone or in the set of
distributed fractures in the background. Six handas were collected from Outcrop 1,

Station 3, and one frof@utcrop 1 Station 4 for petrographic analysis (Figure 4).
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At Station 3 the volcaniclastic host rock samples have agfiamed groundmass
which have the shape of feldspar microlites, but ameeatly occupied by clay. XRD
indicates the clays are dominated by kaolinite, and only a small fraction of feldspar
remains. Theselay-altered feldspar latheshow a preferred orientation, creating a
trachytic texture consistent with classification asigmmbrite or welded tuff. Larger
feldspar lathes stand out from the groundmass in plane polarized light, but in cross
polarized light it is clear that they have been similarly altered and replaced. Lithic clasts
are present but often difficult to distmgh given the ubiquitous alteration. Small, rounded
to angular opaque minerals are abundant throughout the sample. The opaque minerals are
likely comprised mostly of hematite and/or goethite, as determined by XRD. There are
amorphous globules of microqt@mwhich appear as misshapen white blobs in hand sample
or under plane polarized light. Iron oxide staining is distributed randomly throughout the
groundmass, giving the samples their characteristic pueplecolor in hand sample.
Despite this pervasive ltaration, in outcrop these rocks are competent and resist

weathering.

Quartz, dolomite, and ireaxide, primarily as hematite with minor goethite, are all
found as secondary fractufiling cements (Figure 7a) in thin sections and verified by
XRD. QuartZfilled fractures are unique in that they are free of oxides and arearbby
both hematite and dolomite filled fractures, making them the earliest phase precipitated.
Hematitic veins are precipitated at two distinct times. First, veins filled withatiem
crosscut older quartz veins (Figure 7c). These veins are themselves cut by fractures whose

walls are coated in hematite and superposed layers of dolomite in the middle of the vein.
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Later, this vein assemblage is brecciated and the pore space bbte@za clasts is filled

with hematite (Figure 7a, b) and sheared (Figure 7b). The dolomite veins appear both in
isolation as well as in fracture whose walls are coated in hematite. (Figure 7b, c). The
general lack of large, euhedral crystal grains oeeittuartz or dolomite suggest that both
mineral phases are the result of primary precipitation within fractures rather than
recrystallization from less stable phases of opal or calcite, respectively. Fractures with the
largest aperture are consistentlyefil with a combination of dolomite and-B&ide that

show evidence of shearing as well as dilation.

Close to large faults, fractures in the volcaniclastics are often open, lacking healing
by secondary mineral precipitation. These open fractures areyclassbciated with
alteration haloes of Fexide staining which extend from the fracture wall into the
surrounding host rock. These haloes typically extend symmetrically approximately 1 mm
from individual fractures. However, where adjacent fractures ovaridpcreate zones of
localized extension the intervening space is bridged by many small splay fractures which
are filled with Feoxide cement apparently emanating from the open fracture walls. Such
locations are associated with a greater extent of atteraf to several centimeters (Figure
7e, f). In the fragmented Silicified Volcaniclastic&\(cl) of the damage zone associated
with the strike slip faults, alteration of the host rock is advanced and extends much further
from the fracture (Figure 7g, hPervasive alteration of the rock adjacent to the fracture
gives way to unaltered rock in the interior of fractboaind clasts. The interior of these
clasts are comparatively ffractured, yet exhibit a sharp alteration boundary (Figure 7i, j).

These featres are interpreted to indicate that such open fractures act as conduits for fluid
28



flow which invades and chemically interacts with the surrounding host rock. However, the
combination of silification, low host rock porosity, and abundance of clays liketk w

together to baffle fluid flow into the surrounding formation.
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Figure 7: Photographs, high resolution scans, and photmicrographs of
representative structural and lithological features from Outcrop 1. Qtz = quartz. Hem
= hematite. Dol= Dolomite. Open = open fracture porosity. Halo = alteration halo.
Sample sites are recorded on maps in Figure 4: Station 3: A= B=3; C=4; D=6; E=F=1,
Station 4: G=H=1=J=7. (a) and (b) show two views of a fracture containing clasts of
broken and rotated ceanent indicating reactivation in shear and (c) crosscutting and
superposition of quartz, then hematite, then dolomite in volcaniclastic rock. (d)
fracture and associated alteration halo in basalt. (e) thin section detail of (f) showing
an open fracture with iron oxide alteration of wall rock in volcaniclastic rock. (g, h)
fractures in silicified volcaniclastics &-Vcl) surrounded by symmetrically developed
iron oxide rinds. (i) and (j) show details of the transition from iron oxide to silicified
volcaniclasic in (g, h).
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In contrast, basalt at the base of Station 3 is relativelfragtured compared to
similarly located volcaniclastics. The fractures present are thin and mostly free of cement
(Figure 7d). The walls of these fractures may be covered witin adghting of iron oxide,

which extends as a halo approximately 1 mm into the fracture walls.

To quantify fracture generated porosity, point counts were performed on each of
the thin sections from Station 3 (Figure 8). The number of points counted fosaaple
varied, but ranged from 8021698 &ee AppendiA.3). Each point was counted as either
(1) groundmass, or (2) secondary porosity. Secondary porosity was further identified as
either (a) open, or filled by cements, including: (b) hematite, (©ndit¢, and (d) quartz.
From these points counts we are able to discern the total fracture generated porosity
(skeletal porosity and the portion of fracture generated porosity healed by secondary

cementsliealed porosity given as a percent of the totata of the thin section.

Samples AA, AC, and TB have the highest skeletal porosity and are located in
volcaniclastics within the damage zone adjacent to large faults. Samples AB and TC are
similarly located, yet show comparatively low skeletal porosiggnfle AD is the furthest
from the welldeveloped faults mapped at this location, and displays the lowest skeletal

porosity. Of these samples, AA and AB have no open porosity.

Fractures which are smaller than the size of a thin section (approximately 8 cm
cm) will be wellrepresented in petrographic analyses, whereas larger fractures are
displayed in the outcrop maps, which have a resolution of approximately 20 cm. So, there

is a gap in the scale at which these analyses were sampled. As such, fialciciesre
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below the scale of outcrop map sampling and larger than the size of a thin section will be
necessarily undesampled or unrepresented by these analyses. Furthermore, high fracture
density leads to reduced cohesion of the host rock, which canthmalksample preparation

of highly fractured rocks found in the damage zone impossible. These factors contribute to
the anomalously low skeletal porosity identified in samples AB and TC, and serve to

highlight the importance of smadcale heterogeneitias fracture generation and fluid

flow.
Type (%)
2 Rock Type Dolomite Skeletal Porosity  |Healed Porosity
AA Volcaniclastic 61.73 17.03 14.18 7.06 0.00 38.27 38.27
AB Volcaniclastic 95.96 0.60 2.70 0.41 0.00 371 3.71
AC Volcaniclastic 83.18 1341 131 1.69 0.41 16.82 16.41
AD Basalt 98.34 0.00 1.01 0.00 0.64 1.66 101
TB Volcaniclastic 83.87 0.00 13.24 0.00 2.89 16.13 13.24
TC Volcaniclastic 97.55 0.00 214 0.00 0.31 245 214

Figure 8: Outcrop 1, Station 3 map and table oporosity analysisresults. Blue circles
on the station map show locations which were sampled for petrographic analysis.
Labels associated with each blue circle corspond to the results presented in the
accompanying table.
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Fracture history and paragenesisSome fractures in basalts, andesites, or
volcaniclastics may be initiated by cooling and contraction of these hot deposits, though
this is difficult to distinguishn thin section. However, the orientation of splay fractures,
brecciation and grain rotation of host rock and fracfillieg cements, and reoccupation
of previously healed fractures by different cements are all consistent with dilation that

results fromshearing. Fractures in thin section reveal at least 4 phases of fracturing and

alteration:

(1) Initial fracturing creates open porosity, which is healed by precipitation of quartz
cement. Quartz is precipitated over a wide range of temperatures and pHosnditi
(Huenges, 2010 but precipitation is promoted in cooling fluids, suggesting either

upward circulation or authigenic formation as the hot rock cools following

deposition.

(2) A second phase of deformation creates new fractures which are then coated and

healed by Fexide cement.

(3) A third deformation phase creates new fractures and reactivates previously healed
fractures, which are then healed by dolomite cement. Evarts andyA&tt93)
report that claycarbonate assemblages are prominent hydrothermal alteration
products around MSH, implying that precipitation of dolomite cement in this

outcrop is consistent with circulating hot fluids.

(4) Most recently, reactivation of fracturessaciated with the strike slip fault have

caused fragmentation and local brecciation of these cements, and subsequent
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precipitation of a new Fexide cement in the surrounding interstitial spaces within

the fractures.

Open fractures primarily occur in tidlamage zones within several meters of the large
strike slip faults as well as in the basalt flow. Otherwise, fractures in the volcaniclastics are

predominated healed by quartz, hematite, and/or dolomite.

3.3 Outcrop 2

3.3.1 Qutcrop 2 Lithology

This outcop juxtaposes volcaniclastic rock against a finger of the 31 Ma Spud
Mountain Pluton (Evarts and Ashley, 1990) (Figure 9). The outcrop therefore displays
varying degrees of contact metamorphism and hydrothermal alteration as a function of
distance from théntruded body and faults cressitting the outcrop. Maps of this outcrop
are used to investigate how host rock, fracture, and fault characteristics are modified by
exposure to a heat source with the goal of understanding how they might ultimately support

a magmatically heated geothermal system.

The protolith in this outcrop, Volcaniclastic ¥d] 1), is characterized by a greenish
groundmass in which a chaotic arrangement of feldspar grains, rare amphibole, and
abundant small lithic clasts are suspend¥dicaniclastic 1 is minimally fractured,
weathers spheroidally, and is seemingly unaltered beyond the effects of burial diagenesis
turning volcanic glass to Fech smectite, imparting the characteristic green color to the

rock (Evarts and Ashley, 1993).
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Volcaniclastic 2Ycl 1), found near the base of Station 1, represents the incipient stages of
contact metamorphism from the nearby intrusion. In Volcaniclastic 2 portions of the
protolith have been altered to shades of gray, both surficially and peryasikaighout

the rock. Primary structures of the volcaniclastics are still visible, though some of the clasts
are oxidized and weathered into void space. This lithology is densely fractured by steeply
dipping, NNW striking fractures as well as branchesa amall fault zone with similar

attitude.

Volcaniclastic 3 Ycl 3) has a purple tpurplishwhite groundmass with mineral
and clastic composition apparently identical to those/df 1 Clasts inVcl 3 were
sometimes found to be weathering out or oxidizifegming void spaces that are rimmed

with orange staining.

Different degrees of alteration resulting from proximity to the intrusion define new
rock units derived from volcaniclastic deposit similar to those described at Outcrop 1
above. Three distinciypes of alteration are present and identified as distinct lithologies.
First, hornfelsrocks Hornfelg have a dark grey to black, aphanitic groundmass with a
shagreen texture and phenocrysts of dark brown biotite. Lower down the face of the outcrop
volcanclastic 2 {/cl 2) has been turned to a darker shade of gray than the hostMadck (
1). Primary structures of the volcaniclastics are still visible, though some of the clasts are
oxidized and weathered into void space. This effect is pervasive enoughrtaniv
identification as a separate lithology, but is not so advanced as to be considered hornfels

grade metamorphism.
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Second, the terBoundary Alterations applied to discolored zones which form a
boundary between Volcaniclastics 1 and 3, and also elefie edges of large lobate
structures. In zones of boundaajteration,the primary structure of volcaniclastics is
faintly visible but the rock is bleached to a pinkish white color and are very soft, deforming
as clay or putty under the point of a rocknimer. These roskusually form a break in
slopecreating relatively flat, planar surfaces surrounded by the more sheer rock faces of

Vcl 1andVcel 3.

Third, Oxidized Volcaniclastics¥-Vcl) are pervasively altered to shades of yellow,
white, and orangeand often exhibit liesegang banding. The lithic clasts and mineral
phenocrysts typical of volcaniclastics are all weathering out, and oxidation haloes around

void spaces once filled by clasts are common.

In addition to these lithologies, there is a zone of highly altered rock adjacent to
faults in this outcrop. The zone mapped&@dkified Volcaniclastic§S-Vcl) is a faultbound
vertical conduit which is very hard and encased in quartz cement whichwiegsstruck

with a hammer.
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Figure 9: Outcrop 2 lithological/structural maps. Stations 1 and 2 are on the north
side of Hwy. 501, and Station 3 is opposite Station 2 on the south side of the road. The
histogram is calculated from a 1x1m sample window & constant ycoordinate, with
one box plotted on each map for scale and position.
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3.3.2 Outcrop 2 Structures
Station 1 is near the eastern end of the outcrop, and is dominated bycrsela

ring of hornfels contact metamorphism from a small armhef$pud Mh. Pluton, which
outcrops above the plane of view of the outcrop maps. The hornfelsed zone is thoroughly
broken by approximately perpendicular fracture sets, chopping the mapped area of this
lithology into small rectangular rock masses. Thestufea have not been individually
mapped due to their high density, making them below the approximately 0.1 m-length
scale resolution of this map, and due to extensive weathering exploiting these structures
that obscures the details of these structuressi@pf this zone, fracturing and faulting

are comparatively sparse, thouykl 2 is marked by many sutertical fractures and
occasional perpendicular fracture sets that may represent the incipient stages of the intense

fracturing found in the hornfels.

At station 2,Vcl 3is cut by sets of perpendicular fracture sets into many small
rectangular blocks, creating a fabric nearly identical to the intense fracturing mapped in the
hornfels zone of Station 1. Zones Bbundary Alteration separate the heavilsictured
and altered volcaniclastic¥¢l 2) and the relatively undeformed host rodkcl 1). The
zones of Boundary Alteration form large, curved lobate structures which are the dominant
visible feature in the outcrop. The edges of the lobate structudefined by either: (1)
veins of dark brown alteration material, likely hematite, (2) multiple planar, approximately

parallel slip surfaces, or (3) a combination of 1 and 2.

Station 3 is directly across the road from the lobate structures in Stgfagu?e

12a) The large central portion of the outcrop is pervasively altered to shades of yellow,
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white, and orange. These oxidized volcaniclast@sv¢l) are cut by numerous faults,
identified by parallel or braided slip surfaces which are altered to kaldawn color
(Figure 10). The attitude of these faults varies considerably as many faults striking roughly
NE-SW are vertical to subertical, with approximately horizontal faults bridging the
intervening space in a nearly perpendicular orientation (EiguFigure 11). These faults

do not have blunt tips as suggested by the outcrop map, but spread into smaller
anastomosing slip surfaces branching out like roots. These features are below the resolution
of the photograph but the effect is particularlyvis in the eastern quadrant of the outcrop,
bordering silicified volcaniclastics. These chaotic fracture networks bound the
yellow/white/orange rocks on all sides. The reddish brown zones vary from <5 mm of
alteration on either side of a fracture to largean hand size. This alteration product is
noticeably harder than the surrounding oxidized host rock and rings when struck with a
hammer. On the eastern extent of this lithology the oxidation gradually fades away, leading
into the relatively unaltered pplish white volcaniclasticscl 1). There is a faulbounded

vertical zone of Silicified Volcaniclastics close to the eastern edge dDxitzed Vcl

This zone is very hard, and in places has been almost completely altered to quartz.
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Figure 10: Phdograph and sketch of altered fault zone in Outcrop 2, Station 3. This
view shows altered faults (red shading) cutting oxidized volcaniclastic©{Vcl), with
guartz remineralization (S-Vcl - yellow shading adjacent to a fault surface. Multiple
small, subparallel slip surfaces are shown within the fault zones and the silicified
volcaniclastics (red lines). Splay fractures (black lines) suggest a kditeral shear
sense in these faults and imply a genetielationship between faults and associated
fractures.
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Figure 11: Stereonet of fracture attitudes from Outcrop 2, Station 3. Red great circles
are fault planes, and red dots are the poles to the planes. The dashed black line and
filled black circle showthe attitude of the SHSZ for reference.

3.3.3 Outcrop 2 Proximity to Heat

The prominent lobate structure is comprisefd concentric zones of contact
metamorposedrock proceeding from hornfels in the interior to lower grade metamorphic
facies towardts margins (Station 2). This assemblage is interpreted to result from contact
metamorphism by an arm of the SpudnMPluton behind the outcrop and reflect the
geometry of that intrusion (Figure 12). Moving outward from the hornfels to boundary
alteration, which is associated with densely spaced, arcuate fractures that fragment the host
rock. The next concentric zone displays pervasive faulting associated with localized haloes
of oxidation evident (Station 3). The faults appear to radiate from the canriatd
providing a potential pathway for fluid migration and exchange consistent with the

oxidation haloes.
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The impact of alteration on fracturing is quantitatively assessed by measuring

fracture density across these alteration zones in the outcropasyay@s done for Outcrop

1 (Figure 9). The maps and associated histograms reveal:

Fracture density strongly correlates with alteration type: Hornfels show the highest
density typified by pervasive fracturing at the decimeter length scale, followed by
Vcl 2 and Vel 3 with spacing at the meter length scale, and the relatively un

fracturedvcl 1

Small faults are most prominent@Vcl. In this outcrop these include the highly

altered faults radiating from the intrusive body behind the plane of the outcrop.

Whereas fracture density in Outcrop 1 is highly localized near the strike slip faults in the

volcaniclastics, in Outcrop 2 fracture density varies by contact metamorphic zone or

alteration type.

Hornfels: Fracture density is highest in the hornfels zoféds density is
characterized by many small, approximately perpendicular fractures sets, while
well-developed faults and accompanying gouge zones are nearly absent.
Boundary Alteration: Zones of boundary alteration contain small, parallel slip
surfaces with follow the arcuate path of the lobate structure. However, this
lithology also acts as a barrier, with few large fractures and no faults cutting through
it into surrounding units.

Oxidized Volcaniclastics: The oxidized volcaniclastics are cut by armmifi@nsity

of long, well developed fault systems comprised if multiple, parallel slip surfaces
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which branch out into finely anastomosing fractures below the resolution of the
outcrop map.

- Silicified Volcaniclastics: Silicified volcaniclastics are fablbund, but are
themselves unmarked by fracturing. The advanced silicification on the surface of
this lithology may impede underlying fracture identification.

- Protolithic Vcl: Protolithic volcaniclastichave low fracture density; fracture
density in this host rock increases in proximity to zones of alteration and/or

accompanying fault systems.

Outcrop-
surface

(b)

Boundary alteratio

Volcaniclastic

Figure 12: Map view sketch encompassing Outcrop 2, Stations 2 & 3.

43



CHAPTER 4
4. BOREHOLE RESULTS
Data fromfive boreholes is analyzed in this studior the four PBO boreholes,

geophysical logs include acoustic image logs, temperature logs, and variously sonic
velocity or natural gamma that document the extent and attitude of lithological packages

and naturafractures in the shallow subsurface. Furthermore, driiimlyiced structures
visible in the image |l ogs provide new cons
variability in the area surrounding Mount St. Helens. The musd &sgociated with PBO
boreholesc ompr i sed of geol ogi st és naldwdosbagsicn t he
correlations between geophysical properties and rock type. Geophysical logs from these
wells provide a test of the relationships between rock type, fracture popsjeand fluid

flow predicted by the PFA model. Results from image log interpretation are combined with
outcrop and thin section scale investigations to evaluate the model of porosity production

and maintenance at depth in the SHSZ.

4.1 Analysis of Geophgical Logs PBO Boreholes
In 2006 and 2007 the Plate Boundary Observatory installed four borehole

strainmeters around MSH. All four holes were drilled verticaligoughly 244 m measured
depth and are approximately vertical. As part of the quality assurance procedures, all holes
were surveyed with a full suite of geophysical tools and are available as open source data
through UNAVCO. The logs include acoustic Cent@gophysical Acoustic Televiewer
Logging Tool (Tool Code 9804) (BHTV) and fullave sonic (FWS) logs which reveal

fracture populations and their association with lithology or petrophysical properties such
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as porosity. The integration and interpretation bé tlogs was conducted within
WeIICAD®.

The image and geophysical property logs from PBO Borehole Strainmeters B201,
B202, B203, and B204 are examined to document the distribution and attitude of natural
fractures. Where planar surfaces crogsthe boreble, they appear as sinusoids in the un
wrapped cylindrical BHTV image (e.g. Zemaredlkal, 1970, Zoback, 2007 and references
therein). Natural fractures are revealed as zones of reduced acoustic amplitude due to the
roughness they introduce in the borlehwall that scatters and attenuates the acoustic
energy used to image the borehole wall. They thus appear as lower amplitude (darker)
sinusoidal traces compared to the adjacent borehole wall (Figure 13, 14). The thickness of
the trace is referred to asethpparent aperturgalthough it is not a true measure of the
separation of fracture walls, it does provide a basis for qualitatively ranking the relative
importance of fractures where thicker fractures are inferred to indicate more developed and
extensivefaults. For these fractures, the trough of the sine wave represents the dip azimuth
and the dip angle is calculated as

0dnaQoo0Q

1 O0WE :

Where Amplitude is the amplitude of the sinusoid apdneieis the radius of thborehole
at the depth of the feature in the borehole reference frame. The deviation azimuth (Hazi)
and deviation from vertical (Devi) of the well are used to transform this local apparent

strike and dip to the true strike and dip in the geographic refereame fising WellCAD.
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In addition to natural fractures, drilling can induce failure of the borehole wall that
IS related to the stress state, mechanical properties of the rock it traverses, and the geometry
and conditions of the borehole (Zoback, 2007 asférences therein). The type and
position of these structures may be used to infer the direction of the principal stresses,
especially in approximately vertical boreholes in cases where the weight of rock
corresponds to a principal stress, the verticassir$. As with natural fractures, these
structures roughen the borehole wall and appear as low amplitude (darker) structures. Three

structures are distinguished.

Borehole breakouts form where the hoop stress along the borehole wall exceeds the
compressie rock strength. They are recognized as regions of low amplitude with irregular
edges extending along the length of the boreHegu¢e 13a, b, 1¢). Breakouts occur as
pairs azimuthally aligned with the least compressive principal stress) (&sough ad

Bell, 1982).

Drilling-induced tensile fractures (DITF) form where the hoop stress along the
borehole wall is negative, exceeding the tensile strength of the formation producing mode
| tensile fractures (Moos and Zoback, 1990). These fractures formirs that are 180°
apart, aligned with the most compressive horizontal principal stregsx)(SThey are
recognized as thin, azimuthally aligned vertical or subverzimaés of reduced amplitude,
and should necessarily be 90° away from the orientation of any nearby breakouts (Figure

13a, b).
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Petalcenterline fractures are tensile fractures which propagate ahead of the
advancing dril|l bi t .edafltheebottdnp af thesbbréhold as aresuliu r e |
of stress concentration at the bit, then steepens to a vertical inclination, forming pairs of
Acenterlineo fractures. Centerl i nwertiat act ur
fractures along thborehole wall (Figure 13); the strike of these fractures is found to be
aligned with the direction of the most compressive principal stressd$Kulanderet al,

1990, Li and Schmitt, 1998, Davatzes and Hickman, 2010; &2ma and Davatzes,
2010). Havever, it should be noted that petainterline fractures are considered the least
reliable stress indicator found in the boreholes. This is due to the ambiguity in their
identification criteria; features picked as petahterline fractures may in somesea be

naturally occurring vertical fractures cresstting the borehole.
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(a) (b)

N\
L

(c)

Figure 13: Cartoon sketches of drillinginduced structures in cross section
perpendicular to the borehole (a), the unwrapped view presented by image logs (b),
and depiction of theinitiation of petal centerline fractures below the drill bit in cross
section parallel to the borehole (c). The color of different drillinginduced structures

from (@) propagates through (b) and (c).
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Thus, interpretations of these image logs reveal thentations and apparent
apertures of fractures at depth, as well as the position and attitude of lithological
boundaries. Sonic porosity logs provide an independent indication of whether these
structures increase porosity. Similarly, temperature logs masat localized flow, where
advecting water produces temperature anomalies relative to adjacent rock (e.g., Barton and
Zoback, 1995; Zoback, 2007). Accordingly, the impact of these fractures on fluid flow can
be assessed by comparison with the positiordeftified fractures with logs of sonic

porosity and temperature.

Furthermoreanalysis ofrill cuttings and equilibrated temperatureaserements
from PFA site 1724 reveal the subsurface lithology and effects of alteration, and provide
a preliminary assessment for the local geothermal gradient and the likelihood of the

presence of a source of heat.
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Figure 14: Example of the relationship between fractures and lithalgical

organization. (a) Shallowly dipping ash layers (dark zone) and several abutting
natural fractures within volcaniclastics (lighter image); (b) moderately dipping

natural factures (darker traces) that show crosscutting relationships in andesite. (c)
Paired patches of breakouts on opposite sides of the borehole wall in andesite.

4.1.1 B201
Borehole B201 is located 12 km NNW of Mount St. Helens, adjacent to Coldwater

Lake. The drill site geologistds neetogs fr ol
the four holes, which allowed more granular lithological identification in this hole than in
B202, B203, or B204. For B201 one image log, one sonic log, and one combo log were

downloaded for interpretation. The logged interval spans from approyni8&.5 m
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(depth of casing = 137.16 m) to 244 m (bottom of hole) with a maximum deviation from

vertical of <2°.

B201 Lithology

Andesite and basalt are the dominant lithologies identified by the drill log, with
lesser extent of volcaniclastic and lithified ash deposits. Andesites and basalts have variable
image quality, with zones of low quality likely corresponding to zones efaibn, as
indicated by drill log comments. Away from large fault zones, andesites and basalts are
sparsely fractured (Figure 15a). Volcaniclastics and lithified ash deposits both exhibit non
planar features which are likely cobbles and boulders. Ashsldyequently appear as
washout zones where the caliper indicates borehole expansion. Many small ash beds are
below the resolution which would be captured by mud logging, but are evident as thin
zones where the caliper arm extends and the image log shoes af distinct amplitude,
with subparallel sine waves documenting the concordance of the layer with the overlying

and underlying lithological units (Figure 14a).

B201 Natural Fractures and Drillingnduced Structures

The attitude of natural fracturesrigs considerably over the length of the logged
interval (Figure 15b). The majority of the low angle features have been identified as
lithological contacts. While there is significant scatter in the remainder of the natural
fractures, two prominent popuiahs are consistent with conjugate sets of steeply dipping
fractures which strike either NNW/SSE or ENE. In addition, fractures often terminate at

the interface between volcaniclastics and lithified ash deposits.
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Two pairs of breakouts and one pair of g¢&enterline fractures have been
identified in the logged interval. The shallower breakout pair is short, with low pick quality,
and is aligned with an azimuth of 70°/240° at ~189 m MD. The deeper pair is much more
vertically extensive and represents gihar quality pick (Figure 14c). The azimuth of these
breakouts is 145°/328° at 220 m MD; because of their length, they control the estimate of
the most compressive horizontal principal stresgwoshown in Figure 15a. The petal
centerline fractures arf®und at approximately 152 m MD and are aligned withha9

azimuth of 91°/271°.

52



Natural Fracture Aperture, n =109

(a) Modified Tadpole Plot: (b)

SHmax from Breakouts Static Tem
Strike/Dip of Natural Fractures © P
Breakouts 75 8 85
140 : ‘ { i : ' { [ Y
| ASH
150 * * - BAS
Q H | vCL
I I
160 7 :
i \ =
170 b I
£ —
£ 180 |
§ | .
s 190 | \
o |
3 200 F :
®
® |
= 210 [ |
|
220 | |
-’
230 gl [ .
3| | ° I~ » @ = = =
: by 5 5 2 3 3 8
240 | Q | ;1‘:. | b , , ) ) Apparent Aperture (mm)
0 180 270 360 Ct’ F5 *0/ 0 o 50
. . racture Frequency/m onic
Strike (aZImUth) window size =5m  Porosity (%)
Frac PCF BO
oo |1 HEH
p

Figure 15: Summary of borehole B201 image log interpretation. (a) Modified Tadpole
plot shows the strike of natural fracture as blue dots and their dips as the tails. Dot
size is proportional to apparent aperture in the image log. Breakouts are represented
by red squares, and in the vertical B201 are interpreted to coincide with the minimum
principal horizontal stress. Petalcenterline fractures are shown by vertical pinkines,
and their length represents the vertical extent of the trace along the borehole. The
average maximum horizontal stress is then derived as the circular mean weighted by
the length of breakout along the borehole + 90°, and is 054 or 234+23.6°, althbug
observations are sparse. The central panel denotes fracture density along the
borehole, and the right panel summarizes the static temperature log along the well
and sonic porosity. Background colors correspond to the prominent lithologies
traversed by the well as inferred by a combination of the mud log, the image log, and
the sonic and caliper logs. (b) Equal area stereogram of pole to fractures in the image
log. Dot size is proportional to apparent aperture as in (a). Great circle and prominent
black pole correspond to trend of the SHSZ.
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4.1.2 B202

Borehole B202 is located 5.8 km NE of Mount St. Helens, and is situated atop
Windy Ridge (Figure 2, 3). For borehole B202, one-fdive sonic log, one combo log,
and four image logs were downloaded iioterpretation. The combo log contains only
caliper, tension, and time channels, and some channels in the FWsSdgapfosity) are
corrupt, thus limiting the tools available for lithological characterization. For detailed
information on data processisteps undertaken for the four image logs, see Appendix A.
The interpreted interval spans from approximately 199 m to 244 m with a maximum

deviation from vertical of 7°.

B202 Lithology

Notes from the drill site geologist for B202 are sparse, hindering letbtai
lithological interpretations. The two main lithologies identified in the borehole are basalt
and andesite (Figure 16). The upper section was designated basalt based on the greenish
color, which is consistent with varieties found in the field, as veetha presence of pyrite.

The boundary between basalt and underlying andesite was placed at 752 ft (229 m), which
matches the depth of a possible lithology change noted by the drill site geologist. This

depth also coincides with a change in image quadispaiated with lithology transitions,

and a lowangle feature that may represent an erosive contact. Several more lithological

contacts were identified based on changes in rock density identified in the FWS log. These
contacts were picked as horizontaln@a at the corresponding depth, unless adogle

feature was identifiable in the image log at the transition.
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Figure 16: Screenshot of image and FWS logs used for interpretation of B202. The
FWS log is overlaid with alternating colors representing ihology changes implied by
changes in rock density, recorded as slowness in the FWS log.
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B202 Natural Fractures and Drillingnduced Structures

Borehole B202 is sparsely fractured, with only 19 natural fractures picked over the
length of the logged interval (Figure 17). Both the strike and dip of fractures vary
considerably. While there are relatively few natural fractures intersected by thelbore
B202 was found to have an abundance of borehole breakouts (Figure 17). The breakouts
are found in both major lithologies, and span nearly the entire length of the logged interval,
with the exception of a prominent gap from approximately 233288 m The shallow
breakout set (all breakouts < 233 m) are of a relatively steady orientation and imply an
Stmax azimuth of 105.5°/285.5°+L7.0°. The overwhelming number of breakouts in this
set controls the overall calculation fornax in B202 (107°/287°).This set of breakouts
spans the transition from basalt to andesite while maintaining a steady orientation. The
deeper breakout set shows more dispersion within the set than seen in the shallow section,
though all these breakouts are found in a singleesitid unit. The orientation of-®ax

implied by this deeper set is 178°/358°.
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Figure 17: Summary of borehole B202 image log interpretationSee Figure 15
caption for full description and legend.

4.1.3 B203
Borehole B203 is located 12 km WSW of Mostt Helens, outside of the SHSZ

(Figure 2,3). For B203, one fulfave sonic log, one combo log, and one image log were
found. The porosity channel in the FWS log is corrupt, reading as a straight line at 0%.

The logged interval spans from approximately t®0 242 m.
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B203 Lithology

Borehole B203 is dominated by andesitic lithologies, with short intervals of
l'ithified ash deposits, volcaniclastics,
andesited (Figure 18). Thil otexingitagng oxidiged wa s
andesites, possibly similar to the style of alteration found in Outcrop 2. Ash beds were
picked where lowangle contacts are accompanied by extension of the caliper and
decrease in resistivity, which may be indicativedkaease irstrength and an increase
in charge common to clay formed by alteration of ash. Two thin volcaniclastic beds were
picked where image quality changed at a-tgle contact, the caliper indicated
increased borehole roughness, and resistivity inecea&here lithology transitions were
apparent from image quality, resistivity, or slowness from the FWS log but there was no
other information with which to identify rock type, contacts were picked but the lithology

was left as andesite.

B203 NaturalFractures and DrillingInduced Structures

The fracture population found in B203 shows nearly all fractures defining a set of
steeply dipping fractures which strike SSE (Figure 18). Many of the fractures within this
group are clustered in a vertically exsare fault zone which spans from approximately
220 mi 238 m. However, fractures of similar attitude commonly persist outside of this

zone as well.
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There are two distinct zones of breakouts found in B203. Theséitspans from

approximately 200 rih 210 m. This shallow set impliesisxazimuth of 181°/004°. The

deeper breakout zone is comprised of only one pair, but is of a consistent orientation

(Stmax= 186°/006°).
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Figure 18: Summary of borehole B203 imagkg interpretation. See Figure 15 caption

for full description and legend.
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4.1.4 B204
Borehole B204 is located approximately 8 km SSE of Mount St. Helens (Figure

2,3). For B204, one fullvave sonic log, two combo logs, and three image logs were
downloadedand analyzed. The first combo log only has caliper, tension, and time
channels, while the second contains channels such as formation resistivity and natural
gamma radiation. However, the gamma channel is corrupt, and the resistivity channels
report no dataintil a depth of 695.5 ft (212 m). The image logs cover different portions
of the same depth; three of the image logs are afflicted by poor image quality, possibly
stemming from a tool decentralization issue. The log with the greatest depth extent and
highest image quality (B204 139 _243) was selected for interpretation. The porosity

channel in the FWS log is corrupt, but slowness channels are unaffected.

B204 Lithology

Lithologies identified in B204 include rhyolite and andesite (Figure 19). As
indicatedly t he drill site geologistds notes, th

rhyolitic deposits which are very pale gray to white, fine grained, and hard.

B204 Natural Fractures and Drillingnduced Structures

Strike of natural fractures found in B204ris considerably, ranging across all
points of the compass (Figure 19b). The majority of the features identified are steeply
dipping and often nearly vertical. Fractures are abundant in both major lithologies

identified.
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Borehole breakouts and petanerline fractures were both identified in B204.
Breakouts are found only in the andesitic layer and have been broken down into two sets
for analysis. The shallower set is defined by two pairs of breakouts of similar orientation,

at approximately 201 m and.2 m. This shallow set impliesi@xazimuth of 22°/202

The deeper set is a cluster of breakouts at approximately 225 m depth, and indicates
Svmaxazimuth of 134°/314°. Breakouts in this deeper set visibly rotate to intersect pre
existing natural fractws (Figure 20). Three pairs of petainterline fractures were
identified in the borehole. Two pairs are found in the shallow rhyolite beds, indicating
Simaxazimuths of 034°/214° and 154°/334°, respectively. The third pair of petal
centerline fractures ®und in the andesitic layer in the same zone as the breakout

cluster, indicating @naxazimuth of 199°/19°.
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Figure 19: Summary of borehole B204 image logterpretation . See Figure 15 caption
for full description and legend.
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Natural Fracture

Breakouts

Figure 20: BHTV imagelog of a short section of B204. Breakouts appear as parallel
zones of reduced acoustic amplitude (darker colors); in this view, the labeled set of
breakouts are visibly rotating to intercept a preexisting natural fracture. This
phenomenon is also visiblen the lower quarter of the image, with both breakouts and

fractures of lower pick quality.
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4.2 Drill Cutting Analyses from MSH 17-24 Temperature Gradient Hole
Samples of drill cuttings were collected in real time during rotary drilling

operations in thewsnmer of 2018. These samples were assessed for mineralogy, texture,
and color, then assigned a lithology based on comparison to representative local samples,
and compiled into a mud log. During drilling, strong water entries led to positive wellhead
pressuve below 114 meters, requiring increasing mud density with barite; this phase of
drilling was also associated with significant mud loss, although the depth of the loss zones
are uncertain due to the need to work over the well to manage washout. Whintiedp

total depth (TD) for this temperature gradient hole was 488 m (1600 ft), sid Was
completed to a depth of 143 m (470 ft) due to repeated drilling setbacks and budget
constraints. At the end of drilling, the hole was cased and cemented, aidsenailable

for deepening, which is planned for the summer of 2019.

The depth to bedrock at site-24 is significantly deeper than predicted by Phase
1 and 2 exploration (Forsoet al, 2017). Approximately the top 43 m is comprised of
boulders and cdiles of volcaniclastics and basalt or andesite suspended in finer grained
sand to clay sized sediment, all likely deposited by either the Evans Creek or the Hayden
Creek glaciation events (Evarts & Ashley, 1993). Below this depth, bedrock is composed
of basalt, basaltic andesite, and volcaniclastics (Figure 21a). Basalts and basaltic andesite
are comprised of plagioclase, clinopyroxenes, olivine, spinel, ilmenite, and magnetite.
Volcaniclastics have mineral assemblages similar to basalts and andesiteme but
distinguished based on (1) the varicolored groundmass typical of volcaniclastics, ranging
from purple to green, (2) a mixture of lithologies being returned to the surface, (3) increased

64



rate of penetration while drilling relative to basalt or andesitd,(4) the presence of XRD
peaks associated with laumontite, a zeolite mineral formed by burial metamorphism of
volcaniclastic rocks of andesitic to basaltic origin (Nesse, 2000). Alteration minerals
include quartz, chlorite, calcite, hematite, smectted illite, all of which are present
throughout the drilled interval (Figure 21b). Chlorite is typically the most abundant
alteration mineral, and is commonly found coating fracture surfaces on drill cuttings.
Between depths of approximately-38 m thereis a prominent zone of volcaniclastics
dominated by an abundance of laumontite. Hematite is present throughout most of the
drilled depth, though only in very small abundances and was found mostly as surficial
staining. In the drill cuttings hematite i&dily to be associated with weathering processes,
rather than precipitation resulting from fracture flow. Montmorillonite was found in only
two samples (37 m and 111 m) and in abundances less than one percent, as determined by
XRD analyses. lllite is foundnore frequently, with relative abundances ranging up to
12.8% Gee Appendi.4 for detailed descriptions of XRD methods, and Appe@ifar

XRD results.

Two temperature gradient measurements were taken in the months following the
cessation of drillingat site 1724 (Figure 21c). Both show nearly isothermal temperature
profiles consistent with meteoric groundwater. Given the shallow depth and artesian water
entry, these results reflect the influence of local topography as well as the naassive

of meteoric water input to the area expected at these shdbpihs.
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Figure 21: Plots of borehole cuttings mineralogy (a), alteration mineralogy (b), and
temperature profiles (c) for MSH site 1724. Cuttings and alteration mineralogy are
shown as weight percent as determined by XRD analysis and automated Rietveld
refinement. In (b) the label lli indicates the curve for illite, Chl is chlorite, Lmt is
laumontite, and Cal is calcite. Temperature profiles from PFA site 1-24 taken on
October 15, 2018 and November 20, 2018. The casing and cement iR247was
installed in Septenber 2018. The later profile is considered equilibrated, which will
be confirmed in late spring 2019 when the site is once again accessible.

66



CHAPTER 5
5. DISCUSSION

The analyses presented here (1) detail fracture porosity and paragenesis as it relates
to the generation otonnected pore spacé?) constrain the architecture of potential
reservoirs, (3) provide new constraints on the regional geomechanical rand€#)
present preliminary findings on the likelihood of the presence of a source of heat. These
considerations provide an initial assessment for the likelihood of a geothermal resource

north of Mount Saint Helens.

5.1 Testing and Refining the PFA Model for Fracture Porosity
One of the critical components i@ the

geothermal systems is modeling the permeability potential for selected study areas. The
confidence weighted inputs for the permeability include mapped faults and fault
observations, seismicity, detailed gravity surveys, aeromagnetic surveys, modeted cros

sections, and LIDAR interpretation (Forsetnal, 2017).

5.1.1 Qutcrop analysis ofgrosity in potential reservoir rock
Outcrop and thin section analyses document (1) open, modern pore space, and a

history of opening recorded by layered cements; (23tfre intersections promoting
hydraulic connectivity; (3) fracture association and intersection with larger faults, which
extend across lithologic units and are likely to be extensive structures that could promote
fluid transfer between lithologic unitend (4) alteration localized in fractures resulting

from paleofluid flow.
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In all samples analyzed, both crystalline basalts and volcaniclastics subjected to
burial diagenesis and subsequent alteration have very low primary porosity. In these
samples, fretures host the majority of porosity; thus the distribution of fractures in the
outcrop determines the variability of porosity. Three key factanstrolling fracture
distribution are evident: (1) proximity to large faults; (2) rock type; (3) alteratiosh an
cementation. First, fracture density is highest in proximity to large faults. Second, rock type
influences the density and extent of fractures adjacent to the fault; the volcaniclastics are
associated with the highest fracture density in the damageafdhe strike slip faults
whereas basalts host a low density of distributed, relatively isolated fractures, and ash
layers are relatively unfractured. Third, alteration preferentially developed in fractures
adjacent to strike slip faults results in los®pén porosityandrelatively isolated fractures
with little alteration. These results indicate that the princantrolon porosityis proximity
to the large strike slip faults, which promotes high fracture density and reactivation, in
combination with rock typghrough its influence on fracture characteristics and alteration.
Furthermore, matrix porosity is an insignificant source lofdf storage, although the

distributed fractures in the basalts may contribute to storage volume.

Changes in porosity due to alteration may have a profound influence on fluid and
heat transport. If alteration lowers porosity in the rock adjacent to arfeathen flow will
tend to be isolated in the fracture and connection is lost to the host rock. Such isolation
inhibits further alteration of the host rock and also slows heat exchange between the fluid
and the host rock (Ingebritseat al, 2006; Huenge 2010). In an open system, water

percolates through distributed pore space and heat exchange between the fluid and the rock
68



mass is promoted by the associated high surface area between grains and pore fluid; then
the heat may be advectively transferrethwhe migrating fluid. However, in the case of
isolated fracture flow, heat must be conductively transferred across the fracture wall to the
fracture filling fluid, thus reducing the contact area and the rate of heat transfer
commensurately. The resulttisat the moving fluid accumulates less heat along its flow
path. The combination of low matrix porosity, alteration in the strike slip faults, and lack
of alteration in the distributed fractures of the basalts suggest isolated fluid flow without
the devebpment of a geothermal reserva@onversely, fracture systems in the damage
zones adjacent to large faults in volcaniclastic units document fracture interaction creating
areas of localized extension, intense fracturing, and alteration of the surrouoslimgdk.

In conjunction with the healing cements, the fracture networks and alteration in these
regions may support increased fluid interaction with the host rock, contributing to

advective fluid transport over long distances.

5.1.1 Borehole analysis difacture porosity in potential reservoir rock
Fractures evident in image logs of PBO boreholes demonstrate that (1) stiffer

lithologies (e.g. volcaniclastics) are associated with higher fracture density and larger
aperture fractures than weaker likbgies(e.g. lithified ash layers), (2) fracture density and

the occurrence of large aperture fractures varies by location around Mount St. Helens, and
(3) subsets of fracture populations in each hole are likely to beowetited for repeated

slip in the moder stress state. While seismicity is unlikely to have directly affected the

stress state in the shallow PBO borehokgyre 26, holes drilled to typical reservoir
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depths of 23 km can reasonably be expected to encounter extensive zones of active

seismicty which serve to produce and maintain connected porosity (Figure 3).

The PFA predicted spatial variability in the likelihood of fracture development,
which was the basis for the relative permeability and storage around Mount St. Helens
(Forsonet al, 2017). Box plots of fracture densiglongeach borehole show that fracture
density loosely correlates with modeled permeability favorability (Fig@e 12 this
analysis fracture density is calculated as number of fractures per 5 m interval for the length
of the logged interval in each borehokonreholes B201, B202, and B204 share similar
modeled favorability ranks; these holssow similar dispersion and median fracture
density within confidenceandicating that these populations are not significantliedant.
However, borehole B203 has notably lower modeled favorability rank, which is associated

with significantly lower fracture density and reduced dispersion.

These distributions are negatively skewed (most of the data is abouse#ig
consistent vth either: (1) fracture density dominated by clustering of fractures in the
damage zone of a few large faults or (2) high density of fractures in a few lithologic units.
Although basalts are associated with enhanced, distributed fracture density, thénfault
outcrops and inspection of the image logs indicate that this signal mostly likely represents

the effect of fault damage zones consistent with the PFA premise.
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Figure 22: Image of PFA permeability model at 200 m depth and box plot of PBO
fracture density. Panel(a): PFA model for permeability favorability at 200 m depth.
Purple lines represent mappedractures; black lines represent mapped faults. Faults
are dashed where fault location is uncertain or concealed. The PBO borehole sites are
labeled and shown by red circles. PFA site 124 is shown by the red circle with black
cross. Panel(b): box plot of fracture density for PBO holes. Holes are organized
accordingto the predicted favorability at each location. The favorability value (from

0 to 1) is show in green text inside each box. Fracture density is calculated as number
of fractures per 5 m.

While most fractures in each hole have either negligible or hitley apparent
aperture, there are important outliers in these data sets (Fgjuta Both B201 and B204
there are single fractures that have apertures ranging up to mfh@0As fluid
transmissivity through fractures generally varies by the squarefofa ct ur e6s ape

these larger diameter fractures are often critical for production of large amounts of fluid in
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geothermal systems. These two boreholes (B201 and B204) are optimally positioned near
the center of the SHSZ, whereas B202 is on the etgeB203 is outside the extent of
frequent seismicity. This finding further

relative to the SHSZ should strongly influence permeability.
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Figure 23: Histogram of normalized aperture frequency for each PBO boretle. The
frequency is normalized to the total interpreted image log length, showing the relative
intensity of fracturing as aperture perimaged length (mm/m). The red arrows in B201
and B204 are intended to highlight outliers in the datasets.




5.2 Is the rack volume critically stressed and actively deforming?

5.2.1 Review of Fault Regimes
Anderson (1905) posited that that there is a fundamental relationship between the

three basic types of faults and the orientation of the ttireensional stress tensor it
respect to the earthoés surface. This relat
strike slip, or reverse, depending upon whether the lithostatic stress due to overbyrden (S

IS the maximum, intermediate, or minimum principal compressiresst respectively.
Lithostatic stress is considered a princip
principal plane on which negligible shear traction is resolved. This relationship between
faulting regime and relative magnitude @fsBould [ true in the brittle upper crust where

elastic deformation is the dominant mode of rock failure. In this environment faults tend to

be well oriented for slip if they are at an angle of approxima@étyto the maximum
compressi ve piinithe gedlggiaal corsvéntior).sHoweyer] deviations from

this simplified relationship may be expected due to factors such as heterogeneity of
material properties, the effects of topography, or reduction in shear traction resulting from

nearby fault slip (Bnpson, 1997; Schoenball and Davatzes, 2017).

5.2.2 Stress Heterogeneity
Drilling-induced structures in B201 indicat@naxazimuth of 053/233°+23.6°. This

azimuth is consistent with a stress state governed by the influence of plate subduction,
where theazimuth of Simaxis 055° (Evarts and Ashley, 1987 and references therein). This
differs slightly from stress models explored by Swgteal.(2016), which infer 028° from
instantaneous strain from raw GPS velocities. In both cases, many natural fracB2@% i

(including several of the prominent large apparent aperture fractures) and strike slip faults
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in Outcrop 1 are welbriented for strike slip, suggesting they may continue to be active
today. The conjugate sets of steeply dipping fractures whichedafsignificant portion of

the population (Figure 15) are most consistent with the compressive horizontal stress 028°
modeled by the PFA (Swyet al, 2016), whereas only one set is reasonably-oréinted

for an azimuth of 054°.

The calculated averageimuth of Simaxin B202 is 107°/287°, which is nearly 50°
- 80° different from solutions presented by Evarts and Ashley (1987) or $ng&(2016).

This average is strongly influenced by the shallow set of breakouts, whereas the deeper set
implying Simax azimuth of 178°/358°. Due to the relative lack of natural fracture traces
crosscutting the borehole it is difficult to assess if important populations of fractures are
likely to be well oriented for strike slip reactivation given any of the possildessttates.

The few highangle fractures striking NE or SW may be critically stressed for the
influences of plate subduction, but are unlikely to be reactivated by the stresses implied by
either set of breakouts or the azimuth gh& modeled by the PFA.

B203 is characterized by a stress state and fracture population which are well
defined and stable in comparison to other boreholes in the area. The shallow and deep sets
of breakouts indicateq®axazimuth of 001°/181° and 006°/186°, respectively. Theailve
calculated Smaxat this location is 002°/182°. These results differ from those presented by
other studies, but are consistent with regionas Mompression related to fault block
rotation (Barker and Malone, 1991). The prominent cluster of-aigjie fractures

identified have strikes varying from SSE to SSW. This orientation is not suitable for strike
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slip faulting given the stress state indicated by borehole breakouts, but may be very well
oriented for reactivation given either other solution.

The dilling-induced structures identified in B204 indicate the most heterogeneous
stress state of all four PBO boreholes. The calculatedx&zimuth is 174°/354°; the
shallow breakout set indicatesnax of 22°/202°, while the deeper breakout set indicates
Svmax @azimuth of 134°/314°. The disparity between both breakout sets and the calculated
Stvmax @zimuth is due to the three pairs of patanterline fractures identified. As noted
previously, petatenterline fractures are difficult to distinguish from weati natural
fractures in the borehole image logs, and are therefore considered the least reliable stress
indicator.

This investigation of PBO borehole petrophysical logaggest stress
heterogeneity in the area surrounding Mount St. Helens. Whileshés of prior modeling
studies indicate a homogenous stress state for this locality (e.g. Barker and Malone, 1991
and references therein; Swyaral, 2016), analysis of image logs implies that the principal
horizontal stress directions in the shallombsurface rotate around MSH (Figurd).2in
boreholes B201, B202, and B204 analysis of different intervals of drititigced
structures produces significantly different results for the azimuth afxSThree
competing hypotheses to explain the appamaation of principal stress directions in each

hole, and in the regigrare explored below
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. Geologically recent fault slip and associated reduction in shear tréf€igume 53
. Variation in material properties in geological layéfggure 5hb)
. Topography related to the volcanic edificeaomearby valley or ridge at shallow

depth(Figure 50)
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Figure 24: Map view of the area surrounding MSH with stereograms showing implied
stress directions at the location of each PBO borehole. Yellow arrowshallow Simax
azimuth. Purple arrows: deep Simaxazimuth. Dashed red plane and filled red pole to
the plane represent trend of the SHSZ. Fracture size and color is scaled by aperture,

as in prior figures.
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Figure 25: Cartoon sketchesdemonstrating possible causes of local®ax rotation. (a)
A small fault (red line) crosscutting the borehole causes a rotation of the principal
stress directions by increasing the magnitude ofif&ax (dashed black line) at the fault
tip and decreasing Smax along the fault, which becomes a principal plane. A large
strike slip fault at greater distance from the borehole (vertical red line, dot and X
indicate kinematics) has similarly affected the stress state over a larger length scale.
(b) Rock units with different material strengths (shown by the colored layers)
correspond to different measurements of sonic velocity @y Vs). (c) Three boreholes
are shown in proximity to the effects of topography due to lithostatic loading from the
volcanic edifice and valleys. The raiis of the volcano and the depth fathe valley are
both denoted r.
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Fault Slip

First, the question of whethdault slip in the geologically recent past may have
perturbed the stress state from the regional backgrisungestigatedFault slip reduces
differential stress along the fault and enhances it beyond the tips, which causes a rotation
in the principal stresses. The effects of fault slip on the local stress state are generally
experienced within three fault hd#éngths(Jaeger and Cook, 29D Theexpected length
scale of the rotation is dependent upon the length of fault rupture. Thus, small fractures
crossing the borehole can produce effects evident at the meter scale, whereas large
earthquakes or unrecorded slip on mapped faults way cause nstétiat influence

hundreds of meters to kilometers and effect the entire bor@DalelLewis et al., 2010)

There are several direct observations which can be used to evaluate whether the
stress state observed in a borehole has been affected by famitlsiiing: (1) systematic
rotation of drillinginduced structures along the borehole length and (2) the proximity to

mapped faults or earthquakes and their magnitudes.

Slip on small faults may cause rotations in the stress orientation that are limited to
local regions of the borehole. If stress rotations resulting from fault slip have occurred,
breakouts above and below the fault should (1) progressively rotate, dusitoify to a
principal plane (the fault, which has zero resolved shear tractiorslims{Shamir and
Zoback, 1992; Davatzes and Hickman, 2010), and (2) decrease in width as they approach
the feature due to the reduction in differential stress resuitimg fault slip. However,
there is no way to determine the lateral extent of fractures which are imaged in the borehole,

so the critical distance at which an effect can be seen is impossible to determine.
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Small scale stress heterogeneities resulting franomnfault slip are a potential
cause for the rotations visible in some holes. In B201, there are many fractures, some of
significant apparent aperture, in the intervening space between thecemtline
fractures and both pairs of breakouts (Figure B6yehole B202 similarly contains several
fractures in the space between major sets of breakouts (Figure 17). Neither borehole shows
evidence of progressive breakout rotation or decrease in breakout width approaching a
fracture. However, there are largenes with an absence of breakouts between sets of
breakouts in both holes. The effects of breakouts coalescing witexjsteng natural
fractures is documented in B204 (Figure 20), and is therefore at least partially responsible

for the rotation in Smaxazimuth in the lower set of breakouts identified there.

Using empirical solutions for the relationship between earthquake magnitude and
surface rupture length (fault length) presented by Wells and Coppersmith (1994), the length
of each fault responsibl®ff generating earthquakes recorded by the USGS greater than
magnitude 0 from 1970 2018 were calculated. Fault hddingth can then be plotted
against radial distance from each event to the four PBO boreholes to determine if any of
the recorded events falithin the critical distance of three fault hddingths (Figure @).

In this figure, lines with slope of 1, %2, and; are plotted to illustrate events which are
within one, two, or three fault haléngths of the given borehole, respectivedp, any

event above the line with slope f; (cyan color in Figure 26byould be expected to

affect the local stress state for that borehole. From this analysis, the abundant seismicity
associated with hydrothermal fluid circulatiand magma movemeheneath thealcano

stands out clearly (Figure 26a). Whileese events are multitudinous and many are of
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significant magnitudethey are too far from any of the boreholes to affect the stress state

at those locations (Figure 26b).
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Figure 26: Plots of earthquake nagnitude vs radial distance from each PBO borehole,
and plots of the fault halflength for each recorded earthquake vs radial distance from
each PBO borehole. In column (ablue circles represent earthquakes, theertical red

line represents the map view distance from the borehole to the summit of Mount St.
Helens, and the red shaded box shows the map view diameter of the volcanic edifice
(approximately 8 km). In column (b) blue circles are earthquakes, andhe red, cyan,
and magenta have slopes of 1, %2, and , respectively. A line with a slope of
indicates that the eventdés distance from t|
stress change for the fault (3x the fault halfength). Slope of %2 meas the event is
within 2 fault half -lengths of the borehole, and slope of 1 means that the borehole is
within one fault half-length of the event.
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There are mapped faults in proximity to B202 whose surface traces are long enough
that fault slip would pertdr the local stress state (Figuré).2Although these faults are
close enough to affect the azimuth ah&found in the borehole, they are oltle youngest
units offset by any of these faults is Tertiary (Oligocene) which makes it unlikely that they
areactive today and impacting tk&ress fieldWere they active, faults mapped at this scale
would produce rotations at length scales greater than the length of the borehole, resulting
in a distinct orientation of stress within this well. Thus, stress ooistof length scales
equivalent to the length of the borehole from nearby earthquakes or mapped faults are

unlikely to have affected any of the PBO boreholes.
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Figure 27: Geologic map view of B202. Red arrows point of mapped faults in the
vicinity of the borehole. Figure adapted from Evarts and Ashley, 1993Arrows
indicate mapped thrust faults, and one low angle normal fault near B202.

Mechanical Stratigraphy

The different materials comprising the mechanical stratigraphy identified in the
field area may act as another control eanpazimuth and thereby breakout orientation.
Relative strength influences the maximum differential stress a unit may sustaintwithou
breaking and thus locally redes differential stress and caesrotations (Day-Lewis,

2010) Similarly, variation in mechanical properties may produce contrasting stress states
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in adjacent unit§Langenbruch and Shapiro, 2015) cases where the pripal stresses

are neither parallel nor perpendicular to the layer, rotations may result. If present, such
stress rotations scale with the vertical extent of the lithologic units. In the tiede
differences are manifest in the hardness of the rock éhaodk is inferred to be stronger

and stiffer) and in some wells through sonic velocity (higher velocity generally implies

stronger and stiffer rock).

Of the four boreholes, only B201 is a plausible candidate for this type of rotation.
In B201, the two lwakout sets are found in different lithologies (volcaniclastic and
andesite) as identified wusing the dril!]l
corroborated with the FWS log. However, both of these lithologies are typically quite hard
where expose at the surface, so the contrast in material properties may not be sufficient
to account for the &amx rotation observed (>100°). The remainder of the boreholes have
breakout sets that are in consistent lithologies, which eliminates the possibility that

differences in rock strength account fbe observed stress rotations

Topographyi Volcano Loading

The effects of topography may contribute to a change in stress orientation around
Mount St. Helens. This could be due to either topographic loading frerméss of the
nearby volcanic edifice, or from the free surface of nearby valleys. A secondary effect
could be provided by deflation of the shallow magma chamber during the 1980 eruption;
this effect has been modeled by Swetal.(2016), but because $ small size and depth,
has been shown to be small at the position of PBO wells.
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Muller et al.(2001, and references therein) describe the effect of loading from the
volcanic edifice on dike propagation, and find that the most compressive principsl stres
(SHmax) rotates toward the volcano over distances of several times the radius of the load.
The effects of such loading can be expected to extend radially outward from the volcano
to a length of approximately three volcanic radii. The expected orientHtimax visible
in a borehole encountering such an effect would be toward the volcano. The radius of
Mount St. Helens is approximately 4 km, thus, any of the four borehole may be subject to
this effect. However, B201 and B203 are at the outside of ffestiwe range, each
approximately 12 km from the summit of the volcano. Boreholes B202 and B204 are more
likely candidates, as they are 6.75 and 6.9 km from the summit, respectively. If rotation
from volcano loading is experienced in these shallow boeshdlis likely that the effects

would be limited to the deeper zones in these relatively shallow boreholes.

In B201 and B203, the interpreted orientations @f.gare inconsistent witta
topographic loadingeffect. In B202 the shallow breakout zone itades an Smax
orientation nearly orthogonal to the direction which would be expected from volcano
loading; the deeper set of breakouts is closer, but still approximately 30° off from a
compressive stress direction controlled by the volcano. Drliidgced structures in B204
imply the most heterogeneous stress state, but the overall calculatet Svell aligned

with the effects of volcano loadir{§igure 24)
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Topography Valleys

Proximity to valleys also plays a role in the stress state in gishsubsurface.
Within a few radii of a valley, the least compressive principle stress should be oriented
perpendicular to the valley wall (Pollard and Fletcher, 2005). In the strike slip faulting
regime documented around Mount St. Helens, we would &xpecmost compressive
principal stress to be oriented horizontally and parallel to the valley wall. This effect should

be most pronouncembovethe base of the valley.

The only two boreholes likely to be affected by proximity to a valley are B201 and
B202 (Figure 8). Borehole B201 is roughly 0.3 km from the valley wall defining the edge
of Coldwater Lake. The bottom hole elevation of B201 is 746 m above sea level (ASL),
while the elevation for the surface of Coldwater Lake is 761 m ASgure 28a) The
shallow set of breakouts in this hole indicat@az azimuth that is nearly perpendicular to
the expected orientation, and so must not be effected by proximity to the valley. The deeper
set of breakouts in in B201 showgmax parallel to the valley wallFigure 24) However,
this orientation is also well aligned with the influences of regional tectonic and plate
subduction, so the control on this azimuth is poorly constrained. Borehole B202 lies atop
a narrow ridge (Windy Ridge) which runs NNE/SSW. Te #ast of the ridge is a shallow
valley, and to the west is Spirit Lake. The bottom hole elevation for B202 is 974 m ASL,
the surface of Spirit Lake is 1051 m ASL, and the valley floor to the east is 1082 m ASL
(Figure 28b) Similar to B201, the shallow sef breakouts in this hole indicatesnax

nearly perpendicular to the expected orientation for the effects of topography on
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gravitational stress. The deeper set of breakouts is more closely aligned with the direction

anticipated from topographic effecteending NNW/SSKEFigure 24)
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Figure 28: Three-dimensional cross sections views of B201 and B202 illustrating
proximity to valleys. Nearby earthquakes are shown by open circles whose color and
size is scaled by event magnitude (left scale bar). pagraphy is shown by the semi
transparent DEM, and elevation is colored according to the right scale baf.he length

of each borehole is shown by the black line beneath the triangular location symbols.
(a) View from the WSW of Coldwater Lake, B201, and MSHL7-24. (b) View from the
NE of Spirit Lake, B202, and a neighboring valley.
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5.3 Is there heat accessible in the SHSZ?

At the depths to which our investigations extend there is not an elevated
temperature gradient sufficient to host a geothermal gradigguiré D). The subsection
of B204 which shows an elevated temperature gradient is associated with a transition from
rhyolitic deposits to andesitic deposits (Figure 19). While this depth does contain multiple
large aperture fractures, the temperatureigradogs do not show evidence for inflow of
warm water to the borehole. So, it is more likely that the increase in temperature gradient
is due to the reduced thermal conductivity of the less felsic andesite (Robertson, 1988
This result is to be expectatithese shallow depths given the abundance of cold, meteoric
water input from precipitation in the Cascades and encountered during drilling. While there
is as yet no evidence for a hydrothermally altered,-Gtdy caprock at these depths
consistent witlthe presence of geothermal system in the past at any of the sites sampled,
these results prove fluid saturation of the subsurface fracture population and host rocks,

and imply that there may be connectivity to a shallow source of heat.
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Borehole Temperature Profiles
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Figure 29: Plot of borehole temperature for site 1724 and PBO borehole B201, B203,
and B204. The curve for site 124 represents an equilibrated temperature
measurement taken several weeks after drilling was completed. Curves for PBO
boreholes were collected during driing and so represent a disturbed temperature
state. Geothermal gradients were calculated for representative sections of each well
and are listed next to the curve in the same color. The red temperature gradient is a
subsection of B204.
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5.4 Is a fracturedreservoir viable in the SHSZ?

Commercial geothermal systems are found where heat is connected to a shallow,
porous, and saturated reservoir via a permeable pathivenges, 2010 At Mount St.
Helens, the conceptual model for geothermal systems is thaishderived from young
dikes and sills related to the magmatic plumbing system at depths greater than practical for
drilling (Figure 1) (Forson, 2015). The SHSZ provides vertically extensive potential
conduits evidenced by seismicity (Figure 3) alongolhineteoric water may migrate to
depth and be warmed by the intrusives before rising to shallower depths. In addition,
repeated slip along faults in the SHSZ could maintain connected porosity in these initially
low permeability lithologies (Forson, 20151#Sonet al, 2015; Forsoet al, 2016; Forson
et al, 2017; Swyeret al, 2016) by reactivating fractures which are critically oriented for

failure (i.e. Bartoret al, 1995), resulting in a shallow resource supplied by heat from depth.

Candidates for aservoir rock include marine mesadiments, extrusive flows,
indurated volcaniclastic deposits, and lithified ash beds. These reservoir rocks should be
overlain by a clayich, hydrothermally altered caprock. The results presented above
address the poteaat role of extrusive volcanics as a fractured reservoir rock or in allowing
vertical circulation of hot fluid, taking advantage of their exposure at the surface. However,
due to their greater depth and thus potential for heating, the underlyingseckt@nts

remain a critical reservoir target.

The field investigations and borehole analyses show that that the lithological units

and depositional environment typical in the SHSZ define a mechanical stratigraphy that is
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likely to control reservoir structure.gReated sequences of volcaniclastics draped by ash
fall overlain by basalt or andesite flows are common throughout the field area representing
significant stratigraphic thickness, as well as at depth in wells B201, B202, B203, B204
and 1724 (Evartset al, 1987; this study). Although individual flows are62m thick,
accumulated sequences of basalt or andesite flows with intervening ash and volcaniclastics
exceed 300 m in thickness (Evarts & Ashley, 1993). Locally, flow thickness is likely to

have been cdrolled by paleetopography (e.g., Figure 4).

Basalt and andesite flows sometimes form columnar joints through cooling and
contraction, but in many outcrops such joints are only poorly developed or absent.
Otherwise, extrusive flows are sparsely fractuesdept by the large strike slip faults
(Figure 4, Stations 3 and 4), small, locally developed normal faults (Figure 4, Stations 1
and 2), and the effects of exposure and weathering. In particular, the strike slip faults are
associated with locally high fteure density, and both the fault slip surfaces and related
fractures are either open or contain accumulated vein cement, both of which demonstrate

their propensity for dilation.

Volcaniclastics in the SHSZ vary widely in their description, but the most
commonly encountered types are similar to the welded tuffs described in Outcrop 1. These
units typically display welldleveloped, distributed fractures, as well as localized damage
adjacent to strike slip faults and a complex paragenesis consistent widtgrergacture
dilation. They are consistently more densely fractured than basalts or andesites (Figure 4,

bottom row; Figure 11a).
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Lithified ash deposits clearly drape palepography in layers a few meters or less
thick. While fractures and faults da@asionally cut into and through ash layers, strain is
more often accommodated by this weak layer slipping preferentially along depositional

planes, rather than undergoing brittle fracture (Figure 4, Stations 1 and 2; Figure 14a).

All these lithologies hee very low primary porosity (e.g., Figure 7), but there is
ample evidence for porosity due to dilation of fractures. These fractures display multiple
generations of slip and healing suggesting that fractures act as preferred and persistent
conduits for fuid flow. Locally, alteration around these fractures is consistent with their
role in facilitating vertical fluid exchange. For both the strike slip faults and distributed
fractures, repeated cementation documents cycles of porosity rejuvenation detute fra

reactivation.

Quartz cement is consistent with precipitation from cooling fluid such as water
migrating upward from depth, dolomite from hydrothermal alteration, and iron oxide
(hematite) from oxygenated meteoric waters. All this is indicativeabfiral fractures
acting as preferred pathways for fluid flow over an extended period of time and distance

(e.g. Eichubkt al, 2009).

Thus, these three distinct lithological units in their repeated sequence define a
mechanical stratigraphy controlling @taire porosity and connectivity. While potential
reservoirs are likely to be compartmentalized by common lithological packages of
extrusive flows, indurated volcaniclastics, and lithified ash layers defining the potential
reservoir storage, steeply dippistrike-slip faults that cut this stratigraphy provide the
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means to bypass this compartmentalization and facilitate migration of hot fluid to shallow

depth.

Outcrop 2 (Figure 9) reveals that high fracture density is associated with the margin
of intrusive bodies in volcaniclastics and adjacent contact metamorphic rock. Alteration
and cementation in and adjacent to these fractures indicate that they played a key role in

hosting fluid circulation and heat exchange as proposed by the PFA model.

Together themechanical stratigraphy explored in Outcrop 1 and persistent
permeability of fractures adjacent to the intrusive heat source in Outcrop 2 provide key
ingredients to support geothermal systems in the SHSZ. Although the seismicity in the
SHSZ documents actslip on strikeslip faults (Figure 3), it does not reveal whether those
faults dilate and host fluid flow. Alteration associated with fractures in outcrop reveal their

role in hosting paledluid flow, but not whether they are active today.

In all four PBO boreholes the identified lithologies contain fractures distributed
throughout the length of the sampled interval. Localized fault zones create areas of
increased fracture density, similar to the damage zones adjacent to large faults in outcrops
1 and 2 One important difference between faults and damage zones mapped in outcrops
and results from borehole analyses is that while there are dense clusters of fractures
comprising vertically extensive fault zones in the boreholes, they are not typicallyigpatia
associated with large aperture faults, as seen in outcrop 1, station 3. However, vertical
boreholes necessarily under sample features which are nearly vertical themselves. So,
capturing evidence for wetleveloped strike slip faults in image logs idikedy.
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In BO1 fractures are well distributed between andesites and volcaniclastics, while
basalts are significantly less fractured (Figure 15). In B202, both andesites and basalts are
sparsely fractured (Figure 17). Borehole B203 is predominantly caadpafsandesites,
with lesser amounts of volcaniclastics (Figure 18). Borehole B204 contains andesites and
rhyolites, both of which are intensely fractured (Figure 19). Thin, lithified ash beds are
found in boreholes B201, B202, and B203; where preserde thsh beds are seen to

impede fracture propagation, consistent with the findings from outcrop 1 (Figure 14).

Boreholes within the SHSZ are found to have higher fracture density than the one
borehole sampled outside the SHSZ (Figure 24). Furthermore, lthoadiées within the
seismic zone which were identified by the PFA as having overall higher favorability
display a greater variety in fracture attitudes (Figure 15, 17, 18, 19), thus potentially
promoting the connected pathways necessary to sustaingiesarale permeability. This
heterogeneity in fracture attitude contrasts with the measurements taken from outcrops 1
(Figure 5) and 2 (Figure 11). However, these outcrop measurements were only taken on
faults, and not on the distributed fracture netwarking up adjacent damage zones. In
outcrop 1, these large faults all appear well oriented for reactivation in the modern stress
state, and thus may be good approximations of some of the fractures identified in the
borehole. Furthermore, while outcropialays a wide variety of fault attitudes, this is the
result of alteration in proximity to an intrusive body (Figure 12), rather than reflective of

conditions expected to be found at the margin of the SHSZ.
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CHAPTER 6
6. CONCLUSION

The extrusive volcanicsequences in the SHSZ north of MSH comprise a
mechanical stratigraphy which is likely to control reservoir compartmentalization.
Basalts/andesites and indurated volacniclastics examined in outcrop contain fractures
which documat a history of fluid flow, lealing, and reactivation through generations of
cement precipitation. Fractures are often confined to within individual flow layers,
especially where fracture propagation is impeded by weaker lithified ash deposits which
drape these stiff rocks. Howeveaarde strike slip faults create vertical conduits that bypass
lithological boundaries, creating damage zones of intense fracturing that may promote
connected porosity sufficient for fluid flow over distances necessary for hydrothermal
circulation. The effets of this mechanical stratigraphy are found to persist in the shallow
subsurface, where similar lithologies and fracture characteristics are documented in
borehole image |l ogs from the Plate Boundar

B202, B203, ad B204.

Drilling-induced structures identified in the image logs from PBO boreholes
document stress heterogeneityhe area surrounding Mount St. Helefistee hypotheses
for the apparent rotation of principal stresses in each hole were testg@o(dgically
recent fault slip and associated reduction in shear traction, (2) variation in material
properties in geological layers, and (3) topography related to the volcanic edifice or nearby
valleys and ridges at shallow depth. B204, there is evidee of the principal stress

directions rotating to intersect fracture traces, indicating fault slip has affected the local
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stress state. The material properties of subsurface lithologies do not display a direct effect
on stress direction in any of the booéts. Lithostatic loading from the volcanic edifice
does not produce a direct effect on the azimuthsehd any of the boreholes. Similarly,

while there are borehden proximity to valleys, this does not seem to have a controlling

effect on stress diction.

Networks of connected fractures constitute potential reservoir storage. Despite the
apparent heterogeneity in principal stress directions both within a single borehole and at
points around the volcano, there are populations of fractures irratiddes which are well
oriented to be reactivated and dilate in tc
observations or prior geodetic studigsis is consistent with the high rate of seismicity
throughout the SHSZ. In addition, localizetleration in outcrops document the role of
these fractures in hosting fluid flow. Together, these fracture characteristics and current
seismic activity are likely to promote circulation of hot fluids from greater depths into a
shallow reservoir zone. Saation of the system appears ensured by the massive amount
of precipitation which the region sustains, and is evidenced in the subsurface by artesian
fluid flow in groundwater aquifers encountered during drilling. As yet, our investigations
have not reacliebelow the influence of these shallow aquifers to assess the presence of
heat, though this remains a primary goal of the continuatidthase 3 exploration of the

PFA.
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APPENDIX A
METHODS

A.1 Drill Site Methods
A.1.1 Mud Logging
In preparation for drilling the temperature gradient holes which constitute Phase 3

exploration for the PFA, a detailed mud logging plan eraated and employed at the drill
site. Mud logging is the industry term for the duties undertaken by the wellsite geologist,
including sample collection and analysis. This plan varies slightly depending on the type

of drill bit being used.

During drilling operations rock cuttings samples were collected for analysis at 10
ft. intervals. When drilling with an air hammer bit the lag time for arrival of sample to
surface was considered to be nearly instantaneous, because the air compressor transports
cuttings at approximately 3000 ft. /min. To calculate lag time during rotary drilling, use:

0¢eeomédt 6 M
"Od €Yo 0-9Q-

0 W WQa Q

The annulus is the open portion of the borehole unoccupied by either casing pipdrill
As such, annular volume is the volume of the hole less the volume occupied by the drill

string.

During rotary mud drilling samples were taken by placing nested sieves below the
shale shaker screen, allowing both coarse and fine grained matdaitlatih the screens
and into the sieves. Sieves used were U.S. Standard Service Series numbers 10 (0.78 in.

opening) and 35 (0.0197 in. opening). The sieves were brought back to the mud logging
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station, where one pilabeled cloth bag was filled with ailx wet sample. The remaining
sample was rinsed with fresh water in-gdilon bucket to remove residual drilling mud.
An aluminum tray was filled with sample and placed on a hot plate for approximately 5
minutes, or until completely dry. This dry samplas then transferred to a gebeled

paper envelope.

When drilling with air hammer, the Basic Instrument for Getting Analytical Sub
SamplegBIG ASS)was used to catch cuttings as the exited the Cyclorenesgizer.
Bulk cloth bags and paper envelopesrevthen filled with samples, as for rotary mud

drilling.

For sample analysis, emphasis was placed on observable characteristics rather than
relying on a simple lithological designation. To aid in identifying mineral assemblages a
hand lens, magnifying lapp and stereoscope were used. Texture, luster, color and cleavage
or fracture planes were described, where possible, when identifying minerals. A Munsell
color chart was used to assign a color to the whole rock, or groundmass if porphyritic,
while descriling texture and other identifying characteristics of lithology. To combat the
difficulty of identifying distinguishing lithological characteristics in the small rock chips
created by drilling, a box of prerushed and described representative rock tygssused

(Figurel.1)
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Figure A.1: Photographs of representative rock types from the Mount St. Helens
study area. These samples represent lithologies likely to be encountered during
drilling, and are described in detail in Appendix D, Table 4.9.

To beginsample analysis, a sigample of the cuttings was placed in two of the
dimples on a white porcelain spot plate. Two to three drops of phenolphthalein were placed
on one suksample to test for the presence of cement, which turns the liquid in the sample
redif present. If cement was found in samples, it was recorded in the mud log and the
driller was notified. Similarly, 2 drops of 10% hydrochloric acid (HCI) were placed on
the other suisample; if carbonates are present, reaction with the HCI will chadetiid
to effervesce. Presence of carbonates was noted in the mud log, and described as vein fill
material, coating exterior surfaces, or present in groundmass. Once samples were fully

described, they were assigned a basic lithology (e.g. volcamslasind recorded in the

mud log.

A.1.2 Assessing Relative Abundance of Swelling Clays
The presence of swelling clays (e.g. montmorillonite) is important to distinguish

for two reasons. First is as a potential concern for wellbore stability, in that adaatoe
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of swelling clays may cause borehole wall failure and -¢asevhen drilling with water

based mud. Second, the presence of such clay minerals may indicate the presence of a
hydrothermally altered, clagich caprock. Because the transition fromaellio smectite is
temperature dependent (Meunier, 2005, p. 343), identifying this transition in borehole
cuttings would be an indication that the zone from which the cuttings were collected had
sustained heat flow sufficient to affect that change. To adsegsesence of swelling clay
minerals in real time, a methodology was adapted following Chiapgbaé (2004) in

which methylene blue is titrated and used as a proxy for the relative abundance of swelling

clays.

Methylene blue tests were performed apgmately every 50 ft. during drilling
operations. To begin the test, a ball mill was used to pulverize the cuttings. A triple beam
balance was used to weigh out 2 grams of pulverized sample, which was then deposited
into a clean Erlenmeyer flask. Nexpmoximately 10.5 mL of 5% sulfuric acid §804)
was added to the flask, followed by approximately 15 mL of 3% hydrogen peroxiog) (H
The samples were gently boiled for ~10 minutes using the hot plate and a magnetic stirrer
until the sample was complégedispersed. Once the sample was completely in solution,
the hot plate was turned off and the mixture diluted to ~50 mL using deionized (DI) water.

A burette was placed above the flask and filled with 0.006N methylene blue solution.

The methylene blue vgahen titrated into the solution, starting with adding 1 mL. A clean
stirring rod was dipped into the solution, then used to transfer a single drop of the solution

onto a filter paper with the titration numbered labeled nearby. Any swelling clays present
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will absorb the methylene blue, and the resulting drop of liquid will be a small blue stain
surrounded by a colorless moist halo. When the amount of methylene blue titrated into the
samples exceeds the clayobds capaswroundedilyo abs
a faint blue halo (Figur#.2). This is considered the end point of the experiment. If no halo
formed, titrations continued. The final volume of methylene blue at the end point was

recorded in the mud log, and converted to a methyleneides number, given by:

100
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Colorless, Moist Halo

Light Blue Halo

Blue Stain

(a) (b)

Figure A.2: Cartoon diagram of methylene blue test results. The result in (a) indicates
a negative result and the experiment continues. The result in (b) represents a positive
result and the end point of the experiment. (Figure adapted from Chiappone et al.,
2004)

A.2 Outcrop Mapping
Two key outcrops were mapped in detail for lithology and fracture characteristics

including (a) relative attitude, (b) surface markings, (c) mineralogy and texture of vein or

fault rock filling, (d) host rock alteration, and (ep&matics.

Outcrop maps were produced by first taking pictures that span the length of the
outcrop. These images were imported into Adobe lllustrator®, where they were trace
mapped to place emphasis on the organization of lithologies and faults or fractures.
Fracturs were identified as discontinuities in the host rock which are typically of

orientations other than stitorizontal, to avoid classifying bedding contacts and flow
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banding in volcanic rocks as tectonically formed fractures. Where fractures were found to
be coated or filled with a secondary mineral, they were classified as veins. Faults were
distinguished from fractures by showing clear offsets in bedding, being closely associated
with gouge zones, and/or having slip surfaces. Slip surfaces are showkéysties with

or without remineralization on the surface. Most faults show multiple layers of slip
surfaces separated by layers of vein fill, host rock, or gouge. Gouge zones are very fine
grained, friable and crumbly, often reddish brown in color, tenbet found adjacent to

slip surfaces, and weather to negative relief, often becoming covered with vegetation.

Large faults are associated with damage zones, which are subdivided into two categories:
(1) fragmentation and (2) brecciation. Fragmentatidousd within a few meters of fault
zones, and is characterized by multiple subparallel bridging fracte2es Wide which

cut the host rock into fAracing stripeso,
confined to 1 m or less from the fault sprface or gouge zone, and is typically either
smaller than the fragmented area, or absent. Brecciation is recognized by rotated; fracture

bound volumes of angular clasts witkfiling cement.

A.3 Petrographic Thin Section Analysis
Six hand samples wermllected from Outcrop 1, Station 3, as well as two from

Outcrop 1, Station 4, and made into petrographic thin sections. Initial analyses were
performed to determine mineral assemblages found in each sample, and to constrain the
history of rock/mineral famation, fracture, and fluid sustained at each location. These

results are detailed ilppendix D
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For the samples from Station 3, a series of pmotographs were taken in
transects along the length of the thin sectieigrel.3). Photos were taken thi1x optical
zoom in both plane (PPL) and cross polarized light (XPL). Transects were made using a
slide mount by moving the slide in increments of 3 mm, taking ph¢oographs under
each light condition at every stop. Photos were then stitched togefawbe Photoshop®
using the Photomerge feature to create two high resolution images of the thin section. The
two images (PPL/XPL) were overlain in separate layers to aid in identifying minerals and

structures present in the sample.
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PPL XPL

MSH-01-S3-AA

MSH-01-S3-AB

MSH-01-S3-AC

MSH-01-S3-AD

MSH-01-S3-TB

MSH-01-S3-TC

Figure A.3: Panelfigure of photo-mosaics used for porosity analysis. The left column
are images in planepolarized light, and the right column is crosspolarized light.
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These photanosaics were used to conduct digital point counting for porosity
analysis on each sample.g?al point counting was achieved by overlying a grid of
boxes onto the image in Adobe lllustrator®. When hovering over an individual box in the
grid, the program highlights the edges and center point of the shape. The center point of
each box was classtil as either (1) groundmass (original rock) or (2) secondary
(fracture generated) porosity. Secondary porosity was further identified as either (a) open,
or filled by cements which include (b) hematite, (c) dolomite, and (d) quartz. Each box
was then fillel with a corresponding color. Groundmass is black, open porssgitgen

hematiteis orange, dolomités yellow, and quartis blue (Figurel.4).
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Plane-ight Photomicrography

0.5

0 0.5 1 1.5 2 25 3 3.

Point Count Map

3.5

Figure A.4: Photomosaics and point count grid map for sample MSHO1-S3AC.
Top panel: planelight photo-mosaic. Middle panel: crosspolarized photo-mosaic.
Bottom panel: point count grid map. In the point count grid map, yellow represents
dolomite, orange represents hematite, blue represents quartz, green represents open
fracture space, and black represerg groundmass.
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Different recommendations exist for the number of point counts required to
maintain precise measurements (e.g. van der Plas and Tobi, 1965; Roth, 2014). To attain
representative results and facilitate comparison between samples, the sasmegnids
used for all samples. The initial grid size was determined by calculating the area of each
box necessary to cover the full resolution photmsaics of sample MSB1-S3-AA in a
grid of approximately 1000 boxes. Due to the irregular shape of thiglesathis results in
fewer than 1000 point counts. The grid size used was 7.5 cm square boxes on a full
resolution photemosaic that measured 358 cm by 152 cm. The numbers of points counted
using this grid size for each sample are showhahble 1.1 The® values range from 802

T 1698 point counts per sample, all of which are exceptionally high for the method.

Table A.1: Table of numbers of points counted for each petrographic thin section.

Sample Number of Points Counted
MSH-O1-S3-AA 802
MSH-O1-S3-AB 1359
MSH-O1-S3AC 964
MSH-O1-S3-AD 1206
MSH-O1-S3TB 1310
MSH-O1-S3TC 1698
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The resulting point count grid map layers were imported into Matlab® to perform
threshold analysis for porosity. To do so, scripts were written to identify pixel color in the
TIFF image of the map. Once the threshold was applied to each image, a simple calculation
of percent of each constituent (groundmass, open porosity, & healed porosity) was made.
To ensure the threshold scripts were operating as designed plots were nw@deseahogic
functions to display each of the channdfg(re 1.5). In these plots, a pixel is colored
bl ack for fAtrued and white for Afalse. o0 The
as imported for the red, green, and blue color chanidse that the white space
surrounding the point map is black in all three channels, i.e. it is true that red, green, and
blue all exist in white pixels. The second column tests for the thresholded image by using
a given cement. In the example showrrigure 1.5, quartz cement (blue color) was used.

For example, in panel D each black pixel is a location where it is true that the red
component of quartz cement was identified. As quartz cement is colored blue€ziB R

threshold is @-1 (no red, no greennd saturated in blue).
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Figure A.5: Example plots of threshold tests for porosity analysis for sample MSH
0O1-S3AC. (a) is the original point count map. Panels (c), (e), and (g) show the R, G,
and B channels plotted separately for the imported image. (k8 the result of threshold
analysis for quartz cement [blue color in (a)]. Panels (d), (f), and (h) show the R, G,
and B channels plotted separately for the given threshold.
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