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ABSTRACT

Despite active volcanism, few geothermal eneegources have been developed
in the Cascades Range. Temperature Gradient HgkH) MB 76-31 was drilled to
approximately440 m measured depth to probe for zones where fractures provide fluid
conduits that transport deep volcanic heat to shaflepths that could support baseload,
carbon neutral electrical generation. These zones were predicted by a Play Fairway
assessment (PFA) of resource potential along a zone 11 krsoutktvest of the summit
of Mount Baker VolcanpWashington StatdRock coe, temperature logs, and an acoustic
image log were obtained. By comparison to outcrops, the isongterpreted as the
Chilliwack Group, comprised of partially metamorphosed basaltic to andesitic volganics
but due to similar physical and mineral compgosit may represent the Nooksack
Formation Mappingof corereveats complex, steeply dipping networks of fractures and
brecciation along slickensided strike slip faults; clay alteration is common in many of these
structures. Most fractures are thoroughlyleday layers of chlorite and calcitehereas
chlorites and vermiculite line open fracturBsacture porositys primarily hosted byery
dense fractures a few centimeters or less in leAdtase small fractures are not clearly
evident or interpretablen image logs, leading to undestimated fracture density and
secondary porosity, althoughe image log provides good insights iftequency and
attitude of fractures that fully transect the core. The combination of complex|aiar
fracture zones cdaining many short fractures and healing promote misinterpretation of
natural fracture attitude and density in the image log. The equilibrated measured

temperaturereaches a maximum temperature @2at 408 m measured depthlong a



conductivegradient of @°C/km and calculated heat flow of 145 mW/mBich is more

than twice the regional averagé 30°C/km The presence of vermiculite and several
chlorite mineralslining fractures isconsistent with the conductive temperature gradient
measured in the well v a shallow isothermal zone, although, several fractures are open
or only partially healed and resulted in fluid entries into the Wellether, the temperature
gradient and vermiculite formation in the fracturedicak local influence of the Mt Baker
magmatic system at the Little Park Creek TGH and that TGH MB 781 reaches the
upper edge of a caprock above a much deeper hydrothermal sy3eyou conclude that

this site will/will not support electrical generation? Should have a sentencadseréing

this since you start your abstract with

t

h
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1. INTRODUCTION

Geothermal exploratiois hindered bygeveral critical limitations. First, geothermal
systems are complex, and flow tends to be channeled through relatively small yolumes
sometimes dominated by a discrete fracture network. Second,irakplorationdata
limitations and geological heteraggty oftenincrease uncertainty in model predictions.
Third, drilling to test exploration models is hampered by a combination of difficulty due to
inexperience with new sites and challenging drilling conditibrise expectedracturing
or hydrothermal léeration is presenDue to drilling delays, @st ovefruns are common in
this phase and can cause projects toefaily, limiting the addition of new dat&inally,
once drilled, understanding the conditions encountered along the well, how they test the
exploration model, and how they can update it to guide subsequent exploration is difficult
and time consuming@.hese problems are exacerbated in Washin8tate where high and
steep topography, dense vegetation, and long winters with deep snow limit access, while
high rainfall supports aquifers that mask high heat flow at depth expected from active
volcanism.

At Mount Baker,Washington Statdemperature gdient hole TGHMB76-31 has
been drilled to assess the potential for a hydrothermal resource predicted by play fairway
modeling Figure 1a) (Forsort al, 2017). © maximize the information earned during
early explorationcoringwas conducted followed bgcoustic image logging that enable

detailed rock and fracture characterizatianatldition, 1 wasanticipatedthat under the



anticipated drilling conditions (weathered rock interspersed with boulders, high pressure
water entries, and highly fractured emtals), the coring system improved borehole
stability, fluid management, and drilling progreaowing for a greater drill depth to be
achieved Coring was conducted by a local drilling company with experience and
equipment tuned to these conditionsg docal parts and consumable suppliers to further

improve drilling operational efficiency.
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Figure 1. (a) Geothermal resource favorability assessment of the Cascades Range (modified from
Boschmann et al., 2014); inset, BHTV loggof the well. (b) Conceptual model for the geothermal resource
near Mount Baker (modified from Forson et al., 2017).

Once drilled, repeat temperature surveys pravaldirect assessment of resource
potential,anddetailed assessment of thermal préipsin coreenabledcalculaton of the
associatecheat flow (Cladouhost al, 202Q. The temperature log and drilling reports
revealed discrete fluid entries and temperature anomalies (Steally2021).However,

an economically viable resource also requires an assessment of the potential to transport
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heat to the surface via fluid that has extensive contact with hot Rekicularly relevant
IS the nature of the porosity hosting mobile fluids and thistory of fracturing and
paragenetic alteration thawodify this porosity duringnydrothermal flowCore may reveal
the detailed structure of the porosity as well as the assemblage of alteration minerals, which
at shallow depth may indicate a hydrothernmeg oock hiding an underlying reservoir and
heat source &g, Davatzes and Hickman, 2010b; Wohletz and Heiken, 1992).
Alternatively, borehole televiewer (BHTV) logs provide an efficient means of sampling
the fracture populatiorgassociated porositgnd pdentially constraining the stress state if
corehole wall failure isletected€.g, Davatzes and Hickman, 2010a; Wohletz and Heiken,
1992).

This studyprovides a characterization of the conditions recorded in core and how
they inform theplay fairway analgis PFA) model(Forsonret al, 2015; Steelgt al, 2021)
We further compare these results to an independent analysis of the image log of the well.
Several benefitef this studyinclude: (1) orientition ofthe core; (2) establishent ofthe
difference h sampling between the two methodsd(3) assessnent ofthe relative time

cost of the two approaches.

1.1 Hay Fairway Analysis

The play fairway analysis (PFA) predicts the presencecohditions supporting
hydrothermal circulatiorat a commercial scalé’he fairway describes the geological
setting (e.g., the Cascades Range volcanic systems driven by subduction) whereas the play
describes a particular resource type defined by a geological prdoceesder for a

geothermal system te suitable as an energy resource, five key elementequéeed
3



(Figure 1b):(1) high temperature from a heat source, (2) a structure or mechanism that
allows heat to move to shallow depths that are economically accessible by drilling, (3) a
volume of hghly connected porosity, (4) saturatiofithe pores spaceith water allowing

heat to be moved to a power plant (or distribution pumping station) at the surface via
pumping, and (5) a location near infrastructure and developable land that allows ¢gjye ener
to be used (Forsost al, 2017).

Maps of potentialheat, permeabilityand saturation,as well as theicombined
potential are constructed for areas of interest to pinpoint locations with high potential for
developmen(Figure 2). The Washington State Geothermal Play Fairway Analysis (GPFA)
constructed a map of heat potential (Figure 2a), for the statasfiigton, using limited
temperature profiles and bottelmole temperatures iwells, measured temperatures of
springs, geothermometry of fluid samples from springs and wells, and maps of Quaternary
volcanic vents and intrusive rockBdschmanret al, 2014 Forsonet al, 2017). Arguing
that permeability would most likely be due to dense, connected, aatigiely
slipping/critically stressed fractures, the Washington State GPFA constructed a model of
permeability potential (Figurgb) from fault density, seimicevent density, a model of the
current tectonic displacement field from local Global Positioning System (GPS)
monitoring, and mechanical modeling of slip and associated edéstiictions along faults
(Forsonet al, 2015; Swyett al, 2018). Magnetelluric (MT) resistivity and seisnmic
event density were used to infer the potential for ffilldd fractures (Figure 2c) (Forson
et al, 2017). When mapped through a linear weighting scheme, where weights were
derived from expert opinion using an anadgt hierarchy process (AHP) (Saaty, 2008),
heat, permeability, and fluifilled fracture potential resulted in an estimated combined

4



resource potential for depths of 200(suitable forpredicting surface and near surface
features) and 2 km (suitable fgsessing commercial potential) (Figurg @ee discussion

in Forsonret al, 2015, Forsoet al, 2016, Forsoet al, 2017). Note that not all sites have

the same quality of data; for instance, seismic event density was insufficient at Mount
Baker to inbrm the permeability potential criterids absence may reflect both a lower

rate of strain implying lower potential and a lower quality seismic network indicating a
data gap These differences are represented in related uncertainty and development risk
assessments (please refer to Forsbal, 2017 for details). Economic feasibility and risk

for development were further refined, based on the uncertainty maps, a map of critical

infrastructure, and sites available for development (Faesah 2016; Fosonet al., 2017)
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To test the PFA prediction of a geothermal resource (and by extension the
methodology), a site was chosen to drill a TGH where (a) there was a high resource
potential, (b) uncertainty in the prediction was moderate to low, and (c) infrastructure and
leasing would allow drilling. In 2019, TGH MB 781 was drilled by the Washingt State
GPFA, on the soutkastern flank of Mount Baker (adjacen@atoinferredlarge strike slip
fault) to test for the essential components of an active hydrothermal syesteed as(1)
heat evident from temperature profiling, (2) saturation and flo the TGH, and (3)
connected porosity and permeability from fractures evident in core and image logs (Figure
1b, 2). Alternatively due to the shallow depth of the corehole, a successful test could also
reveal evidence of a hydrothermal caprock comgistof: (1) a high, conductive
temperature gradient with (2) an assemblage of alteration minerals indicative of
hydrothermal alteration in (3) highly fractured rodkius, TGH MB7631 probes for
system components where analysis predicts high favorabilibpiced with lease access
and infrastructure. Given a shallow depth of 448.5 m, this test is limited to potential cap

rock or shallow indicators in the Chilliwack group rather than the reservoir itself.



2. GEOLOGIC BACKGROUND

2.1 Geology and Tectonics

Mount Bakeris a multtvent, andesitic stratovolcano located in the northern
Cascade Range of Washington State, USA (Figures la and 3). Remaining recurrently
active over the past 1.2 million years, its most recent activity lies in the Sh@&mnatans,
which host active steam vents (Cridet al, 2011). Over the past 140 ka, it has erupted
andesitic flowswith much of its current cone being built sincek&and the bulk of its
uppermost cone since 20 ka (Hildrethal, 2003; Crideet al, 2011).

The volano intrudes and overlies the fiegtiary Bell pass mélange, Permian to

Devonian metasedimentary and metavolcanic rocks of the Chilliwack Group, and the
middle Jurassic to early Cretaceous marine metasedimentary and metavolcanic rocks of the
Cultus Formabn and Nooksack Formation (Taber al, 2003; Dragoviclet al, 2002).
The Chilliwack Group is metamorphosed basaltic to andesitic volcanics, sandstone,
siltstone, and shale, with limestone occasionally altered to marble; the Nooksack Formation
is metamophosed marine clastics, interfingering or associated with metamorphosed rocks
of various grades and compositions.

High rainfall and dense vegetation in the region limit outcrop exposure, leading to
incomplete characterization of lithologic units and a&#ed geological structures.

Despite the limitations, known outcrops for these rock types were sampled-Bagl X



Diffraction (XRD) patterns were produced, yielding similar mineral compositions among
all geologic package&eyond the local deformation amdteration from volcanic events,
the northwestern Cascade Range exhibits regional metamorphiemform ofblue and
green schist facies due to the subduction of the Juan de Fuca plate under the North
American Plate just offsho(@aboret al, 2003) Thus, lecause theeunitsare comprised
of very similar litholoy, and primary and alteration mineralogy including regional
metamorphismthey are particularly difficult to distinguishom one anothein both drill
cuttingsandcore.

Beyond the lihologic classificationseveral large faults have been recognized in
and around the study area on the east flank of Mount Blatargh the combined analysis
of (1) aerial imagery(2) regionalDigital Elevation Model (DEM)and (3) in local high
resolution topographic maps derived fromght Detection and Ranging (LIDAR)4)
limited seismicity, surface deformation calculated from gradients in GPS velocities,
(Forsonet al, 2017) and5) modeling of ground magnetic data (Witetral, 2017). Much
of the surface deformatiorvident from GPSan be explained by the deflation of a
volcanic chamber 5.8 km deep beneath Mount Baker voledmoh has been modeled as
an elastic point source (Hodge and Crider,2010; Swyat, 2018). When compared to
other volanoes in the Cascade Range of Washington State, such as Mount Rainier or

Mount Saint Hel ens, Mount Bakeal®@8)sei smi ci

2.2 PFA Model

Despite andesitic flows as young as 6700 years old and magmatic injection detected

as recently a$97576, surface manifestation of a hydrothermal system is sparse with one
9



hot spring (Baker Hot Springs, Figure 3) and feagmatic gas fumaroles evidenBaker
Lake, suggesting reservoir temperatures may reachl16® ( @tral, deld,
Boschmanret al, 2014; Forsomt al, 2017). Two sulsurface geothermal resource types
have been proposed that would provide heat and support circulation to theihgt spr

(Forsonet al, 2017):

(1) A magmatic heat source at a great depth connectbe tear surfacéy faults
acting as conduit® allow deep convective circulation between the magma body and the
surface. In this system, the stored fluid and heat abtedsr energy development is

hosted in a fault zone.

(2) A magmatic heat source intruded at a shallower depth with dikes and sills
directly heating watem a shallow reservaiin this system, the reservoir is constituted by

a system ofractures adjacent to the intrusive bodies of magma.

These resource types have been further hypothesized to interact with the Baker Hot
Spring, with the most recent model predicting a magma or young cooling intrusive body
lying under Mount Baker, largelyonfined at depth by a welleveloped caprock primarily
comprised of smectite clays in volcanic metasediments (Ceidalr, 2011; Forsoret al,

2017). Both models rely on vertically extensive faults with associated high densities of
open fractures to emect the deeper heat source to a shallow reservoir viable for
geothermal developmen@nly where faulting breaks through the caprookwherethe
caprock is incompletely formets heat convectively transported to the near surface to feed

10



the hot springand Baker Lake fumaroles. The candidate fault system is a series of near
vertical faults near Baker Lake; the nearby presence of Baker Hot Spring and warm sulfur

gas spots in Baker Lake support the potential for modern hydrothermal fluid flow.

11
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3. METHODS

TGH MB 76-31 extends to 448.5 m (1471.5 ft) measured depth. Drilling at MB 76
31 began on May 29, 2019; the final day of drilling was Augus2@99, and the hole was
completed with liner installation on September 3, 2019. Bedrock was encountered at 37.4
m (123 ft) below ground surface (BGS) after drilling through a mixture of unconsolidated
sand, gravel and clay. From 37.4 m (123 ft) to totatd€pD) at 448.5 m (1471.5 ft) the
bedrock lithology is composed of altered volcanic deposits likely representing the Permian,
Carboniferous, and Devonian Volcanic Rocks of the Chilliwack Group (PDcv) (Edbor
al., 2003). Temperature logs wegathered repeatedly during drilling with the final log
obtained on November 11, 2019 displaying the equilibrium temperature gradient of
63°Ckm (Figure 2e) (Cladouhost al, 2020); less than the ~100°C/km in DNRB3
(drilled to 140 m deep) and predictedservoirtemperatureof 150-170°C/km from
geothermometry (Korosec, 1984) near baker Hot Springs, but more than twice the regional

average of ~30°C/km (Blackwaedk al, 1990; Boschmanet al, 2014; Cladouhos, 2020).

3.1 Core Mapping

Core is available from a depth of 37.5 m to 417.9 m (123X4#d ft) (Figure 4).
Core mapping was completed and digitized for a continuous portion along the available

core from xx to yy m, as well as a smaller sectiongreater depth (Tabl®. Theg maps

13



were correlated with the BHTV log to independently establish their position and orientation

in the TGH.

W W cm Fault zones: Fragmentation and breccia zones
Connectivity: Fracture Length: Overlapping, non- Porosity: Small (< core diameter) fracture bridging  along slickensided fault shows layered, thick (> 1
Incipient intersecting factures; short, segmented between large (> core diameter) fractures cm) mineral filling comprised of calcite with
bridging fractures < borehole diameter are associated with dilation and open pores have minor quartz, cristobalite, and coatings of
fracture challenging to interpret in image logs splay fracture geometry (~70° intersection angle) chlorite.

403.15m 403,10 m 403[.05 m 403.100 m

1323 ft

Handling fracture Attitude: Large History: Cross-cutting Attitude: Near- Handling fracture Porosity: Partially open Fracture (macro-porosity) and
along vein steep fracture (and abutting) veins vertical fracture  along vein high density of < 1 cm long fractures with high density

BN W W 6in adjacent to fault.

Figure 4. Example structures mapped in the MBBI6HQ core with diameter of 63.5 mm (2.5
inches) from 1322 to 1324GL.

Tablel. List of Data Intervals

Core Box # Core Depth Core Depth | BHTV Depth | BHTV Depth
Interval (ft) Interval (m) Interval (ft) Interval (m)

21 1317.61330.5| 401.4405.6 | 1311.51324.2| 399.%403.6

22 1330.51345.5| 405.6410.1 | 1327.91345.9| 404.7#410.2

23 1345.51359.5| 410.3414.4 | 1347.91361.1| 410.8414.9

24 1359.51370.5| 414.4417.7 | 1361.31373.7| 414.9418.7

30 1435.01448.0 | 437.4441.4 | 1435.81441.3| 437.6439.3

Maps are initially drawn on acetate overlays after the core is assembled into
continuous sections with consistent interagkntation (see APPENDIX A for details).

Highly fragmented sections that are unable to be assembled are not be mapped; the interval
14



IS noted as a fragmentation zone for later correlation with the BHTV image. Features
greater than 0.05 m in length and 0.002 m in thickness are traced onto the acetate paper
overlain on the cor@hese features include open space, precipitant fillinglétic units,
alteration zones, and breccia zones (Figure 4$orcompletion, the acetate map is
unrolled and scanned as an image file using a drum scanner. Map features are then assigned
uniform index colorsand traced over, using either Photoshop (desktop) or Procreate
(on an iPad). fie image ishencropped and rotated s$oat they-axis alignswith the up
direction of the TGH and is scaled to a 1:1 ratio between the physical core and the image
size at 300 dpi.

This digitalcoremap is imported into WellCADn a new data channethere the
image is flipped erossa vertical axis to match the outward looking direction of the image
log, then translated and rotated to correlatveenunique features present in both the
BHTV image (Section 3.2 below) and core map from an initial position based on the
measured depth of the core (Figuregsulting in Figure$ and7) (refer to APPENDIX B
for details). WellCAD is then usetb manually fit sinewaves to the mapped features,
generatingnformation on the position, attitude, thickness, and type of structures along the
core. Note that the external dimension of the core is smaller than the internal dimension of
the TGH, thus the amplitude of sinewave in the core map is proportionatelgrsthah
in theimage log (see APPENDIX B for additional details); ikiaccounted for both during
correlation and dip calculatidyy using the respective radius of each im&pre mapping
takesapproximatelys hours to map and digitize each 3 ft (1sagtion of core at a 2 mm

resolution.
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amplitude in the amplitude image proportional to the differendbe outer dimension of the core and the
inner dimension of the TGH.
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Figure 7. Fractures in BHTV and core. Legend in Figure 6.
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3.2 Image Logging

Borehole Televiewer Logs (BHTV) from 314.8 m to 445.2 m (1032.7 ft to 1460.7
ft) measured depth were obtained in 2019 with a Robertson High Resolution Acoustic
Televiewer (HRAT). The tool generates images of-iway travel time and amplitude of
the returnd pulse that provide a 3@fegree view of the TGH wall with a nominal 5 mm
pixel size. An advantagef this tool is the ability to manually adjust the amplitude of the
initial pulse and the time gate to detect the return pulse irtinealduring logging d
maintain wall detection throughout the run.

The resulting imagesvere imported into WellCAD, where thewere oriented
relative to magnetic north by a threemponent magnetometddeviation from vertical
was determinedby a threecomponent accelerometéfhe image logvastranslated to a
ground level (GL) datum and tested against the measured depth of the casing shoe.
Maximum deviation from vertical over the logged interval is 2.3° at the base of the hole.

Roughness due to fractures intersecting theHmbdeewall scatter the acoustic pulse
and thus appear as lenamplitude and longer twavay travel time or missing signal. The
azimuthally uawrapped image of the borehole surface then reveals planar structures that
intersect and roughahe borehole wall @sine wavesHigure 5. The thickness of these
structures depends on the traechanical thickness (or aperture if open) of the feature, its
angle of intersection with the TGH, and any erosion along the trace of the intersection with
the TGH wall(Figures6 and 7) The position, attitude, apparent aperture (better described
as apparent thickness), and type of these features are then interpvéeCAD by fitting

sine waves representing planar fractures (Figures 6 and 7). Since the interpreter may be
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working with incomplete sinusoidal traces or A@anar fractures, there is a degree of
interpretation usually expressed through a quality ranking scheme for both the fit and image
quality (e.g, Davatzes and Hickman, 2010aBHTV analysis typically takes
approximately3-5 working days for interpretation awmgiality assurancef 1000 ft (~300

m), followed by data analysis.

3.3 Mineralogy and Paragenetic History

After mapping thin sections were mad® characterize mineralogy, texture,
alteration, and porersicture of the host rock arfthcture cements, or precipitant fillings
of representative structurdSor each thin section, powderay diffractograms (XRD) of
bulk mineralogywere measured to further characterize the mineralegg procedure in
APPENDIX C). Additional ssmpleswere analyzed at various depths to investigate the
overall variation in mineralogy across the cored interval (TBo(Eigure 8) While several
samples appear to have amorphous humps arouhfl Mdotheta, these samples were run
in the same batch, and it is more likely a contaminant is present in these samples. These
samples are listed in the figure caption for figure 8. This does not affect the integrity of the
rest of the diffractogram obtained, aside from the mentioned intetR& measurements
havealso been obtainedrom field samplesthat represent the major formations in the

vicinity of MB 76-31 (Figure 9a)
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Sample Distribution Core Samples: Normalized X-Ray Diffractograms
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Figure 8. X-Ray spectra for core samples representing the host rock, fractaress, and open
space filling minerals from MB781 (described in Appendix E). The following samples have an unknown
contaminant, causing the broad peak aroundlb02theta: 1064.4, 1125, 1144, 1149.5, 1181.5, 1252.2,
1439.4, 1444.9, and 1447.4.
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(a) X-ray Diffractograms for Field Samples 2 Theta (Degrees)
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Figure 9. (a) XRay spectra for representative host rock samples. (b) Rietveld refinement for
representative host rock samples.
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Sample Distribution
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Figure 10. A Rietveld Refinement for each XRD sample based on the tofprhiténerals in
diffrac.EVA. Each sample was run through EVA for peak fitting and the t@® bainerals with all peaks
represented were recorded. Then a survey of possible candidates among all samples determined the ten
minerals used during the refinemeRefinement was run, on average, 3 times, but the cut off was when the
refinement took less than 0.5 seconds to complete. Through thin section analysis and further exploration of
the XRD diffractograms, it is noted that there are other minerals presémtse samples and that all of the
standardized minerals used in the refinement are not present in every sample.
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Samples were powdered to less than 150 micems scanned fror2° to 70°
degrees twdheta in 0.01° increments with 1 second dwell 8ro@ a Bruker d8 using a
copper kAlpha xray source at 40 kV and 40 mA. Measurements of reference samples
wereobtainedrom 3° to 57° degrees twtheta in 0.04° increments with 0.5 second dwell
times on a Rigaku Geigerflex using a coppeayx source a#5 kV and 20 mA.

Mineral composition for samples relating to thin sections were initially determined
through an extensive comparison of known mineral diffraction patterns in Excel and
reference samples of formations obtained from surface outcrops (Fuaesl further
checked using diffract. EVA. Once a bulk mineralogy was determined, several primary
components were used to determine weight percent mineral composition in TOPAS for
each reference sample (Figure 9b) and core sample collected, includingribé

representative depth samples without a corresponding thin section (Figure 10).

24



4. RESULTS

4.1 Results of Mapping andVineralogical Analysis

4.11 Host Rock

The host rock is primarily comprised of alb@aaorthite,augiteaegirine,
enstatiteferrosilite, diopsidehedenbergite, metaschoepite, pumpellyite?{Fechlorite,
micro-macrocrystalline quartz, and calcite, with trace amounts of heavy-bestehg
minerals, sulfides, and vermiculite evident from analysiXBD spectra (Figure &nd
thin section petrography (Figure 1Qomposition percentages differ between short and
long intervals, though bulk mineral composition is relatively stable throughout the sampled
interval (Figure 10)Host lithology 1 and host liblogy 2, as shown in the key of figure 6,
yielded no differences between the two in thin section nor XRD data.

Thin sections reveal a firgrained groundmass with abundant clay minerals.
Plagioclase occurs as wqglteserved phenocrysts with euhedral tbhedral grain shape
up to several millimeters in length within the finer grained ground(fagsre 11). Augite
Aegirine is commonly fine grained, some grains up to 0.5 mm in length, with grains
showing dissolution along cleavage planes (FigureTlligsedissolution locales are often
filled with microcrystalline quartz.

Based on mapping by Taber al, (2003) and comparison to nearby outcrops, the

core is interpreted to sample the volcanic rocks of the Chilliwack group comprised of
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partially metamorphosedblcanic rocks ranging from basaltic to andesitic. Howeivés,
noted that due to faulting in this location and its similaritye Nooksackormation is an
alternative interpretation. Both units show similar mineralogy (Figure 9) to the host rock
in the core (Figure 8). Thus, it is difficult to distinguish which unit the core represents

without analysis of a more extensive interval.

4.1.2 Precipitant Filling

Healed fractures are primarily comprised of calcite and chlorite, though
quartz is often inteningled within Calcite veiningFigure 11c).Within vein fill, quartz
displays some undulose extinction and the occurrence of subgrains. chlorites and
vermiculite occur as replacement for portions of mafic grains and the groundmass. The
presence of cristmalite in some samples is consistent with recent hydrothermal activity

due to its relative instability.

4.1.3 Fractures and Faults

The rock hosts four distinct fracture typ&sgure 4, 6, ¥: (a) welldeveloped fault
zonesseveral centimeters thick witfb) adjacent high fracture density within a few
dedmeters of the fault, (c) microcracks up to a few millimeters long and less than about
0.1 mm thick, and (d) steeply dipping fractures that may extend for meters along the core.

Well-developed faults areharacterized by healed breccia ddvily fragmented
zones.Fragmentation of the host rock adjacent to the slip surfaces resutegular

boundaries. The faults have moderate dip and often contain slickensided slip surfaces with
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steep rakes indicatingredominantly dip slip faulting. In fault zones, healing is largely
complete defining a zone ofcemented breccia up to several centimeters thick.
Diffractograms Figure § and thin sectiongFigure 11) eveal pordilling minerals are
mostly calcite withquartz along margins or sometimes calcite wgterwn with fibrous
guartz or clumps of quartz grains. On some faults, chlorite forms foliated and slickensided
coating.

Fractures adjacent to these faults are only partially hedegire 4. These
fractures occuiat two distinct lengtiscales and attitudescluding fractures synthetic
(paralle) or antithetic to the fault that span the entire core diameter and smaller fractures
confined between them. The larger fractures show millimétearsoffsets and similar
thickness. These fractures are at least partially healed, but often contain short segments of
open space where the combination of slip mnajhness produces larger apertiiigres
4 and 11a.1). Abutting the larger fractures smaall splay fractureshat (a) intersect the
older fracture at approximately 70° and (b) show primarily opening (no shearing) up to
10% of their length. These fractures host some open porosity but are more often coated or
healed by calcite. Most of the cantly open porosity is in these incompletely healed
fractures which are typically less than 1 cm long and 1 raperture Despite their
abundance, macroscopic pores along fractures appear to be highly jsuagstent with
the apparently conductivengerature gradient measured in the well.

Steeply dipping fractures are discontinuously healed by calcite. Opening on these
fractures exceedhe shearing along the crackuggesting tensile failure. The cement is
layered, and shows repeated dilation folkoMby calcite precipitation. Despite being nearly
parallel to the borehole axis, they are well represented insaggesting very high density
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(small spacing) These fractue both cut and are cut by faults indicating
penecontemporaneous formation.

The fost rock also exhibits variably developed clay alteration near f@titgsre
11). Thesealterationzones contain abundant braided clay seams that offset primary
feldspar grains and secondary veins. These zones also contain shoryethgKe.g.,
Figure 11b.1 and cyvith high aspect ratio as well as sigmoidal calcite veins and chlorite
veins which may include internal cracks. All three features indicate-lsattte ductile
flow; since this flow is evident in altered host rock adjacent to a slickentaaétidand
deforms veins, it is determined to be tectonic althoughdgposition flow is common in
volcaniclastics.

A critical result of the detailed core maps is thatlihék of fractures throughout
the map have lengths less than the core diameterisTagpecially true in fragmentation
and breccia zones associated with wielVeloped fault§Figure 4 and maps in Figures 6
and 7) In addition,the surfaces of these features are rough with discontinuous partial
healing causing highly variable apertwared discontinuous porosity along the fracture
Fracture connectivity is high via smidingth fractures that bridge the interval between the

larger fractures, buggain healing leads to discontinuapsen pore space.
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Figure 11 Photomicrographs in crosgolarized light, two notches indicate up direction. (a) Margin
of fault zone at 403.13 m (1322.6 ft) MD; note the pores along a partially healed, near vertical fracture. (a.1)
Massive calcite over microcrystalline quartz at thegimaof a fracture. (a.2) Groundmass squeezed between
two plagioclase grains. (b.1) Vein with network of microcracks at 404.68 m (1327.7 ft) MD; note the
sigmoidal geometry of some veins associated with a network of microcracks healed by calcite aadday s
(b.2 and b.3) show deformed quartz bridging a fracture otherwise healed by calcite. (b.4 and b5) show
sharing and bending of a fracture filled by chlorite. (c) Fracture showing multiple cement layers in segmented
fractures cut by clay seams at 404(83317.1 ft) MD. (d) Layered vein from 401.54 m (1317.4 ft) MD with
detailed images in plane polarized and cross polarized light. (e) Brecciated host rock from 404.77 m (1328
ft) MD showing grain cracking and layered cementation. All sections show diseonsi open fractures
(black) also evident in core samples. Along the clay seams, the open space may be due to plucking during
thin section preparation.
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4.2 Fracture Statistics from Image Log

The BHTV log reveals fractures throughout the imaigeerval Figure12) with a
wide range of attitudeH{gure13). Notably, fracture density typically exceeds 4 fractures
per meterexcept in the interval from 340 to 360 meters which has significantly lower
density despite good image quality. The fractit® not appear to group into distinct sets,
although the features with the largest apparent aperture strikeVWENd dip steeply
northwest. Somewhat surprisingly for a near vertical well (which is biased toward sampling
shallowly dipping structures), neya vertical fractures are wetkepresented in this
distribution. Some intervals also include progressively rotating fracture attitude (e.g., 360
to 368 m MD) which might result from the bias of the interpreter to pick fractures with

attitudes, similar toearlier picks.
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Figure 12 Tadpole plot showing the distribution of fracture attitude in TGH MEBX6Note that
tadpole position indicates the strike azimuth with the dip azimuth to the east of strike according to-the right
handrule. Dip is indicated by the steepness of the tail (see inset). Symbol size is proportional to apparent
aperture or thickness of the feature in the image log or core. Red arrow indicates the anticipated strike of
major faults mapped in vicinity of MB-31 (Tabor et al., 2003; Forson et al., 2017). (a) Fractures
interpreted in the BHTV throughout the logged interval and their associated (b) density per meter.
Comparison of the results from BHTV and core are show in (c) and (d) respectively. (e) tshtoths t
cumulative fracture counts form (c) and (d) is much larger for core than BHTV. Note that this is the count of
macroscopic fractures that transect the entire core map and arereygtsented by sinewaves; more
abundant smaller fractures mapped hetcore are not represented due to this limitation in methodology.
Core mapping reveals approximately twice as many of the larger fractures as image log analysis.
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Figure 13. Stereograms of fracture attitude: @xctures interpreted from BHTV throughout the
entire logged interval; fractures interpreted within the interval of mapped core in the (b) shallow and (c)

deep BHTV log and (d) shallow and (e) deep core map.
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4.3 Comparison of BHTV Log and Core

BHTYV interpretation is more amenable to picking large fractures that fully traverse

the TGH wall and that host open porosity or weak mineral filkhgch produce roughness

at the fracturevalls (Figure 3 (Table 3. Thisis presupposed by the process of fittingesi

waves to fracture traces to determine the strike and dip of fractures. Since small fractures

and discontinuously healed fractures host most macroscopic open pardbiey maps

both the image log and the standard workflow for its interpretation gleaderestimate

host rock porosity.

Table2. Interpretation by structure type.

Feature Image Log Core and Map

Open Sine waves of low amplitude. Open space not filled with precipitants or origin

Fractures rock. Segmentsore unless partially healed.

Fractures | May be absent in amplitude image or as app| Fractures or inclusions filled with calcite or

healed by | faint traces; traces may be discontinuous. quartz; healed or partially healed.

calcite

Fractures | Sine waves of low amplitude; may be Fractures or inclusions filled with chlorite; healg

healed by | discontinuous but are evident. or partially healed.

chlorite

Breccia Zones fully healed by calcite may be partially Heavily altered and complex segments that ar¢
imaged or not evident. mostly healed. Larger portions of precipitants &
Partially healedreccias with open space open fractures are mapped within the more
appear as irregular low amplitude patches | complex area.
defining discontinuous sine waves.

Handling | Not present; occasionally faint amplitude traq Fragmented core or complete fractures mappe

fractures | where handling fracture is located on a weak open space. Orientation varies but are often ei
geological feature. subhorizontal or alongpatural structures eviden

in image Log.

Boundary | Not evident for these lithologies (although Sinusoidal (planar) to irregular trace consistent

between strong lithologic transitions commonly with synemplacement deformation. Edges may

lithologies | observed by other studies). be blurred by associated alteration.
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In the 3.8 m interval mapped by image log and core, 15 fractures spanning the full
diameteof the borehole are interpreted from the BHTV imdggyrel2). Typical density
IS 4to 6 fractures per meter. Whereas core reveals 61 fractures spanning the full diameter
of the core; many additional fractures shorter than the borehole diameter are evident. In
several cases, these were misinterpreted as larger continuous fractureBlduinfighage
interpretation (e.g., Figure 7, 401.3 m depth).

In general, core maps document nearly four times as many fractures as BHTV
(Figure 12¢ including orientations not identified iBHTV. Several factors appear to
contribute to thisdiscrepancy (@de 3). First, the resolution of the core map is higher
(structures >5 mm long and 0.1 mm thick) than the BHTV (with a 5 mm pixel size likely
to reveal roughness down to 1 mm). Second, highly cemented fracturés #éine most
part,not identified in themage log(Figure §. Third, in some cases, multiple independent
fractures evident in core are interpretedhasngle fracture in the image log; this mistake
results in a mismatch in both tfrequency and in the attitude of structures in both tadpole
and stereonet analysig=jgure 12 and 3). However, the majority of smaller fractures

evident in the core whether open or healed wetadentified in the image log.
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Table3. Sampling bias by technique

Feature Image Log Core andMap Implication

Fracture Interpreted fractures | Majority of fractures Underestimate fracture

Length all exceed the borehol have length less than | porosity.
diameter. core diameter: Characterization of fault

Fragmentation, proto | damae zones limited in
breccia and breccia. image Log.

Fracture Aperture is Aperture is rough, Core shows a more

aperture & overestimated due to:| irregular, and tortuous potential flow

healing (1) Analysis fits discontinuous due to | path than implied by
constant aperture to | partial healing. macroscopic fractures
structure; (2) Aperturel Associded aperture carl mapped in image logs.
appears enhanced by| be precise if calculated| Both core and image log
erosion at borehole | from pixetbased image reveal pore discontinuity
wall. analysis. due to partial healing.
Healed veins may not
be evident.

Connectivity | Connectivity is Connectivity is high via| Image log undeestimates
attributed to fractures | smaltlength fractures | connectivity and porosity
greater than borehole | that abut larger by small fractures.
diameter. fractures.

Bias Large, flat fractures | Biased toward regions | Confirmation bias is an

defined by sinewaves,
Small fractures
mistakenly connected
to define fractures
introduce erroneous
attitudes and nen
existent connectivity.

of low fracture density
or well-healed
fractures.

Borehole parallel veis
are well established an
mapped.

important source of error
in image log analysis.

Small or vertical fractures
are not well represented |
image log analysis.

Completeness
& Depth
control

Continuous relative
positionmaintained.
Borehole wall rugosity
yields pore image
quality at large
structures.

Missing core is
associated with large
faults or open fractures
Introduces some
positional uncertainty.

Core and image logs
likely to miss data in
same intervals.
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5. DISCUSSION

5.1 Fractures atTGH MB76-31

Core from MB7631 contains abundant faults and associated high fracture density.
Fractures are well connected and document extensive dilation in the rock, but due to
extensive healing, open parare currently isol&d. These faults are spatially associated
with phyllosilicates that assist ductile deformation coeval with these dilatant fractures and
may indicate a developing caprock. Analysis of core reveals approximately four times as
many boreholdransecting fractes as interpreted from the BHTV log. The majority of
fractures are confined within core, and these smaller fractures tend to host the open pore
space these fractures are not identified by image log analysis. In addition, the resulting
complexity in frature geometry causes uncertainty in the attitude of fractures interpreted
from image logs producing greater scatter in attitude than in the core analysis. Inferred low
permeability supported as the presence of chlorites and vermiculite in and alongeractu
surfacesjs consistent with the measured conductive temperature gradigich ismore
than twice the regional average. Testing the caprock hypotlzessesll as determining the
geologic unit represented by the TGEgquires more vertically extensigering mapping
and mineralogical analyses.

Overall, the host rock has little matrix porosity owing to clays that squeeze around

hardergrains (e.g.Figure 11a.Bor the precipitation of microcrystalline quartz, chlorite,
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or calcite. Theamage log and are analysis both indicate high fracture density and reveal
abundant intersectionong fracturesT he fractures have clearly dilated the rock through
a combination of effective tensilbopening and as a resultdfation accompanying shear
on rough surfees.Well-developed faults are also present with associated brecciation and
slickensided slip surfaces. These fault zones are thoroughly healed by calcite, chlorite, and
minor quartz. Porosity does occur in the fractures adjdoghedamage zorsand inthe
steeply dipping fractures; howeyegrartial healing by calcite in botinstances resuin
isolated macroscopic pores.

The relative isolation of pores is consistent with the measured conductive

temperaturgradient in the TGH (Cladouhes al., 2020,Figure 2¢.

5.2 Hydrothermal History of Rock and FracturesTransected by TGH MB76-31

With a maximum depth of approximately 440 m, TGIB76-31 is too shallow to
penetrate the hypothesized geothermal resoutdés deep enough to potentiathgtect a
hydrothermally altered, clagich caprock which would lieabove such a resource. A
caprock typically includes variation in alteration mineraloggflecting an increasing
temperature with depth; temperature stability of minerals in theoclapave significant
overlap, so the emphasis is typically on the high temperature cutoff above which minerals
should be absent (Wohletz and Heiken, 1992; Meunier and Velde, 2004; Heunges, 2010;
Fulignati, 2020). At shallow depth ardw temperature, smectitedominate; smectite
should be largely absent at temperatures over2l80C. Then as temperature increases,
alteration progresses to mixtayered smectitdlite (<150-220°C) and chloritesmectite

(<160:250°C), then to illite and chlorite (22350°C), alhough some chlorites may form
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at temperatures &sw as 80€C). Epidote may also forrat or above thehlorite temperature

range. These ranges should be treated with care as the kinetics of these transitions
complexly depend on the initial mineral assemblaghemical conditions such as pH,
duration, fluid chemistry and flow.

The abundance of phyllosilicates reduces the frictional strength of the rock
(expandable clays: 0.482, chlorite: 0.38, illite: 0.43ummarized by.ockner and Beeler
(2002), and thus reducebe differential stresghatthe rock can support. Alteration is
expected to be most intense where upwelling hydrothermal flow is directed through faults.
This combination of frictionally weak minerals and low differential stress it zammes
suppresses dilatant failure in preference to creep within faults (as discussed in Davatzes
and Hickman, 2010a).

The current assemblage of authigenic minerlled secondary porosityand
replacedorimary mineals is dominated by calcite and atites, with occasional intervals
of vermiculite.Clay and chlorite alteration are especially wilheloped in faults and the
adjacent highly fractured damage zanghis rock deforms by a combination of dilatant
brittle failure evident from calcite veirend calcite cemented breccigith ductile flow
evident from shearing along clay seams, folding and rotation of veins, and impingement of
clays between plagioclase graifSigures 11).Ductile flow and healing by calcite
precipitation could account forwoporosity and relatively isolated pores that should act as
a low permeability caprock.

Vermiculite implies lower temperature alteration consistent with measured
temperatures in the TGH (Fulignati, 2020). Chlorite however implies higher authigenic
temperatires. Since chlorite occurs in these relatively low modern temperatures, it is most
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likely that it is remnant from earlier greenschist metamorph{iBatboret al, 2003) Its
presence in the faults can then be attributed to preferemdiehanicaincorpordion due

to relative weakness (static friction coefficient of ~0.38 for chlorite versus 0.85 for
plagioclase or calcite, as summarized by Lockner and Begi&z).

Alternatively, ductile flow may be related to emplacement and diagenesis of hot
volcanicsfollowed by regional greenschist metamorphism accompanying convergence
since Devonian deposition (Tabatral, 2003). Such metamorphism is consistent With
presence othlorite, which replaces grainhroughout the samples, althougiay seams
cut andoffset veins indicating more recent activity. Extensive networks of microcracks
intermixed with alteration also suggest penecontemporargsfagmation and alteration
At these shallow depths it may also be expected that weathering facilitated by gremndwat
flow could account for the formation of clays. However, preservation of chalcopyrite in the
rock suggests the waters moving through this rock are not from the surface.

To distinguish the presence of a caprock from these other processes will require
addtional core at greater depth to determine if higher temperature minerals replace clays
(and clays become abserfiucha deepening of the TGhould also provide an additional
test of the potential resource temperature. A 3.3 km TGH is necessary at rigvg cur

gradient of ~60°C/km.

5.3 Comparison ofStructural Analysis byCore andImagelL og

Core reveals approximately four times as many fractures spanning the full diameter
of the TGH as the BHTVsimilar to results by Gentat al (1997) in granite. Althagh

some fractures are picked in both logs with similar attitude, several fractures picked in the
39



image log do not match fractures evident in core. This appears to result fram mis
interpreting complex fractures or multiple smaller fractures as a singtajgtigoing
structure. Picks of fracture attitude appear to also depend on prior experience in the log.
Thus, image log interpretation may be more prone to confirmation bias leading to a
narrower range of picked fracture attitudes and progressive evobftiafttitude with
picking depth as the analyst works through the image. This is promoted by the workflow
that requires fitting a sine wave to record both the presence of the fracture and obtain
adequate information to calculate attitude. This bias can bgateid by using quality
rankings to separate fracture picks of high quality useful for calculating attitude from lower
quality picks (typically with incomplete sine waves) useful only for computing fracture
density (Davatzes and Hickman, 2010b).
BHTYV is an effective and practical means of assessing fracture populations,

but is prone to several biases due to complex fracture geometrndepekdent sampling,
and poor sampling of fractures shorter than the borehole diameter, healed and partially
healed factures critical to interning tectonic history and potential for fracture porosity and
which may influence potential for stimulation; detailed mapping of core reveals these
biases, but requires extensive time but provides a benchmark to calibrate therntayicn
obtained from BHTYV logdt is alsonoted that although in this case no borehole wall failure
is observed in the BHTV logs to constrain the stress state, core would not be capable of
effectively capturing these features.

It is also clear that sriidractures shorter than the borehole diameter are critical to
the porosity structure and potential connectivity in this core. These structures are wholly
overlooked by the current workflow for image log analyBisture work should evaluate
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the fractionof core comprised oéachstructureand porosity type evident in the detailed
core maps. In addition, the distribution of representative atong lengths for each
structure and its associated thickness aititlide should be evaluated to test for fraetur
subpopulations and sedfganization.

The rumber of fractures with reliably interpretable attitude in core is at teast
timesthat in BHTV. But the BHTV interpretations are inherently error prone due to the
very high density of small fracture$he density distributiorof those small fractures
relative to the larger fractures is another step in the analysis that should berezhsitiis
can be achieved by mapping the pixel density of fractures in each map, then testing for a
correlation between the mapped macro fractures (that fully transect the core) and the
variation in open and healed porositysociated with small fracturesident from image
analysisof the mapsA separate study should investigate the length scale distribition o
fractures which requires vectorizing the raster maps, which can beastmated in

Adobe lllustrator.

5.4 Implications of thisAnalysis for PFA

The PFA model predicted high fracture density at MBZ6from modeling of
stress changes associated with faulting (Sweyed., 2018) along lineaments mapped by
Taboret al (2003) and evident in LIDAR (Forsat al, 2017) and associated with a high
gradient in magnetic and gravity fields (Witter al, 2017) High fracture density is
necessary to provide both storage of hydrothermal fluids and a connected network that can

assist heat transfer through advection (Foetai, 2017). In addition, thenodel relies on
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faulting to extend the network of percolating fractures to a heat source ataiepth
maintain connectivity among pores through recurrent fracture

A core analysis is a casffective and lowrisk drilling method that can yield
detailed ad robust datasets in (1) detailed mistauctural features including porosity, (2)
textural relationships from petrography, (3) chemical composition, and (4) a comparison
between the core and image logs. It is also aguaisite for measuring thermalydraulic,
and mechanical properties. The analysis of core from locations within the model that have
favorable conditions can confirm abundant fracture populations and mineralogy associated
with hydrothermal flow, as well as alteration and paragenetioriyistithin the TGH. Core
provided confirmation of high fracture density and minerals associated with high
temperature flow in the form of altered plagioclase grains, chlorite minerals on fracture
faces, and calcite filled veins. Although this evidencerésent, it would be beneficial to
extendthe depth offGH MB76-31 to further confirm these conclusions or provide new
evidence that the TGH penetrates either a caprock or hydrothermal heat source.

Extending the dataset to greaterdepth will addresswhether (1) the TGH
penetrates geothermal caprock, (@)l distinguishregional metamorphistnom depth
dependentmodern hydrothermadlteration due to circulation of hydrothermal fluid3)
determine if corerepresents the Chilliwacksroup or Nooksack Formation by more
extensive sampling of stratigraphic variation, and (4) will test the continued rise of
temperature at high gradient

A transition in associated clays would indicate whether the fluid flow in the TGH
is stable at a greater or $&$ temperature as depth increases. The presence of chlorite clays
provides evidence of a high temperature regime, which is currently interpreted as the
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remnants of regional green schist metamorphism. If chlorite remains present or disappears
in depth, butepidote becomes present throughout the rock, then a higher temperature is
likely more stable at that greater depth. If chlorite becomes less abundant or disappears in
depth, but illite or smectite become present, then a lower temperature is likely afbee st
at that greater depth. The presence of vermiculite could be indicative of a low temperature
or as a product of weathering from the greehist faciesln contrast, if the assemblage of
secondary minerals represents regional metamorphism, then tioerdd e little or no
variation in their abundance with depth unless it correlates with changes in lithology.

The abundance of fractures further supports whether the rock is progressively
becoming altered with depth. If fracture density increases as deptases, then it is
likely the TGH approaches a potential heat source, as fluid pressure would enhance the
rockbés ability to produce new fractures;
depth increases, then it is likely the TGH remains iwithe same unit of rock and is
undergoing the same conditions along the span of its depth.

The temperature gradient at a greater depth would enhance the interpretation of site
MB 76-31 by providing information on the rate of temperature increase. Arasingerate
would mean that the Ti& approves a hydrothermal heat source with increased depth.
However, if the temperature rate continues to remain steady, it is likely to prove the
penetration and continued exploration of a caprock, as the current tempgratlient is
already twice the regional average, implying there is a heat source within an influential
range.Continued increasing temperature with depth at a greater than regional gradient and
commensurate variation in alteration mineralogy would irtditiae presence of a modern
hydrothermal system.
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Minerals present at a greater depth will furtbenstrainthe classification of both
geologic unit and current penetration depth interpretation on whether the TGH represents
regionally metamorphosed or hytlnermally altered rocks. Given the shallow descriptions
and interpretations of both the Nooksd&kmation and ChilliwackGroup from surface
geology, it would be beneficial to have interpretations at greater depths in hopes to achieve

more detailed and fiierentiating descriptions of the units, if evidence accrues.
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6. CONCLUSIONS

TGH MB76-31 provides evidence of past and potentially modern hydrothermal
flow including a high temperature gradient and alteration minerals in fractures consistent
with theupper portions of a hydrothermal caprock. The distribution of healing that isolates
pores and ductile yielding facilitated by vermiculite and chlorite alteration are consistent
with conductive heat flow observed in equilibrium temperature logs. By extertléen
analysis to greater depth is required to confirm the presence of the caprock above an
underlying, active hydrothermal system. This would similarly help distinguish effects of
regional metamorphism from hydrothermal alteration which can have overdggggjimes.

More extensive core to continue sampling the stratigraphy is also necessary to definitively
distinguish the host rock formation between Nooksack Formation and Chilliwack Group
which have similar mineralogy.

Analysis of core reveals approximatdbur times as many borehedlensecting
fractures as interpreted from the BHTV log. The majorityhefsefractures are confined
within core, and these smaller fractures tend to host the open pore Hpese fractures
are not identified by image log alysis. In addition, the resulting complexity in fracture
geometry causes uncertainty in the attitude of fractures interpreted from image logs
producing greater scatter in attitude than in the core anabssall, core mappingielded

a more detailed ah accurate characterization of fracture length, attitude, and pore
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structure; however, this detail came at the cost of significantly greater time investment for

analysis of a shorter depth interval.
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APPENDIX

APPENDIX A
SOP FOR COREMAPPING

Purpose: To characterize structural features in core through mapping features and

orienting core within the hole.

1. General survey of a core box.
a. Sketch box of core and note any features of interest.
b. Label each end of the sketch withrresponding depths.
2. Determine mappable segments.
a. Core is whole or presents clear breaks that fit together like a puzzle.
b. Heavily fragmented cores are unable to be mapped. Should be noted.
3. Determine features to be mapped and create a key.

a. Simple is best.

b. Pick a maximum of 4% features of interest that can easily be distinguished
between host rock and other features. (i.e., open space, healed fractures,
other | ithologiesé)

4. Prep segments for mapping.
a. Determine and maintain tglirection.
b. Apply mapping indicairs, if applicable.

c. Tape together, with clear scotch tape, segments of cor@ fedt
segments).

53



J-

Cut clear acetate paper to have an excess of approximately 2 inches of
acetate paper on each end of the section and approximately 1 inch in
excess relative tthe diameter.

Remove and loose debris from the surface of the core round and place
atop clear acetate paper.

Tape one side of the clear acetate paper directly onto, starting from the
center of the section and working to each end, keeping the edge of the
acetate paper linear along the central axis of the core.

Keeping the acetate paper taut, roll the core backward and trim excess
acetate paper. Optimal overlap of acetate paper is approximately-B in (2
cm).

. Tape edge of acetate paper to the segment, nmangdaut, starting from

the center of the section, and working outwards to each edge.

Label up direction and section name on excess acetate paper at TOP of
section.

Add a scale and mapping indicators, if applicable.

5. Map core section.

a. Trace directly ovefeatures onto the clear acetate paper, according to key,

b.

including over the exterior tape.

Take note of any new findings or interesting features.

6. Removing core maps.

a. Using a bl ade, pocketknife, etc.é

C.

paper overlapsself. Do NOT remove the exterior tape.

Once cut, peel the acetate paper off the section and fold or cut interior
tape.

Lay flat or roll up maps for storage.

7. Return core to core box maintaining position and up direction.
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APPENDIX B
SOP FOR DIGITAL MAPS AND WELLCAD CORRELATION

Purpose: To create digital maps of core features and orient these maps into the WellCAD

software for analysis.

1. Scan clear acetate maps to create digital files.
a. There are varying methods for this step, though both producesugabl
I. Use of a drum scanner; manually utilizing equipment available.

ii. Use of a scanner at an office supply store; able to drop off and pick
up digital files when completed.

b. Should be scanned at a minimum of 300 dpi for quality.
c. Files canoriginally be saved as any image file or as a pdf.
2. Convert digital files into tiff files.
3. Utilize a media software that incorporates layering.
a. There are several methods that can be used effectively:
I. Procreate: an app on an Apple iPad with an Apple Pencil.

ii. Adobe lllustrator or Photoshop with a Wacom Tablet and Pen
wired to a computer.

4. Trace over core maps using a ptkalsed brush, minimizing blurring, and
maintaining 100% opacity of the brush to create a digital version of the core map.

a. Add core map imagetblank canvas.

o

Lower layer opacity to approximately 30%.

LOCK layer.

a o

Add a new layer and trace each feature type in its own layer.
e. Merge layers for each traced feature.
f.  Turn visibility off for the original map layer.

g. Crop image to only contain the core pmnao excess.
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5.

K.

Flip image along vertical axis within Procreate or Photoshop and save as a
new version with appropriate title.

Save as tiff and save as png. (Two files, one with layers preserved, one
without.)

Resize the image size, by maintaining dimensargs making the width of
the image the diameter of the core hole.

i. In photoshopIimagel ma g e changeewnéth
ii. Fit To: Original Size
lii. Resolution: 300 Pixels/Inch

iv. Resample: Automatic

v. Click OK
Save asé file with proper naming
I. Large file size (fastest savingDK
0X06 out the image and do not save

Import digital maps into WellCAD.

a.
b.
C.

d.

Open WellCAD application.
File Open YOURFILE
View Draft
File Import Into Current Documen®ingle File Selectimage
Picture File Details:
I. Use appropriate units and scale, filling out Top and Bottom
i. RGBLog OK
To adjust:
i. Right Click Channel
ii. Shift Depth + is deeper arids shallower

iii. Shift Rotation Process Image Module RGB Logs Rotate
by é

To rename:

i. Edt Rename Logsé
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Figure B.1: Completion diagram and extent of key data sets including image logging

(red), coring (gray), and temperature logging (purple).
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Table B.1: BHTV and Core Map Correlation Summary Tabl

Coreg Map |Width(i)| Height(i) Width(f) | Height(f) | Insert Insert |End Top(f) End Channel Namg

Box| # (in) (in) (in) (in)  |Top(i) (ft) |Bottom(i) (ft) Bottom(f)
(1) (ft)

21| 1 7.54 | 405 7.54 40.5 | 1310.@ | 1313.4 | 1311.5 | 1315.0 | CM B21 Map1
21| 2 7.54 | 29.0 7.54 29.0 | 1315.@ | 1317.4 | 1316.3 | 1318.7 | CM B21 Map2
21| 3 7.54 | 28.0 7.54 28.0 | 1318.0 | 1321.2 | 1319.5 | 1321.9 | CM B21 Map3
21| 4 7.54 | 30.25 | 7.54 30.25 | 1321.D | 1323.5| 1321.9 | 1324.2 | CM B21 Map4
22 | A1 | 5458 | 8.265 | 7.54 | 11.391 | 1326.D | 1327.15| 1327.9 | 1328.3 | CM B22A1
22 | A2 | 2.652| 8.564 | 7.54 | 24.354 | 1327.@ | 1329.03| 1328.9 | 1330.9 | CM B22A2
22 | A3 | 2.652| 7.333 | 7.54 | 20.853 | 1329.03| 1330.77| 1330.9 | 1332.6 | CM B22A3
22 | B1 | 3.966| 6.136 | 7.54 | 11.666 | 1331.@ | 1331.97| 1332.75| 1333.7 | CM B22B1
22 | B2 | 4.000| 5.939 | 7.54 | 11.196 | 1334.@ | 1334.93| 1333.7 | 1334.55| CM B22B2
22 | B3 | 2.898| 9.015 | 7.54 | 23.453 | 1335.® | 1336.95| 1335.35| 1337.0 | CM B22B3
22| C1 | 2.83 | 10.348| 7.54 | 27.576 | 1337.0 | 1339.30| 1337.6 | 1339.9 | CM B22C1
22| C2 | 5.814| 7.720 | 7.54 | 10.011 | 1340.@ | 1340.83| 1343.5 | 1344.35| CM B22C2
22| C3 | 3951 | 8.504 | 7.54 | 16.229 | 1341.@ | 1342.35| 1344.6 | 13459 | CM B22C3
23| B1 | 7.65 | 13.937| 7.54 | 13.736 | 1350.@ | 1351.14| 1347.9 | 1349.0 | CM B23B1
23| B2 | 7.763 | 20.663| 7.54 | 20.069 | 1352.@ | 1353.67| 1351.3 | 1353.9 | CM B23B2
23 | B3 | 7.623| 13.577| 7.54 | 13.428 | 1354.@ | 1355.12| 1353.0 | 1353.95| CM B23B3
23 | B4 | 7.687| 15.570| 7.54 | 15.273 | 1355.9 | 1356.77| 1353.8 | 1355.1 | CM B23B4
23| C1 | 7.65 | 14.213| 7.54 | 14.009 | 1357.@ | 1358.17| 1355.65| 1356.7 | CM B23C1
23| C2 | 7.64 | 18.673| 7.54 | 18.429 | 1357.@ | 1358.54| 1357.45| 1359.0 | CM B23C2
23| C3 | 7.79 | 18.340| 7.54 | 17.751 | 1359.9 | 1360.78| 1359.6 | 1361.1 | CM B23C3
24 | B1 | 7.817 | 23.000| 7.54 | 22.186 | 1362.@ | 1363.85| 1361.3 | 1363.0 | CM B24B1
24 | B2 | 7.793 | 18.457| 7.54 | 17.857 | 1363.@ | 1364.49| 1363.0 | 1364.5 | CM B24B2
24 | B3 | 7.853| 8.540 | 7.54 8.199 | 1365.@ | 1365.68| 1364.85| 1365.5 | CM B24B3
24| C1 | 7.700| 10.910| 7.54 | 10.683 | 1367.® | 1367.89| 1367.15| 1368.0 | CM B24C1
24| C2 | 7.793| 18.867| 7.54 | 18.253 | 1369.® | 1370.52| 1369.25 | 1370.8 | CM B24C2
24 | C3 | 7.653| 14.917| 7.54 | 14.696 | 1371.® | 1372.22| 1371.7 | 1372.85| CM B24C3
24| C4 | 7.710| 11.133| 7.54 | 10.888 | 1373.@ | 1373.91| 1372.85| 1373.7 | CM B24C4
30| Al | 7.77 | 13.743| 7.54 | 13.337 | 1436.® | 1437.11| 1435.8 | 1436.9 | CM B30A1l
30| A2 | 7.66 | 12.617| 7.54 | 12.419 | 1437.@ | 1438.03| 1437.5 | 1438.5| CM B30A2
30| A3 | 7.623| 15.957| 7.54 15.782 | 1439.@ | 1440.32| 1438.5 | 1439.9 CM B30A3
30| A4 7.64 | 14.68 7.54 14.488 | 1440.® | 1441.71| 1440.0 | 1441.3 CM B30A4
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Unwrapped borehole images and maps

+ Unwrapped image of the borehole wall generated by an acoustic
borehole televiewer {BHTV).

. {a) Acoustic Televiewer
+ The trace of a fracture on the borehole wall forms and ellipse ab -~
orehole
* In the unwrapped reference frame the ellipse corresponds to a sine wave wall
“Window | Spinning
~2Zmm Focusing
spot size }Aﬁml.‘.ﬂ?m\\w/‘ y  Mirror
No/reduced signal 3 t

1

1 wall roughness
- .,
| Transducer |

P D /
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t, t, [

2
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“w g orelwle wal
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Two -way travel ime

Nicholas Davatzes

Figure B.2:Schematic representation of the borehole. (left) view down the
borehole axis showing the outer borehole wall (black). Next is an oblique view of the
borehole intersected by a fracture paresulting in an elliptical trace of intersection.
Next is the sinewave resulting from unwrapping the borehole surface from polar
coordinates into an cartesian reference frame defined by azimuth and borehole depth.

(right) visualization of the acoustic [s@ generated by the borehole televiewer to map the

borehole surface.
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Figure B.3:Crosssection view of core in borehole next two unwrapped image log
(middle) and core map (right) to depict relationship among the sinusoidal trace of a

fracture in each mpping.
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Figure B.4:Crosssection view of core in borehole next two unwrapped image log
(middle) and core map (right) to depict relationship among the trace of a structured

defined by overlapping fractures with small bridging fractures in each mapping.
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Figure B.5:Crosssection view of core in borehole next two unwrapped image log
(middle) and core map (right) to depict relationship among the sinusoidal trace of a

fracture and an associated splay fracture.
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Figure B.6. Crosssection view of core indsehole next two unwrapped image log
(middle) and core map (right) to depict relationship among the sinusoidal trace of a
fracture in each mapping. Example of the correlated image log and map are shown on

the right.
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APPENDIX C
SOP FOR THIN SECTION AND XRD

Purpose: To prepare core samples for creation of thin sections and powdesyfor x
diffraction.

For Thin Section:
1. Survey core box and create a sketch of the box
a. Note features of interest and accessibility.
b. Mark core in sketch where samples willdmlected and place sticky
notes where core is removed. Document with photographs.

2. After samples are selected, label core round and indicad&egtion with an o#
based sharpie.

3. If applicable, cut cure using a tile saw to create a manageable sizeksam
cutting.

4. Proceed taut the coreound in half along the center axis of the core for a vertical
thin section and perpendicular to the center axis of the core for a horizontal thin
section.

5. Trim as necessary and set trimmings aside. For XRD pregeg@udo the next

section.

To denote ugirection on the billet, saw two notches into the top of the billet.

Choose an appropriate dye color and mix witlepoxy.

8. Generously slather the face of the core with epoxysaadiunder vacuum for 5
minutes.

9. Allow to cure under a hood vent for 48 hours.

10. Create a manifest of thin section samples with purpose and description. Be sure to
note orientation, complications during cutting, changes to initial plan, and any
other notes necessary fopatrographic company needed to prepare your sample
appropriately.

N o

For XRD and/or XRF:

1. Acquire either thin section trimmings or fragments from core boxes, following the

procedures from step 1 of thin section preparation.

Place fragments onto a clean pamavel and wrap slightly.

Wear eye protection.

4. Using a rock hammer on a suitable surface, strike the fragments with the blunt
end of a rock hammer, gently.

5. When approximately a tablespoon size of fragments, around 0.5 cm in size are
created, collect fragmeninto a labeled tray.
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6. Utilizing a shatter box, place fragments into hatterboxand shatter.

7. When samples have been broken down into a powder, csélegilesandplace
them intoa labeled sample vial. Remaining larger fragments are possible,
especially if a large amount of sample is initially placed intosttadterboxThese
can be kept in a separate sample holder.

8. Rinse each component of the apparatus with deionized water between each
sample crushing cycle. Dry each piea¢h an airhose.

Core:
view down
axis

Full Round: Half Round: Thin-section Bilfet
Cuts perpendicular Cuts perpendicular 2 Notches: up
to core axis to apparent strike 1 Notch: dip dir.

Core: of structure

Perspective view standard

s
N K L Cutalong borehole Thin Section:
— Eore: side-view axis, perpendicular 27 % 46 mm .
© : \ Quersized
3 to apparent fracture . Thin Section:

E
£ strike Twa slats on 51x 75 mm
—————— -—— & cut 1 topside %
S A e §
_____ —_——— 4 \
cut 7 ——N\E 'R i
* strike . >,
b pparen S |
4 ~ *,
K L /|
. N (I
K 8 N \ &
\--"“"-\ One slat in
....... direction of dip
Core Diameter
2.5in (6.35 cm)

Figure C.1:lllustration relating the core sample to thin section billet.
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APPENDIX D

CORE MAPS

Core Box | Depth Interval | Depth Interval | BHTV Interval | BHTV Interval
Number (ft) (m) (ft) (m)
21 ]1317.01330.5 | 401.4405.6 1311.51324.2 | 399.7403.6
22 11330.51345.5 | 405.6410.1 1327.91345.9 | 404.7410.2
23] 1345.51359.5 |410.12414.4 1347.91361.1 | 410.8414.9
24 | 1359.51370.5 | 414.4417.7 1361.31373.7 | 414.9418.7
30 | 1435.01448.0 | 437.4441.4 1435.81441.3 | 437.6439.3
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