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Abstract

Deep geothermal reservoir potential depends on the local temperature gradient and host rock permeability.
In areas with low primary porosity, such as the Duke River area, large-scale permeability is primarily
associated with fracture networks. Fractures in the Duke River area are described based on 36 scanlines
collected across 9 rock types from 0.8 to 22 km from the Denali fault. The majority of fractures are steeply
dipping but have no preferential strike. The linear fracture intensity is high, and most fractures range
from open to moderately wide. These attributes vary slightly by lithology but can be grouped into distinct
hydrostratigraphic units. The distance from the Denali fault has a non-linear influence on fracture intensity
and aperture and a negligible effect on fracture spacing and length. The fracture analysis presented will be
used to develop a discrete fracture network to evaluate permeability in the Duke River area.
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Introduction

This research is part of an on-going project to evaluate
the deep geothermal potential in the Duke River area,
southwestern Yukon. The Duke River area was selected
as a study site due to a promising temperature gradient
measured in a shallow well, elevated Curie point depth
and potential for elevated permeability due to extensive
fracturing of the bedrock associated with the Denali
fault (e.g., Witter, 2020). Extensional fractures can be
important conduits for geothermal fluids in hard rock
areas where the primary porosity is low, such as in the
Duke River area (Singhal and Gupta, 2010).

Fractures is an all-encompassing term to denote
a planar surface, with at some scale, an opening
(Fossen, 2010). Fractures occur as a result of external
(e.g., tectonic) or internal (e.g., thermal) stress (Fossen,
2010). They include shear fractures (or faults) and
extensional fractures (joints, fissures, veins and
dikes; Fossen, 2010). The strike of fractures and
their apertures will depend on the principal stresses.
Here, we are interested in the impact of fractures on
subsurface permeability. Fracture-derived permeability
depends on geometric fracture attributes, such
as fracture density, spacing, length, aperture and
connectivity (Singhal and Gupta, 2010). Therefore, it is
essential to describe regional fracture networks prior
to estimating permeability and defining reservoir
potential. The
hydrogeological
to potential reservoir productivity, be it for drinking
water or open-loop geothermal systems (Singhal and
Gupta, 2010).

permeability is an important

characteristic which contributes

In southwestern Yukon, the shallow (385 m) temperature
gradient in Quaternary sediments that overlay the
Denali fault is characteristic of conductive heat transfer
(F. Chapman, unpublished data). However, elevated
topography such as around the Denali fault provides
an ideal geological context for forced convection to
occur (e.g., Morgan et al., 1981, Stulc, 1998: Saar,
2010; Townend et al., 2017). The differences in surface
pressures and hydraulic head on either side of the
Denali fault is expected to force meteoric water into
deep circulation where it can be heated before rising
toward Kluane Lake at lower elevation. The spatial
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distribution of permeability in the Duke River area
influences regional groundwater flow and convection
potential.

Fractures in the Duke River area are thought to be
associated, at least in part, with stresses that caused
the Denali fault. The objective of this research is to
evaluate the influence of lithology and fault proximity
on regional scale fracture networks around the Denali
fault to better understand the spatial distribution
of permeability. We are interested in large scale
permeability to understand the potential for convective
heat transfer that can affect the extent of geothermal
resources. We therefore evaluated fracture networks
on a regional scale (e.g., Camanni et al., 2021): up to
24 km from the Denali fault and across nine different
rock types. We hypothesize that geometric fracture
attributes (linear fracture intensity, fracture length and
fracture aperture) will decrease with distance from
the fault. The results of this regional scale analysis will
inform future research wherein the spatial distribution
of permeability will be integrated into a coupled heat-
flow model to quantify geothermal potential based on
conductive and advective heat transfer.

Geological setting

Canadian Cordillera

The Canadian Cordillera is an orogenic belt composed
of a collage of allochthonous terranes (Colpron et
al., 2007) that were accreted to autochthonous and
parautochthonous units of the western margin of
Laurentia. The terranes that make up the Canadian
Cordillera are primarily sedimentary basins and
platforms, magmatic arcs, and microcontinents, which
can be grouped into four categories: Intermontane
terranes, Insular and Northern Alaska terranes, Oceanic
and accretionary complex terranes, and Mesozoic and
younger arc and accretionary terranes (Fig. 1; Colpron
et al., 2007; Nelson and Colpron, 2007). Accretion of
the Canadian Cordillera was ongoing during the Late
Triassic to earliest Jurassic (Colpron et al., 2015, 2022;
George et al.,, 2021), and possibly started as early as
late Permian (Beranek and Mortensen, 2011) and
continues today with the Yakutat microplate collision
along the southern Alaskan coast (Elliott et al., 2010).
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Figure 1. Distribution of terranes of the Canadian Cordillera (Yukon Geological Survey, 2020).
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Denali fault

The Denali fault is a major right-lateral strike-slip fault
in the Canadian Cordillera which extends over 2000 km
across central Alaska, through southwestern Yukon,
and into northern British Columbia (Fig. 1; Nelson and
Colpron, 2007; Choi et al, 2021). In southwestern
Yukon, the eastern Denali fault separates the Alexander
and Wrangellia terranes on the southwest from
metamorphic rocks of the Kluane schist and the Yukon-
Tanana terrane on the northeast (Fig. 1). Since the
Early Cretaceous, the Denali fault has accommodated
a dextral displacement of ~400-480 km (Lowey, 1998;
Waldien et al., 2021). Today, the eastern Denali fault
experiences less activity than the Alaska portion of
the Denali fault (Bender and Haeussler, 2017; Blais-
Stevens et al., 2020). This is reflected in the present-
day average slip rate of ~5 to 12 mm per year along the
east-west striking Alaskan portion of the Denali fault,
compared to ~2 to 5 mm per year along the southeast—
northwest striking eastern Denali fault which passes
through Yukon and British Columbia (Leonard et al.,
2008; Haeussler et al., 2017; Blais-Stevens et al,
2020). Though strike-slip displacement along the
eastern Denali fault is dominant, vertical displacement
of 0.2 to 0.9 mm per year has been reported (Marechal
et al., 2018; McDermott et al., 2019).

Study site

Increased permeability due to brittle fracturing is
expected along the Denali fault relative to other areas
in Yukon due to the recent activity, including seismic
shaking in the past 6000 years (Blais-Stevens et al.,
2020). A transtensional pull-apart was identified along
the Denali fault near the community of Burwash Landing
in southwestern Yukon where the main fault is mapped
as three fault strands, though only a single strand has
had a visible effect on the overlying sediments (Witter,
2020; Finley et al., 2022; Tschirhart et al., 2022). This
releasing bend is expected to generate an area of
increased local permeability. Faulds and Hinz (2015)
associated transtensional pull-aparts along strike-slip
faults with increased local permeability, such as in the
Great Basin Region, USA, where this tectonic setting
houses 3% of mapped geothermal fields.
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The Duke River area, southwest of the Denali fault
between Duke River and Congdon Creek, was
previously mapped by Israel et al. (2006; Fig. 2). The
area is underlain by rocks of Wrangellia and the
Alexander terrane to the south. The Ruby Range
batholith and Kluane schist occur northeast of the Denali
fault. Late Paleozoic to mid-Cretaceous plutons are
distributed throughout the Wrangellia and Alexander
terranes (Colpron et al., 2016).

The study area is bound to the southwest by flow
divides and to the northeast by the Kluane Lake (Fig. 2),
which form no flow or constant hydraulic head
boundaries that will facilitate the integration of fracture
analysis results into a hydrothermal model to quantify
geothermal resources. Figure 3 is a conceptual model
which will be the basis for a quantitative groundwater
flow model in future research. Fracture measurements
were taken along several transects to ensure that
fracture measurements for all pertinent rock types were
collected on representative outcrops.

Lithological units

All the lithological units defined by Israel et al. (2006) in
Wrangellia (WR), overlap assemblages (OA), intrusive
rocks (IR) and Alexander terrane (AX), as well as the
Kluane schist crop out in the study area (Figs. 2 and
4). Descriptions of lithological units are based on
Israel et al. (2006) and were complemented by our
field observations. The dominant units exposed on
the south side of the fault are the Station Creek and
Hasen Creek formations of the Skolai Group, and the
Nikolai formation (all units of WR). The Station Creek
Formation is a Pennsylvanian to Permian volcanic unit
including breccia, crystallithic tuffs, tuffaceous siltstone,
and augite-phyric basalt flows. The thickness is poorly
constrained but is at least several hundred metres.
The lower Permian Hasen Creek Formation overlies
the Station Creek Formation and is dominated by
fossiliferous siltstone, turbidites and mudstones in the
Duke River area. The Upper Triassic Nikolai formation
consists of basalt flows around 1000 m thick in the
Kluane Ranges.
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Figure 3. Conceptual groundwater flow model for two cross sections of interest in the Duke River area. The
location of cross section A-A’ and B-B’ are indicated in Figure 2. The geological cross sections are based on
geological bedrock mapping, field observations, and cross sections presented in Israel et al. (2006). The geological
units were extended below sea level with uncertainty as the thickness of the Station Creek Formation and Kluane
schist are unknown. Flow lines present potential flow pathways. The mapped fault dips are also poorly to not

defined in the area and are extended with uncertainty.

Less volumetrically important units that are also
exposed on the southwest side of the Denali fault
include:

1. the Middle Triassic Hoge Creek succession (WR),
a thin and discontinuous sedimentary layer;

2. the Upper Triassic Chitistone Limestone (WR)
of variable thickness (hundreds of metres to
discontinuous lenses);

3. the Upper Triassic McCarthy Formation (WR), a
highly folded sedimentary layer primarily found in
Hoge Creek syncline;
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4. the Upper Triassic to Lower Cretaceous
Tatamagouche succession composed of marine
clastic sedimentary rocks (OA); and

5. the Eocene to Oligocene terrestrial sedimentary
rocks of the Amphitheatre Formation and
Wrangell Lavas (OA).

Intrusive rocks include the Late Triassic Maple Creek
gabbro and Kluane mafic-ultramafic complex, the
Early Cretaceous Kluane Ranges suite, the Oligocene
Tkope suite, and the Miocene Wrangell suite. The
Kluane mafic-ultramafic complex is the most extensive
intrusive unit in the Duke River area. The thickness of
the Kluane mafic-ultramafic complex is poorly defined
but it is inferred to underlie the Burwash Uplands.

Yukon Exploration and Geology 2022
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The Late Cretaceous Kluane schist is a highly deformed
metasedimentary unit on the northeastern side of the
Denali fault (Mezger et al., 2001a; Stanley, 2012). The
Kluane schist exposed northeast of Kluane Lake extends
beneath at least 380 m of Quaternary sediments near
the Denali fault southwest of the lake. The metamorphic
grade of the Kluane schist decreases southwestward
from amphibolite facies near the Paleocene Ruby
Range batholith to greenschist facies closest to the
Denali fault (Mezger et al., 2001b; Stanley, 2012).

Methods

Sampling locations

The study area is mountainous, with creeks that
carve through the mountains. These creeks are inlets
to Kluane Lake. Throughout the field campaign, most
outcrops used for fracture measurements were reached
on foot along the creeks. A total of 35 outcrops were
accessed southwest of the Denali fault, either along
creeks: Congdon Creek, Nines Creek, Bock's Creek,
Lewis Creek, Copper Joe Creek, Duke River, Burwash
Creek, or by helicopter on August 13, 2022. General
areas were identified prior to the field campaign using
the Yukon Geological Survey bedrock geology map
(2022) to ensure that measurements were taken to
be representative of each lithology. Potential outcrops
were identified remotely prior to fieldwork but the
outcrop exposure and accessibility were uncertain due
to the quality of available satellite images. The final
outcrops were identified on site.

There are no Kluane schist outcrops in the study
area. One Kluane schist outcrop was accessed on the
northeast side of Kluane Lake and the study area. Future
sites have been identified based on Stanley (2012)
to describe the Kluane schist but require a helicopter
assist. These sites are expected to be representative
of the Kluane schist below the Quaternary sediments
southwest of Kluane Lake northeast of the Denali fault.

Field data acquisition

Fracture data were collected by manual fracture
measurements. Manual observations were selected
over digital methods, such as lidar or other GIS methods,
due to interest in the variation of fracture networks
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between units and at varying distances from the Denali
fault. Manual observations allow for recording micro
and macro-fractures on outcrops which is required to
study the influence of lithology on fracture attributes
(Formenti et al., 2022).

Fracture measurements

In this study, we use the linear scanline method. The
linear scanline method is commonly used to evaluate
fractures on outcrops, in borehole imagery, and on
core samples (Zeeb et al.,, 2013). The linear scanline
method involves measuring fracture attributes (strike,
dip, spacing, length and mechanical aperture) of all
the fractures which cross the scanline (Watkins et
al., 2015). Measurements were taken by the same
observer for each scanline to minimize observational
bias (Andrews et al.,, 2019; Formenti et al., 2022).
A tagline was set up along the outcrop to delineate the
scanline with a length that was determined based on
the size of the outcrop and the fracture density. When
not limited by the size of the outcrop, at least 20 fracture
measurements were taken per scanline, which ranged
from 0.47 m to 2.86 m.

The fracture strike and dip were measured using the
FieldMove Clino App by Midland Valley. FieldMove
Clino is a digital compass-clinometer designed for
smartphones (Vaughn et al., 2014). This accelerates the
rate at which planar and linear field measurements can
be taken and georeferenced directly onto a basemap
(Vaughn et al., 2014).

Fracture spacing was determined based on the
position of the fracture along the tagline. The length
of fractures was measured below the scanline unless
the fracture only projected above the scanline. These
fracture measurements provide a relative length, but
not absolute length of exposed fracture. The majority
of fractures continue above the scanline and may
extend beyond the visible outcrop. This results in
truncation bias (Zeeb et al., 2013). Fracture aperture
was recorded using a digital caliper. For fractures with
consistent aperture, the aperture was measured at
the scanline. For fractures with variable aperture, an
aperture measurement was taken above and below the
scanline and a range was assigned. Closed fractures
were assigned an aperture of zero. The aperture of

Yukon Exploration and Geology 2022
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filled fractures was measured but fractures were noted
as being filled or partially filled. Where possible, the
mineral filling the fractures was described. The fracture
data are presented based on the percent of fractures
filled per scanline.

Scanline data collected

Overall, fracture data were collected on the following
units (number of scanlines, s; number of fracture
measurements, f): Station Creek Formation (s=10;
f=270); Hasen Creek Formation (s=8; 138), Nikolai
formation (s=9; f=203); Kluane mafic-ultramafic
complex (s=2; f=62); McCarthy Formation (s=3;
f=31); Chitistone Limestone (s=1; f=9); Wrangell
Lavas (s=1; f=17); Wrangell plutonic suite (s=1;
f=31); Kluane schist (s=1; f=4).

Fracture data analysis

Fracture orientation

Stereonet version 11.4.5 (Allmendinger, 2022) is used
to visualize orientation of fracture data. Rose diagrams
of strike are used to visualize the distribution of fracture
strike for each fracture category (all fractures, open
fractures, filled and partially filled fractures, and closed
fractures).

A Mixture of von Mises (MvM) distribution was used
to identify fracture families based on strike following
the approach outlined in Chabani et al. (2020).
Fracture families are represented in the distribution as
components (H). The optimal number of components for
each fracture category are unknown. Therefore, multiple
models are fit to each fracture family to determine the
most representative number of components based on
a combination of the negative log-likelihood of each
distribution and geological feasibility. Statistically,
minimizing the negative log-likelihood provides the
best fit of the distribution. However, understanding
the fracture data is essential to determine the true
number of fracture families (or components; H) in the
data. The MvM distributions for varying components
were determined using the fit_vmmix function from
the R package “BAMBI” which encompasses the log-
likelihood (logLik; Chakraborty and Wong, 2021).

Yukon Exploration and Geology 2022

A description of the MvM distribution is provided in
Appendix A.

Fracture data are projected to poles and contoured in
Stereonet version 11.4.5. (Allmendinger, 2022). Kamb
contours with a contour interval of a standard deviation
is used with a significance level of 3 xstandard
deviation used to contour the poles (Allmendinger,
2022). Kamb contours are based on the binomial
probability distribution of the data and are used to
describe the dominant dip of each facture category
(Haneberg, 2004).

Geometrical fracture attributes

The fracture data were analyzed first with respect to
the geometrical fracture attributes: length, aperture,
spacing and intensity. Prior to the analysis, the required
corrections were applied to the scanline data. There
are no corrections required for the fracture length
or aperture measured in the field. However, not all
fracture data were collected on fractures perpendicular
to the scanline. Therefore, the Terzaghi correction must
be applied to correct the spacing between fractures
(Equation 1; Tang et al., 2016).

5=S x |cos (a-a’)| (1)

apparent

where S is the corrected spacing, Sapparm is the recorded

spacing, a (°) is the strike of the fracture and a’ (°) is the
strike of the scanline.

The scanline length is adjusted such that the start and
end of the scanline are delimited by the first and last
fracture (Sanderson and Peacock, 2019). The position
of each fracture along the scanline must be adjusted
by:

P=P-P, (2)

where P (m) is the position of the fracture measurement
within a scanline, and P, (m) is the initial position of
the first fracture along the scanline. The length of the
scanline can then be calculated by:

L= Pf— P, (3)

where L is the scanline length (m), P, (m) is the position
of the last measured fracture along a scanline and
P.(m) is the position of the first fracture in the scanline.
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The linear fracture intensity (I; m) can then be
calculated by:

=N

I=7 (4)
where N is the number of fractures which cross the

scanline and L is the scanline length.

The coefficient of variation (CV) of fracture spacing
describes fracture distribution and is calculated by:

GS
CV= i (5)

where o, is the standard deviation and g is the mean
fracture spacing (Glaas et al., 2021).

Lithology and Distance from the Denali fault

Geometric fracture parameters are evaluated for each
set of fracture measurements based on lithology and
distance from the Denali fault. The distance from
the Denali fault to the scanline is measured in QGIS
perpendicular to the surface map trace (Bender and
Haeussler, 2017). An ANCOVA test is used to evaluate
the influence of lithology on geometric fracture
attributes independent of distance from the fault. The
ANCOVA test is limited to data within the first 4 km
from the fault where data are abundant. A pairwise
t-test is used to compare rock types across the whole
study area.

Results

Fracture orientation

The best-fit number of fracture families was determined
based on a combination of the lowest log-likelihood and
geological feasibility. The number of fracture families is
equivalent to the number of components (H) in the MvM
distribution for each fracture category. The constraints
imposed by Chabani et al. (2020) were used to evaluate
the geological feasibility of the statistically optimal
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number of fracture families. Fracture families with
dispersion parameter (k) less than 8 are considered not
geologically feasible, as the range of values that would
fall within the group is not representative of a fracture
family. Fracture families with dispersion parameter
greater than 32 were also discarded as these are
uninformative (equivalent to a standard deviation of
less than 10°). Finally, models with weightings of less
than 10% were also discarded. As a result, the number
of components chosen were not consistently those
with the lowest log-likelihood (Fig. 5).

Based on the best-fit number of fracture families and
geological feasibility of suggested fracture families,
there is no preferential strike considering all fracture
data (H=4) or for open fractures (H=4). For both
categories, the four fracture families are near-equally
distributed and the difference in weight between
fracture families is not significant. The filled fractures
can be represented by six fracture families (H = 6). The
difference in weight between fracture families is also
not significant; however the mean strike of fracture
families ranges from NE-SW to SE-NW, with no N-S
oriented fracture families. The closed fractures are also
represented by six fracture families (H = 6), which range
in strike from WSW-ENE to NW-SE. The dominant
fracture family (F2) is oriented around a mean strike of
86.5° (E-W).

Fracture dip

There is a tendency towards steeply dipping fractures
for open and filled fractures with median dips of 64.6°
and 62.2° respectively. All fracture data and the open
fracture data show a left-skewed distribution (Fig. 6).
The median dip of filled fractures is 62.8°. The median
dip of closed fractures is 51.8° but have a bimodal
distribution with the greatest number of dips ranging
between 35° and 45°, and 75° and 85°.
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Average geometric fracture attributes

The geometric fracture attributes measured are the
fracture linear intensity, spacing, length and aperture.
These are summarized for each fracture family (Table 1).

The median linear fracture intensity is 13.7 fractures
per metre whereas the mean spacing of all fractures
is 0.04 m. However, the spacing is highly variable. The

mean length of open fractures is longer than both the

Yukon Exploration and Geology 2022

filled and closed fractures. The fracture apertures are
highly variable, but the majority are considered open to
moderately wide on the ISRM (1978) fracture aperture
scale (Table 2). The fracture apertures show a scale
dependence based on fracture length (Fig. 7a) but no
correlation with fracture strike (Fig. 7b).
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Figure 6. Kamb-contoured projected poles of scanline data by fracture category: (a) all fractures,
(b) open fractures, (c) filled fractures, and (d) closed fractures.
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Table 1. Average values of the geometric attributes measured during, or calculated based on, the scanline surveys.
CV: coefficient of variation; S.D.: standard variation.

Linear Intensity (m) Spacing Length (m) Aperture (mm)
Median Range CcV Mean S.D. Mean S.D.
All 13.7 3.8-55.6 1.6 0.8 5.9 2.0 3.4
Open 11.3 2.1-426 16 0.9 6.7 2.2 3.7
Filled 3.3 1.1-194 15 0.4 0.4 15 13
Closed 19 0.3-9.7 16 0.1 0.1 0 0
Table 2. Qualitative classification of fracture apertures based on ISRM (1978) fracture
aperture classification.
Aperture e L. Measured Fracture
- Classification Apertures (%)
0 Closed 8
<0.1 Very tight 1
0.1-0.25 Tight 1
0.25-0.50 Partly open 9
0.50-2.50 Open 20
2.50-10 Moderately wide 60
> 10 Wide 1
301
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Figure 7. Fracture aperture scale and strike dependence relative to (a) fracture length (fitted with a power-law

distribution), and (b) fracture strike.
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Geometric fracture attribute variation by
lithology and distance from Denali fault

Lithology

The influence of lithology (Appendix B) and distance
from the Denali fault on geometric fracture attributes
is illustrated in Figure 8. Each geometric attribute was
tested to confirm if they met the required assumptions
for an analysis of covariance (ANCOVA; Fig. 9; Table
3). The ANCOVA test was only applied on the three
dominant rock types and within the first 4 km where
sufficient data allowed statistical relevance.

The correlation of all geometric attributes by distance
is poor, with certain exceptions. There are moderate
positive and negative correlations of linear fracture
intensity with increasing distance from the Denali fault
for the Station Creek and Hasen Creek formations,
respectively. The Nikolai formation has a weak to
moderate correlation and also shows a decrease
in linear fracture intensity with increasing distance
from the Denali fault. Spacing is intrinsically related
to the linear fracture intensity but the coefficient of
variation (CV) describes the heterogeneity of fracture
distribution (Glaas et al., 2021). The heterogeneity of
fracture spacing increases in both the Hasen Creek and
Nikolai formations but decreases in the Station Creek
Formation with respect to the distance from the fault.
There is no correlation between fracture mineralization
and distance from the fault for any units. The Hasen
Creek Formation has a weak to moderate positive
correlation with fracture length, and a weak to moderate
negative correlation with fracture aperture. The Nikolai
formation shows a weak positive correlation such that
aperture may increase farther from the fault.

Linearity is an important assumption for an ANCOVA
test. The other assumptions are presented in Table 3.
Testing for homogeneity of regression slopes confirms
a significant interaction between distance and unit for
linear fracture intensity. Therefore, the influence of units
cannot be evaluated independently of the distance.
There is no significant interaction between distance and
unit with respect to the coefficient of variation of fracture
spacing, mineralization, fracture length, or fracture
aperture. However, neither mineralization nor fracture
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length residuals are normally distributed therefore an
ANCOVA test cannot be applied. A complete ANCOVA
test may only be applied to the fracture spacing (CV)
and fracture aperture as the data distribution respects
all of the assumptions.

After controlling for distance, there was not a significant
difference in the coefficient of variation of fracture
spacing between the major units (F (2,20)=1.90,
p=0.18). There was a significant difference in the
fracture aperture of the Station Creek, Nikolai and Hasen
Creek formations (F (2,20) =5.04, p <0.10). Based on
a post-hoc test, there is no significant difference in
fracture aperture between the Nikolai formation and
the Skolai Group (Station Creek and Hasen Creek
formations), but there is a significant difference within
the Skolai Group between Station Creek and Hasen
Creek formations at a 90% confidence interval.

The mean of geometric fracture attributes, without
considering distance are presented in Appendix B. The
following analysis describes the influence of lithology
on geometric attributes over the complete study area.
This analysis was not controlled for distance. However,
based on a 90% confidence interval, there is a significant
difference in linear fracture intensity between Station
Creek Formation and both the Hasen Creek and
Nikolai formations. There are no significant differences
in coefficients of variance for fracture spacing (CV),
fracture length, or fracture aperture between the units
(Table 4).

Distance

The influence of distance from the Denali fault is non-
linear and summarized by distance interval (Table 4).
Eight distance categories were created to represent
available data. Based on Figure 8 and Table 5, there
is a general decrease in linear fracture intensity with
distance from the fault, however the variability is
significant and must be considered. This variability
occurs within and between rock types. The distance
from the Denali fault has a negligible influence on
fracture spacing and fracture length. Mean fracture
aperture is constant with little variability within the first
4 km from the fault. The fracture aperture farther than
4 km from the fault is greater with greater standard
deviation.

Yukon Exploration and Geology 2022



Chapman et al. - Fracture network analysis, Duke River area, southwestern Yukon

a s d °
g 50- o © o
TE S 4 R o 6- 4
- o —
2 S0 © W T E ° :
‘®» 20 < ] °
c e} o o = 4 s R
9 40)| o 10 T :‘ o0 o g o Boo OV%® © °
£ () ° o ° — 1 2 3 13
o 30 ® o 1 2 3 4 ] 2
S e ® 2
B 0l o 5 °
00 o
E ° o C ?@ ) & oo ° 8 o
= 1ol 9 & O o o,
s Pee © 0 5 10 15 20
£ . ° o
= 0 5 10 15 20 ;
- e .
b ° :
1.5 ° e o ° o
° g .o% 000 —_ 5 ) ? °o @ O ° 6 ° ° o °
—~ © e} 0 ° ° E 1 ® o, 0.0 °
S s s . E .
9, © 3 3 3 P o 4 ! : 4
[5) =]
215 & o e o §_ 3 ° °
(&} @) ] o
® & < o 8
(jg)- (%b o o GSJ 2- (%6. .o. 0o o
S 10 ®© o 8 &3
s Y
G oQ o - o0 i
© e, ‘ ‘ ‘ ‘ ‘
o oo ° 0 5 10 15 20
0 5 10 15 20 Distance from the Denali fault (km)
C . Igenous Units Sedimentary Units
60- O Station Creek Formation O Hasen Creek Formation
IS 10! .o o @ Nikolai formation O McCarthy Formation
= 60- © 0 @ Kluane mafic-ultramafic complex O Chitistone Limestone
2 b °® ° O Wrangell Lavas Metamorphic Unit
S o &6 S0 %, o o @ Wrangell plutonic suite O Kluane schist
E 40- o 7 3 3 7
@ oo® °
£ o
= o
o 20- e °
©
"c":; S ®
©® 0 |ewoeoe| @ o o o )
“ 0 5 10 15 20
Distance from Denali Fault (km)

Figure 8. Representation of the influence of lithology and distance from the Denali fault on geometric fracture
attributes: (a) Linear fracture intensity, (b) fracture spacing, (c) fracture mineralization, (d) fracture length, and (e)
fracture aperture. Large plots show all of the data collected, whereas the inset plots focus on the first 4 km from the
Denali fault where the concentration of data points is greatest. This reduces the number of rock types represented,
but the three dominant rock types in the region Nikolai formation, Station Creek Formation and Hasen Creek
Formation, are all represented within 4 km of the fault. landscape
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spacing (CV), (c) mineralization, (d) fracture length, and e) fracture aperture.
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Table 3. Assumptions required to perform an ANCOVA test. All assumptions must be true with no outliers to be

able to control for the covariate (distance). A statement is considered to be TRUE if it falls within a 90% confidence

interval.
. Linear Intensity = Spacing Mineralization Length Aperture
S (m) (cv) (%) (m) (mm)
Homogeneity of
. FALSE TRUE TRUE TRUE TRUE
regression slopes
Normality of residuals TRUE TRUE FALSE FALSE TRUE
Homogeneity of
. TRUE TRUE TRUE TRUE TRUE
variances
One outlier One outlier:
Outliers No outliers No outliers M=66.7%at 1721 L =5.003 at No outliers
m (HC) 1943 m (HC)

Table 4. Pairwise t-test to compare geometric fracture attributes for units for which there were two or more
scanlines over the complete study area: (a) linear fracture intensity, (b) coefficient of variation of fracture spacing,

(c) fracture length, and (d) fracture aperture. Units are abbreviated to: HC (Hasen Creek Formation), KMUM (Kluane

mafic-ultramafic complex), McC (McCarthy Formation), NB (Nikolai formation), SC (Station Creek Formation).

(a) Linear fracture intensity

(b) Fracture spacing (CV)

(t-value) HC KMUM McC NB (t-value) HC KMUM McC NB
KMUM 1.0 --- --- - KMUM 1.0 --- - ---
McC 1.0 1.0 --- - McC 1.0 1.0 - ---
NB 1.0 1.0 1.0 - NB 1.0 1.0 1.0 ---
SC 0.04 1.0 0.55 0.06 SC 1.0 1.0 1.0 1.0
(c) Fracture length (d) Fracture aperture
(t-value) HC KMUM McC NB (t-value) HC KMUM McC NB
KMUM 1.0 --- --- --- KMUM 1.0 --- --- ---
McC 0.96 1.0 --- --- McC 1.0 1.0 --- ---
NB 0.37 1.0 1.0 --- NB 1.0 1.0 1.0 ---
SC 0.12 1.0 1.0 1.0 SC 0.66 1.0 1.0 1.0
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Table 5. Linear fracture intensity summarized by distance. Distance is grouped into two ranges at 1 km intervals
close to the fault (0-2 km), 3 ranges of 3 km intervals mid-distance from the fault (2-11 km), and one range greater
than 11 km for scanlines recorded far from the fault. The count represents the number of scanlines which fall into

the distance range. S.D.: standard variation

Distance group Linear Fracture Cot.efﬁaent of Fracture Aperture
i ey () variance fracture Fracture Length (m) ) Count
spacing

Mean S.D. Mean S.D. Mean S.D. Mean S.D.
[0, 1] 24.9 10.1 1.1 0.4 0.3 0.3 15 0.3 5
[1, 2] 20.5 14.1 1.2 0.3 0.6 0.6 1.6 0.4 14
[2, 4] 27.3 22.7 1.3 0.4 0.2 0.2 16 0.5 6
[4,7] 9.7 15 1.6 0.2 0.4 2.9 1.7 3
[7, 10[ 18.4 9.6 1.0 0.02 0.5 0.6 2.4 0.4 2
[10, 30[ 114 6.5 1.2 0.2 0.4 0.3 2.4 1.0 6

Influence of subsidiary faults on fracture
density and aperture

Linear fracture intensity and fracture aperture have been
shown to have the greatest control on permeability.
The Denali fault is the major regional fault, but there
are also numerous smaller faults. These subsidiary
faults likely contribute to the variability in geometric
fracture attributes (Fig. 10). The linear fracture intensity
is smallest in outcrops along Burwash Creek where
the distance between the Denali fault and the first
subsidiary fault is the greatest; these are followed by
outcrops at Copper Joe Creek. The variation in fracture
aperture does not seem to be related to the subsidiary
faults.

Discussion

Fracture orientation

Fault networks typically consist of two to three fracture
families, whereas joint networks can consist of one
to an indistinguishable number of fracture families
(Berkowitz et al., 2000). On outcrops in the Duke
River area some minor faults were noted, but fracture
networks consisted mainly of joints and veins.
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The dip of the Denali fault has not been defined but
this strike-slip fault is assumed to be near-vertical. The
fractures in the Duke River area are steeply dipping
which is consistent with the geological environment
in which they were formed. Steep fractures in steeply
dipping fault zones can increase vertical permeability
which is favourable to convective heat transport that
can potentially increase near-surface temperature
gradients (Timar-Geng et al., 2009).

Average fracture attributes

The geometric fracture attributes, density, spacing
(CV), length and aperture of open fractures control
present-day permeability. The mean linear fracture
intensity of open fracture in the Duke River area is
significantly higher (11.3 frac m!) compared to other
naturally fractured geothermal reservoirs. For example,
the crystalline reservoir rocks in the northern Upper
Rhine Graben (2.17 frac m; Bossennec et al., 2022),
Saint Pierre Bois Quarry (0.79 frac m; Dezayes
et al, 2021), or in the Central Upper Rhine Graben
(~0.76 frac m%; Glaas et al., 2021) all have lower linear
fracture intensity. The fracture density distribution
is described based on fracture spacing (Gillespie et
al., 1999; Odling et al., 1999). In the Duke River area,
the fracture spacing is heterogeneous and poorly
clustered.
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The distribution of fracture lengths is central to
developing stochastic discrete fracture networks and
evaluating secondary permeability (e.g., Bour and
Davey, 1997; Bonnet et al., 2001; Darcel et al., 2003).
The distribution of fracture lengths can inform whether
connectivity is controlled by small fractures, large
fractures, or equally by both small and large fractures
(Bour and Davy, 1997).

Fracture length is related to fracture aperture wherein
longer fractures typically have greater aperture. The
association between fracture length and aperture is
integrated into discrete fracture models (Bossennec et
al., 2022). However, the aperture of shear-dependent
fractures has also been shown to depend on the
maximum horizontal stress direction such that fractures
oriented parallel to the maximum stress direction
exhibit apertures two to three times greater than
fractures oriented perpendicular to the maximum stress
direction (Reinecker et al., 2021). As a result, fractures
oriented parallel to the maximum stress direction act as
preferential flow pathways (Reinecker et al., 2021).

Regional scale focal mechanism data indicate a
NE-SW dominant compressive stress direction in
southwestern Yukon (Ristau et al.,, 2007). Based on
the focal mechanism data available and a localized
stress inversion around the eastern Denali fault
near Duke River, the maximum compressive stress
direction (N50°E) is nearly perpendicular to the eastern
Denali fault (T. Finley, personal communication). This
orientation is consistent with the results of Choi et al.
(2021) in northwestern British Columbia ~200 km to the
southeast. Therefore, open fractures oriented around
N50°E would be expected to have a greater fracture
aperture than open fracture oriented around N140°E.
Based on the scanline data, there is no correlation
between fracture aperture and orientation, but surface
weathering likely camouflage the true fracture aperture.

The effect of weathering on surface outcrops causes
fracture aperture measured on outcrops to consistently
overestimate subsurface aperture, even if corrected for
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pressure (Peacock et al., 2022). Comparably, drilling
mechanically erodes the surface of fracture rims on
the well wall but fracture apertures are preserved in
the drill core (Glaas et al., 2021). Therefore, further
aperture analysis on drill core is required to confirm
fracture aperture and detect any preferential strike for
wider aperture fractures.

Potential for permeability based on described
fracture data

The geometric fracture attributes described will be
fitted into a small-scale discrete fracture model to
determine the permeability (e.g., Bossennec et al.,
2022). However, modelling large-scale fracture
networks requires a lot of computational power. In a
regional groundwater flow model, the permeability
may be described by an equivalent porous media.
This data set may be well suited to be represented as
an equivalent porous media due to the high fracture
density and homogeneous fracture distribution in all
orientations (Zareidarmiyan et al., 2021).

Before developing a discrete fracture model, a first-
order estimation of permeability can be deduced based
on fractured areas with similar conditions. For example,
pemeability was determined to range between 1 x 10V
and 1.1 x 107 m? in the Upper Rhine Graben where
significantly lower fracture density was reported
(Bossennec et al.,, 2022). The permeability of the
Upper Rhine Graben is slightly lower than the typical
permeability of moderately fractured low-porosity
rocks (10°*® m?; Forster and Smith, 1989). Therefore,
we can expect the permeability of the Duke River area
to be at least on the order of 10*®* m?2 The steeply
dipping fractures can create an anisotropy such that
the near-vertical permeability exceeds the horizontal
permeability (Lazear, 2009). A combination of steep
fractures and high permeability is known to facilitate
forced convection in mountainous regions (Forster and
Smith, 1989; Timar-Geng et al., 2009).
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Influence of lithology and distance on
geometric fracture attributes

Herein, fracture data were analyzed as a whole, by
lithology, and by distance from the fault. This was
an important distinction as previous research in the
Central Upper Rhine Graben has shown that linear
fracture intensity varied by lithology (Glaas et al., 2021).
In the Central Upper Rhine Graben, linear fracture
intensity was lower in the sedimentary unit (sandstone)
than in the igneous unit (granite). This comparison is
more complex in the Duke River area as we need to
consider the influence of distance from the Denali fault.
The only parameter that met the assumptions to be
controlled for distance over the first four kilometres
from the Denali fault, where data were abundant, was
the fracture aperture. The Hasen Creek and Nikolai
formations could be grouped as they are significantly
different from the Station Creek Formation; however
this variation is not significant over the whole study
area, when not controlled for the influence of distance
from the Denali fault.

There are only significant variations in the linear
fracture intensity when considering the whole study
area without controlling for distance. However, this is
not aligned with Glaas et al. (2021) observations as
the significant difference are between two volcanic
units (Station Creek and Nikolai formations). Rather
than simplifying the regional geology to rock types, our
results show that there is only significant difference
between the Station Creek Formation and other rock
types. Therefore, when considering linear fracture
intensity in the conceptual model, rock types can be
grouped into Station Creek Formation (Group 1) and a
combination of all other major units (Group 2; including
the Hasen Creek, Nikolai and McCarthy formations, and
the Kluane mafic-ultramafic complex).

Insufficient to no data were collected on three
sedimentary units in the cross sections of interest:
Hoge Creek succession, Tatamagouche succession and
Quaternary deposits. The Hoge succession overlies
the Hasen Creek Formation (Fig. 3) and is included
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in Group 2 to consider linear fracture intensity. The
Tatamagouche succession and Quaternary deposits are
surficial units. The Tatamagouche succession coverage
is sparse and is expected to have little influence on
deep groundwater circulation. The permeability of
Quaternary deposits is controlled by primary porosity.

There was not a significant difference in the coefficient
of variance for fracture spacing and fracture length
between rock types. Therefore, only the influence of
distance will be considered for these attributes. Fracture
aperture increased non-linearly with increasing distance
from the Denali fault (Table 5). The fracture apertures
will be considered in two groups: within 4 km from the
Denali fault and farther than 4 km from the Denali fault.

Influence of subsidiary faults on linear
fracture density and aperture

Herein, we assumed that the dominant stress field
was related to the Denali fault. However, other faults
have been mapped in the Duke River area and there
is regional compressional deformation in the St. Elias
region that contributes to the continuous exhumation
of the St. Elias mountain ranges southwest of the Duke
River area. This regional compression likely contributes
to the variation in measured fracture networks. The
statistical significance of proximity of fractures to
subsidiary faults was not evaluated. However, there is
a general trend of high linear fracture intensity when
subsidiary faults are closer together (e.g., Fig. 10b,f),
compared to when faults are farther apart (e.g., Fig.
10a,c).

Conclusions

Overall, linear fracture intensity in the Duke River
area is high and open fractures are equally oriented in
all directions. The linear fracture intensity, and other
geometric fracture attributes (fracture spacing, length
and aperture) influence large-scale permeability.
Based on the fracture analysis completed in this work,
rock types with similar attributes can be grouped into
two main hydrostratigraphic units of a conceptual
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groundwater flow model. Group 1 only includes the
Station Creek Formation, and Group 2 includes all
other rock types. The fracture spacing and fracture
length attributes are independent of the distance from
the Denali fault. There is a weak non-linear correlation
between distance from the Denali and both fracture
intensity and fracture aperture wherein fracture density
is greatest within the first 4 km of the fault, but fracture
aperture is greatest farther than 4 km from the Denali
fault. This relationship is weak, and fractures may also
be associated to other faults and the exhumation of the
Saint Elias Mountains, which contributes to the above-
average fracture intensity of the area.

These conclusions were drawn based on scanline data
distributed over the study area at 0.8 km to 22 km
from the Denali fault. This data set lacks fracture
measurements within the first 750 m from the Denali
fault due to extensive Quaternary sediment coverage
and farther than 5 km due to outcrop accessibility
constraints. The data gap next to the Denali fault could
be filled by analysis of drill core from exploration
boreholes. The core would alsoimprove fracture aperture
data as current fracture aperture measurements were
recorded on weathered outcrops.

Ultimately, the orientation and geometric fracture
attributes described herein will be used to develop a
discrete fracture network and evaluate large scale
permeability. Thereafter, future research will integrate
these results into a hydrothermal model to evaluate the
deep geothermal potential in the Duke River area.
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Appendix A

Nomenclature

s —number of scanlines

f—number of fracture measurements

S — spacing

a — fracture strike

a’ - scanline strike

P — fracture position

L — scanline length

I - linear fracture intensity

N — number of fractures

H — number of fracture families
CV — coefficient of variation
MvM — Mixture von Mises

vM — von Mises

6 — strike (radians)

K - concentration parameter
f—function

w — weight

NLIik — Negative Log-likelihood
Subscripts

i — initial/first measurement

f — final/last measurement
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Appendix A continued.

The approach used to determine fracture families using a Mixture von Mises distribution (MvM) is based
on Chabani et al. (2020). A Mixture of von Mises (MvM) distribution is the weighted sum of several von

Mises (vM) distributions, where a von Mises distribution is described by:

1 —
f0lu, k) = mexcosw 2 (A1)

where 6 is the simplified strike in radians (0 < 6 < m; Eq. 2), pis the circular mean (0 < u <) and k is the
concentration parameter (k = 0). The parameter 1/ x is analogous to the standard deviation (¢?) in a

normal distribution.

Here, all fracture strikes have been simplified to range between 0° and 180°, therefore when
a; > 180°:

a= a;—180 (A2)

where ai is the initial azimuth and a is the simplified azimuth. All strikes must be converted to radians
such that:

g = L (A3)
180

Within the von Mises distribution, Io (k) is the modified Bessel function (Mardia and Jupp, 2000), given by:

Io() = o= [ " ex 0 do (Ad)

In multimodal data sets, the Mixture of Von Mises distribution considers H components such that each

component is described by:

1 _
fo®) = g e (A9

As the weighted sum of serval von Mises (vM) distributions, the Mixture of Von Mises distribution (MvM)
is given by:

H
MvMy () = X1 @n/fn(6) (A6)
where H is the number of components and wy, is the weight of the hsi component.

The negative log-likelihood (NLIik) for each MvM with different number of components in each fracture
category is determined by:

NLIik(6) = — XiL;log [Xh-; wnfn(6)] (A7)
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Appendix B

Table B1. Average values of the geometric attributes measured during, or calculated based on, the scanline surveys
by lithology. CV: coefficient of variation.

Lithology Lineal('r::})e 1535 Spacing (CV) Length (m) Aperture (mm)
(Open) Median | S.D. Mean S.D. Mean S.D. Mean S.D.
Granodiorite Pluton 11.0 --- 1.5 --- 0.6 0.5 4.9 5.8
Kluane mafic-ultramafic 26.9 2.4 0.9 0.2 0.3 0.3 1.7 1.3
Nikolai formation 13.5 8.8 1.3 0.4 0.4 0.6 2.2 5.2
Station Creek Formation 324 17.4 1.2 0.3 0.2 0.2 1.5 19
Wrangell Lavas 11.6 --- 1.0 --- 0.3 0.2 2.7 3.0
Chitistone Limestone 5.6 --- 1.6 --- 0.4 0.3 3.0 19
Hasen Creek Formation 9.6 11.0 1.3 0.3 0.6 0.6 1.8 2.1
McCarthy Formation 16.9 5.2 1.2 0.2 0.5 0.4 2.0 1.5
Kluane schist 3.8 --- 0.9 --- 0.7 0.5 2.7 0.5

Table B2. Average values of the geometric attributes measured during, or calculated based on, the scanline surveys
by rock type: igneous and sedimentary. There are insufficient data to summarize metamorphic units. CV: coefficient
of variation.

Lithology Llneal('r:::)e nsity Spacing (CV) Length (m) Aperture (mm)
(Open) Median | S.D. Mean S.D. Mean S.D. Mean S.D.
Igneous 18.7 15.2 1.2 0.3 0.4 0.2 2.6 1.4
Sedimentary 10.6 9.5 13 0.3 0.5 0.1 2.3 0.6
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