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ABSTRACT

A continuum approach model was used to deterni@g@érmeability of the
fractured granite Idaho Batholith underlying they@reek Experimental Watershed east
of Boise, ldaho and characterization of the fraztuetwork was completed. A technique
for applying the apertures of fractures measurealless weathered area to the fracture
network in the (DCEW) is described. A Monte Cagilmulation of permeability showed
that a Representative Elemental Volume (REV) daes &n the DCEW. Plotting the
permeability calculated stochastically in the Mo@&rlo simulation against the summed
outcrop area shows a distinct plateau arountifbwhich is larger than the estimate of
the permeability, 18 m? using the traditional REV plot but very similarthe
deterministic calculation of the permeability 049.x 10°m? using the continuum
model. The Monte Carlo simulation has the advantager the traditional REV plot in
that outcrops with large area are well represeatetithe estimate of the plateau is based

on more than just a few measurements.
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INTRODUCTION

Many intermountain west cities with arid to semdarlimates, such as Boise,
Idaho, rely on mountain block recharge (MBR) to\de! water from mountain snow
pack to adjacent valley aquifers. MBR is dividetbitwo components: (1) subsurface
inflow from the mountain block and (2) infiltratidrom perennial and ephemeral streams
near the mountain front. Of these components astisrof subsurface inflow are the
most poorly constrained (Manning and Solomon, 20@8)tchings and Petrich (2002)
found that recharge to deep aquifer flow systenteuBoise likely occurs as underflow
from the Atlanta Lobe of the Idaho Batholith, a gmsite mass of fractured granitic
plutons occurring north and east of the city thatavemplaced from the Jurassic to the
Eocene (Criss and Champion, 1984).

The difficulty in constraining subsurface inflowmdthe mechanisms of MBR
have been the subject of numerous investigatiotizeiiBoise Front northeast of Boise in
the Dry Creek Experimental Watershed (DCEW) (Fidlra highly studied watershed of
28 knt area, which was used as the laboratory for thviestigation (Aishlin, 2006;
Morgos, 2006, Williams, 2005). Previous investigas in the DCEW have revealed the
hydraulic properties of the bedrock to be highlyelhegeneous and Aishlin (2006) found
that up to 11% of the annual rainfall is partitidrie groundwater recharge. The

heterogeneity of hydraulic properties is key toenstanding deep subsurface flow and,
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Figure 1: Study area location map. The grey megidhe inset map shows the extent
of the Idaho Batholith and the black star markssBpldaho. The Dry Creek
Experimental watershed is shown in the larger majpned by the grey region. White
dots indicate sampling locations in the DCEW areldhStreet Trenches. The
DCEW begins at the junction of Dry Creek Watersaed Bogus Basin Road and
extends to the upper 11 km of Dry Creek.
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therefore, the full description of MBR in this wedbed. This problem is compounded by
the fact that bedrock is fractured granite. Hytlicaoroperties of fractured crystalline
rocks vary within a single fracture, between adpdeactures, between nearby outcrops
and over the scale of a watershed.

The bedrock outcrops occurring in the Dry Creekdfikpental Watershed
(DCEW) are highly weathered and rounded, espedmalisactures producing gaping
apertures. This weathering is typical of the Atidabhobe of the Idaho Batholith which
was subjected to rapid downcutting in the last J0ad inferred by fission track dating
(Sweetkind and Blackwell, 1989). This has lefamdscape epitomized by deeply incised
canyons and steep slopes (Clayton et al., 1979).

The high degree of weathering complicates strasefyi investigate the hydraulic
properties of the bedrock in the DCEW. Steep ddp/e prohibited many types of
hydraulic and geophysical investigation technigiesyever, field mapping was a cost-
effective and attractive approach.

To model permeability, complete characterizatiorl(iding length, aperture,
orientation, and location of individual fractur@sa network) is necessary (Long and
Witherspoon, 1985). Often the choice of a modeledels on what data is available from
field reconnaissance. In the case of the DCEWhiblely weathered outcrops afforded
very little data. Therefore, complete charactér@arequired extracting data from other

sources and applying it to the DCEW.



The objective of this investigation is to calculatbulk permeability of the
fractured rock mass of the DCEW. Permeability memsure of the ease with which a
porous medium transmits water (Fetter, 2001)s thost often measured in the
laboratory using drilling cores. However there tave problems with doing this in the
DCEW. First, these measurements are point measmtsrthat do not easily lend
themselves to upscaling to the entire watershettor®l, drilling would be nearly
impossible in the steep terrain of the DCEW whghypical of the rest of the Atlanta
Lobe of the Idaho Batholith with 1,100 m differerimetween the headwaters and Dry
Creek’s junction with Bogus Basin Road, the bougddrthe experimental watershed
(Williams, 2005). Because drilling is logistical§fficult and out of budget for this
investigation, pump tests could also not be useddasure the permeability of the
DCEW. The most cost-effective solution for thigestigation is to map the fractures in
the field and then model the results.

Modeling of fractures from field reconnaissanaedeitself far better to upscaling
than other methods, and it does not have the logisir cost drawbacks associated with
drilling. However, outcrops in the DCEW are spaasd concentrated primarily on south-
facing slopes of the watershed. To check thatdbisrop pattern does not create a bias
in the fracture sets measured in the field, remetesing is used to extend the field
mapping over the entire area of the watershed.

The field data are first checked against the himeats extracted from aerial

photographs to ascertain the appropriateness chilipg and then the permeability of
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individual outcrops is estimated using the contmwapproach model to calculate the
permeability of the entire watershed stochasticatiyvell as deterministically. Using a
continuum approach model deterministically candesicribe scale breaks or patterns
with increasing scale, therefore upscaling of teklfdata is also investigated

stochastically using a Monte Carlo simulation torémentally upscale permeability.



BACKGROUND

The DCEW is located 16 km northeast of Boise, ¢dafthin the Boise Front.

Dry Creek is a perennial stream flowing south totBeast through steep mountainous
terrain in a semiarid climate. The headwatersaaign elevation 2100 m and the DCEW
includes the watershed surrounding the upper 1bfkory Creek to its junction with
Bogus Basin Road. Dry Creek is instrumented atiplelsites for ongoing
investigations in hydrology, geochemistry, matheosatand engineering. The terrain of
the DCEW typifies that of the Atlanta Lobe of tlitmho Batholith in that it is steep and
strongly dissected by streams (Williams, 2005).

The highly weathered, rounded outcrops in the DGiWiplicated
characterization of the fracture network especighgth and aperture measurements.
Because measurement of aperture was impossildte iDCEW due to weathering, fresh
bedrock exposure close to the DCEW needed to belfoAn area known as th& 8
Street trenches was attractive because it offessthfoutcrop exposures as the bedrock
had been exposed in the last 10 years. Trenchesdug perpendicular to slopes to
prevent mass wasting after a range fire east céBand just south of the DCEW. In
some locations along these trenches excavatorthdmggh the rock exposing fresh
surfaces. The apertures and orientations of thaseires could be measured and applied

to the fractures in the DCEW to aid in modeling:-fteie permeability.
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Two approaches to model fracture permeability ffetd mapping data exist: the
continuum approach which is also called the poroedia equivalent approach and the
discrete fracture network (DFN) approach. The iomnim approach assumes fractures to
be infinite in length and an equivalent porous ragdnsor is calculated (Long and
Witherspoon, 1985). The DFN approach, on the dthed, uses the statistical properties
of the size and orientation of the network to cldtithe transmissivity of the individual
fractures as well as calculate the connectivitihefnetwork based on the size
distribution and density (Long and Witherspoon,3;98ershowitz et al., 2004). A
comparison of these two modeling approaches usékdeosame fracture population
would be invaluable; however, it is beyond the scopthis investigation and will be the
topic of future work. This investigation will foswn the fracture network
characterization and flow modeling with a continuapproach model. These will

contribute to the description of MBR in future warkthe DCEW.

Continuum approach
The continuum or porous media equivalent appreehinitially proposed by
Snow (1965) who developed a mathematical expregsidiow through a single fracture
in the laboratory with the use of parallel glasst@s. The derivation is based on the
Navier-Stokes equations for single-phase, non-tertidlow and assumes that the flow is

governed by Darcy’s Law (Gale, 1982). This modsliusnes fractures are infinite in



length and an equivalent porous medium tensoricsilzded by accumulating the
permeabilities of the individual fractures to esttenan average permeability (Long et al.,
1982).

The Navier-Stokes equation is the 3D balance eémquér linear momentum of
an incompressible fluid and takes the form

P2+ POV + OV)+ Cp = py - 4™V =0 (1)

wherep is densityyu is viscosity, V it the fluid’s mass weight velogit is time, p is
pressure, and g is gravitational acceleratigr=(—gJz, where z is the vertical
coordinate) (Bear et al., 1993). Because the itgleector points in the x-direction and
varies only in the z-direction a simplificationses so that the velocity vector of flow

between two smooth parallel plates is given as f@@mman and Yeo, 2000):

2
= —if{zz —(Dj },uz -0 @)
2u dx 2

Integrating the velocity profile across the fraetgives the overall flowrate (Zimmerman

and Yeo, 2000)

wh/2 hi2 2 a3
Q=] | u(2)zty=-w i@[f—[ﬁj }dz: i de ©
0-h/2 2 2H dX 2 124 dx

where w is the depth of the fracture in the diatiperpendicular to the flow direction.



This leads to the cubic law as=£XT/p)(dP/dx), therefore

3
T=Wh
12

4
where T is the transmissivity (Zimmerman and Ye&)®.

To scale up the transmissivity for a group of @nty oriented fractures, letbe
the average hydraulic conductivity gradient ahig the average driving force in the

fracture plane such that = ¢ - (c W)v .
* 3 - .
¢=Xalo-vv,) i.j=123 (5)
—

where y is the matrix of the direction cosines of the nakto each fracture and is the

Kronecker delta. The average velocity at a paird fracture i3/ and

V=K6 =K, (0 -vw e, ii=123 ©)

where K is the hydraulic conductivity in an individual étare. The hydraulic
conductivity of a fracture domain is obtained bgaging equation 6 over the void space
in the representative elemental volume (REV) bggnating (6) and dividing by the

volume of the REV denoted by,lih equation 7 below
- _ 1 _ 1 ~ a1
vV =U_O,[(UW)VidU ‘ﬂJ‘(mVidA‘ﬂJ‘mer(dj ‘ViVi)CidA (7)

where U, is the volume of the void space ig,\A is the fracture surface area in U.
Using the symbol <...> to denote average over tha soirface are of the fractures then

(7) can be written
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\7j :<Kfr(5ij_ViVj)>Ci (8)

and the overall specific discharggis (Bear et al., 1993)
d; 5@7,' :(”erfr(é_ij _ViVj)<i E(K;r)ijci 9)

where (K ), =@, <K, (5”. —V, )> andg, =<b>ZA/U,.

In order to estimate an average permeability, amel must exist where the
permeability ceases to vary with an increase inmw@; the definition of the concept of
Representative Elemental Volume (REV) first disedlssy Hubbert (1956) (Long et
al.,1982). Figure 2 is the traditional graphiegnesentation of the REV concept such
that permeability varies greatly at small scale$ thien plateaus when the REV is
achieved. Further increases in volume do not r@sehange to the permeability. One
weakness in creating a plot like Figure 2 is tHtdrothere are far fewer outcrops forming
the right hand side of the figure, larger thanR&&/, than smaller than the REV. This
begs the question whether the REV is a resultrebbdecrease in heterogeneity or if it

appears that way because there are so few outsithpkrge volumes in the sample.
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PERMEABILITY

REV. _
VOLUME

Figure 2: Variation of permeability with increagidomain volume (Hubbert, 1956).

An REV often does not exist for fractured mediadaese heterogeneity occurs
over a broad range of scales (Hsieh, 1998). Ttleddhan REV suggests limitations in
using a continuum approach model for calculatiaggmissivity and permeability
(Berkowitz, 2002).

The transmissivity and, in turn, the permeabilitydracture network is a
function of the tranmissivity of the individual itures comprising the network and how
connected the individual fractures are, termecctirectivity (Long and Witherspoon,
1985). Connectivity is a function of a fracturewerk’s size distribution and the spatial
density of the fractures (Renshaw, 1999). Basetthese concepts it’s clear that the
continuum approach will overestimate the permeigtili a fracture network because it

does not account for network connectivity (Lon@let 1982).
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DFN approach

The recognition of the importance of fracture netaw@onnectivity in modeling
permeability led to the development of DFN modbkt tould account for this (Long et
al., 1982; Long and Witherspoon, 1985; Oda, 19&nnectivity is described by the
spatial density and the length distribution of fteetures (Renshaw, 1999). There are
many DFN models currently in use and each one aigaiat system model to locate
fractures and then the probability density funcwdhe fracture lengths to limit the flow
to the actual area of the fracture (Long and W#heon, 1985; Dershowitz et al., 2004).
Mesh generators or finite element solutions arel tiseliscretize flow in each fracture
and the Laplace equation is solved for each disdratture. Intersections are treated as
either sources or sinks and global mass balancatieqs ensure conservation of mass
(Long et al., 1982; Dershowitz et al., 2004).

DFN models begin with a fracture network modejoant system model which
places fracture centers within a domain of a pesd@ned size that is 1D, 2D or 3D and
dictates the shape of the modeled fractures. lm@centers are typically placed within
the domain using a stochastic process such assadPoor Markov process (Dershowitz
and Einstein, 1988). A commonly used model isscbthe Baecher (1977) model (Long
and Witherspoon, 1985; Warburton, 1980a; Warburi®80b). The Baecher model
assumes circular or elliptical joint shapes. k& ¢hse of circular joints the size is

determined by the joint radius Rj. Whereas thgtleof the maximum and minimum
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chords is used to determine the size of ellipfigiats following the equation

C, = {1+ tar?(a)) 2, + tart(a)r 2, ) (10)
for elliptical joints where gis a chord oriented at an angle from the maximbora
(Dershowitz and Einstein, 1988). Other models usssl often in hydrogeologic
investigations of fractures are the Venenziano 8} 97odel, the Dershowitz (1984)
model, and the Mosaic Block Tessellation (Ambaramjl974) model which are all
reviewed in detail by Dershowitz and Einstein (198Regardless of the fracture network
model used, the next step is to generate the fiaplanes as discs, as in the Baecher
model, or as polygons, as in other models (Long\W&itderspoon, 1985). The lengths of
the radii of the discs are distributed lognormadiyponentially, or by a power law
distribution most often because these distributmiitsace lengths are found most
commonly in the field (Long and Witherspoon, 19B&yshowitz et al., 2004). To orient
the planes in space, directional data distributiatso called spherical distributions, are
used. The most common are the bivariate Fishegtaim, Normal distributions as well
as the Uniform distribution (Long and Witherspo@885; Dershowitz et al., 2004).
Mardia (1972) and Fisher et al. (1987) give deth@gplanations of many different
directional data statistical distributions.

After the fractures are generated within the domiév through each individual
fracture is calculated. Long and Witherspoon (39B®%uleau and Gale (1987), and
Dershowitz et al. (2004) assume flow through theglete fracture using the parallel

plate conceptualization based on the work by Sri®6%) where fractures are assumed
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to behave like two smooth parallel plates of gkass flow is uniform throughout the area

of the fracture plane. This conceptualization kesthe cubic law where
Q/Ah=C(2b)* (11)

for steady and isothermal flow where C is a cortstdnich equals

SRS E)

for radial flow (Witherspoon et al., 1980). LongdaWitherspoon (1985) used a
semianalytical method to compute the flow withicle&acture which assumes
intersections act as either sources or sinks. mihod requires less computing effort
than a completely numerical method, but Cacas. ¢1890) found this method required
more computing effort than available to the authdrkerefore, they developed a DFN
model based on the work of Gentier (1986) who fotlvad flow through fractures
occurred more as “flow tubes” or channels thanlasgr flow especially under load.
Flow was modeled as occurring through bonds th&etl the centers of adjacent
fractures (Cacas et al., 1990). To calculate fh@tween fractures across intersections,
most models use global mass balance equationshwhgcthen employed to calculate the
flow between fractures across intersections (Ldreg.e1982). Permeability and flow
are calculated in a similar way as with continuippraach models; however, because
fracture surface areas are known through the fractetwork model, flow is calculated
through the modeled fractures rather than averagedthe REV as with the continuum

approach. One commonly used equation is Oda’ )19 meability tensor:
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ki = 1/12 (RDj-Fy) (13)

where F; = %I” r?b®nn; E(n,r, b)dQdrdb (14)

000
r= diameter of the fracture; b is fracture apertaie@nd nj are the components of the unit
normal vectors projected on the orthogonal refezenes, i=1,2,3 and j=1,2,3; E
(n,r,b)dQ drdt is the probability of the unit normals of (b)rcracks where the function is
defined over the half solid angfe /2, p is the volume density of fractures.

Fuk = Pt Foo +Fss (15)

where b, R, and k3 are the values of the main diagonal of the fracturrentation

tensor (Oda, 1984).

Numerous DFN models have been proposed in 1Dag@® 3D forms, using
different methods to decrease the complexity octimaputation time. However, if the
fracture network can not be fully characterize@, pinactical application of these models
is limited (Berkowitz, 2002). Complete charactatian of a fracture network requires
effective aperture, orientation, location, and siescriptions (Long and Witherspoon,
1985). For calibration, DFN approach models rezgjmuch more data than continuum
models (Berkowitz, 2002).

Despite the data requirements for DFN modelingeghmsdels have been
successfully used in the field. Caine and Tomu&&K3) used this type of model

successfully in the Turkey Creek watershed, Colotadmodeling the intensity of
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fracturing, the number of fractures per unit lieadth. Digggins et al. (2006) used a

DFN model to estimate the bulk permeability ofactured aquifer.

Upscaling

Rounded outcrops and heterogeneous spatial ditnitsuof fracture sets raise
concerns about field measurements of fracture tiiem. As a means of verification,
field mapping can be extended with the use of remensing. Lineament extraction
using aerial photographs of the watershed couldsled to compare with the orientations
measured in the field.

The term “lineament” was defined by O’Leary (19@8)“a mappable, simple, or
composite linear feature of a surface, whose paesligned in a rectilinear or slightly
curvilinear relationship and which differs distilycirom the pattern of adjacent features
and presumably reflects a subsurface phenomerlanéaments can be more easily
extracted from aerial photographs using directi@mal non-directional filters which
enhance the visibility of linear features in an ga@aA convolution process is used to do
this wherein a 3x3 matrix is selected at a pointhenimage where the process will begin.
Each pixel in a digital image contains a digitahriner (DN). A DN is brightness value.
Pixels are identified by row and column (Jense®520 Beginning in the upper
right the convolution matrix is placed over thegdsxin the input image and the DN
values in these pixels are multiplied by the valnethe convolution matrix. The

resulting 9 values are summed and then added tretiteal value in the original image.
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This new value replaces the original DN value im pixel. This process continues from
left to right across the image, then down one rod lsack to the left side of the image
where the process begins again for the next rowthetentire image has been
processed. Different convolution matrices accertliaes is different directions.
Expanding the 3x3 matrix to 5x5 or 7x7 can overcamg tendencies for bias to a
particular direction resulting from the convolutioratrix itself (Sabins, 2001).

The continuum approach model allows for both stettbas well as deterministic
calculation using simple averaging of the perméabiHeterogeneity, breaks in scale,
and the existence of a REV are more easily seen wiemodel is used stochastically.
Therefore, a Monte Carlo simulation of combinedhpeability with incrementally
increased outcrop area enabled the observatiomalf scale heterogeneities as
permeability was upscaled to the scale of the whesl. These heterogeneities and
patterns could not be observed by simply combitiegpermeabilities of all the outcrops

into a deterministic solution to the model for thatershed.
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METHODS
Outcrop scale estimation of per meability

Field measurements were taken at 190 outcropsghout the DCEW as well as
several locations in thé"&Street Trenches (see Figure 1). These trenchesexeavated
perpendicular to slopes in the foothills north aodheast of the city of Boise to prevent
mass wasting after a range fire in the area. fdrehes were dug through the
overburden to bedrock. In many locations excawmatient through some bedrock,
exposing fresh rock that had been exposed forthessone decade. Such locations allow
for the measurement of fracture apertures whichidessh subjected to little weathering.

In contrast, outcrops in the DCEW are well rounded to weathering and
fracture apertures range from several millimetersver a meter. So that permeability
calculations could be performed for outcrops inB@EW, apertures measured in tie 8
Street Trenches were applied to fractures measarde DCEW based on the
orientation of the fracture plane. The determiradrihe orientation tensor was calculated
for fractures measured in th¥ 8treet trenches and for fractures in the DCEWthad
aperture corresponding to a particular determimaast applied to the fractures in the
DCEW. Linear interpolation was used to find therégre in cases where the
determinant of a fracture in the DCEW falls betweeterminants of fractures in th& 8

Street trenches.
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In the field, waypoints were taken using a Garmireg Vista handheld global
positioning unit to trace the circumference of eaatcrop. A polygon shapefile was
then created of the outcrop footprints in ArcGRactures were then drawn on hard
copies of the outcrop maps, the maps were scamuktha fractures were digitized to a
polyline shapefile. Digitizing outcrops and fraws enabled multiple realizations of
permeability calculations. Sampling lines werendran each outcrop polygon in
ArcGIS using a random number generator to creétearientation between 1 and 360
degrees. The fractures intersecting each of tBesathpling lines were extracted and
used to calculate permeability along that line.

Fracture orientations were declared in the quadigstem to facilitate the
conversion of strike directions to azimuths of nalsrito the planes. A convention of
negative for planes striking to the northwest aasitpve for planes striking to the

northeast was applied. Finally the azimuths ofrtbienals were calculated by

_ (it s>0,90-5 16
" )if s<0,-(90-|s) (16)
DN =90-|D| 17)

where S = strike of the plane, D = dip angle ofglane, SN = azimuth of the strike
normal, DN = the dip of the normal to the planeafigihi and Snow, 1969). The direction

cosines of the planes were then calculated by
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| = cos SN * cos DN (18)
m = sin SN * cos DN (29)
n = sin DN 120

The direction cosines of the sampling line arewdated using the same

conventions as those described above for the fiectand are calculated by

D1 =cos SLT * cos SLP (21)
D2 =sin SLT * cos SLP (22)
D3 =cos SLP (23)

where SLT and SLP are the sampling trend and plueggectively (Bianchi and Snow,
1969).

Shapefiles of fractures and outcrops automate@heess of choosing a
sampling line and selecting the fractures whickrmsgct the sampling line which would
then be used to calculate the permeability andaular conductivity of the fracture
network along that line using the method descrifpe&8ianchi and Snow (1969). A line
of any dimension aligned at any desired orientatiould be created allowing for the
detailed study of the effects of scale and the RBEVhe heterogeneity of hydraulic
properties in a fractured medium.

Snow (1969) determined the equation for the eqantgbermeability for each

fracture:

_2 b
7 3L|nD|

(6, -m) (24)
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where L is the length of the sampling line, b is #perture, rand D are the direction
cosines of the fracture plane and the directiomessof the sampling line; is the
Kronecker delta, andinis the orientation matrix of the normal to the doit.

The equivalent permeability at an outcrop is tha sdi the contribution of each
fracture and the average of the values of all titerops in a region will give the

equivalent permeability of the rock in that region.

K =ly25 b (5
Kij_NZ3LZ|niDi|(5ij ) -

Equation 24 is expanded to

k, k, kg B
k, k, k; =% -lm 1-mm -mn (26)
s ks ko] g | |, Di -ln -mn 1-nn

ni{ | D,

(Bianchi and Snow, 1969). This equation is usechtoulate the contribution of each
fracture to the permeability and the sum of thetigbutions of every fracture intersecting
the sampling gives the permeability along that mgc

The eigenvalues of the permeability tensors ah eatcrop give the principal
permeabilities and the eigenvectors give the doastcosines of these principal
permeabilities (Bianchi and Snow, 1969). The latgggenvalue is the moment of
inertia of the vectors around the first eigenveetod the sum of the squared distances

from the tips of the vectors to the first eigeneeds the minimum. These values were
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used to perform Monte Carlo simulations of the peability as it is an estimate of the

mean permeability of that outcrop (Woodcock, 1977).

Upscaling M ethods

To investigate the effects of heterogeneous spdiséibutions of fracture sets
and of measuring fracture orientation in roundeer@pes field data was extended using
lineament extraction of aerial photographs. Tkss avould allow for the completion of
the network characterization by providing lengttedar fractures.

For lineament extraction this investigation use241000 scale color infrared
aerial photographs taken in the year 2000 for ttfeSPcoordinates 04NO2E. The region
analyzed within this mosaic was encapsulated byihe coordinates of 566339 by
573970 easting and 4844456 by 4837021 northingges&mages were published by the
Idaho Department of Water Resources. The spasalution of the photographs is 1.5
meters.

Twelve directional and one nondirectional filtersre used to enhance linear
features in the images: 3x3, 5x5, 7x7 horizondgleedetect; 3x3, 5x5, 7x7 vertical edge
detect; 3x3, 5x5, 7x7 right diagonal edge detec3, 3x5, 7x7 left diagonal edge detect
and 3x3 nondirectional edge detect. These filtene part of the Lieca Imagine software
package for remotely sensed image processing.imdges were imported to ArcMap

9.0 where lineaments were drawn on the output isi&mgereate a lineament shapefile.
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The directions of these lines were measured inegesgirom north to compare the

orientations with those of field data.

To upscale permeability estimations a Monte Csirtaulation was used. The
Monte Carlo simulation was done by first randondiesting outcrops in groups. A
random number generator in Microsoft Exel was usexklect outcrops from the
population in groups of 2, 5, 10, 15, 20, 25, a@d Bach selection was done ten times so
that there were ten groups of 2 outcrops, ten gradi» outcrops, ten groups of 10
outcrops and so on resulting in 70 groups of irrepnumbers of outcrops. The
permeability for each simulation was calculatedhsd the permeability, for the first
iteration, of two randomly selected outcrops wermbined using Equation 25 ten times.
The same was done using five outcrops randomlgteeldo create ten sets of
five, and the same for ten outcrops and so on ti@itdets of outcrops had been selected
using 2, 5, 10, 15, 20, 25, and 50 outcrops. drkas of these outcrops were then

summed and plotted against the combined permeabilit
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RESULTS AND DISCUSSION
Field Reconnaissance
Figure 5 is a stereonet showing contours of paehle fracture planes measured
in the field. In 190 outcrops 966 fractures werasured for orientation. Weathering
and censoring fractures prevented the measurerhéatcture aperture and length in the
field. This stereonet shows few fracture sets wihy little clustering. This is the result

of two possible effects: spatial heterogeneitjraéture sets in the watershed and/or the

effect of weathered outcrops.

Figure 5: Stereonet of fracture orientations e EFCEW.
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Figure 6 shows a map of sampling locations withmwatershed and the

stereonet of the fracture orientations at eacloregEach region shows fracture sets that
exhibit better clustering than when these setsangbined for the whole watershed.
Typically fracture sets show increased clusterim@@ditional fractures are measured
while fractures in the DCEW showed the oppositenphgenon. This is likely a result of

heterogeneous rock types throughout the watershadeas of pegmatite and dikes have

been identified in the watershed.

Figure 6: Spatial heterogeneity of fracture sets.



26

Weathering occurs to fracture apertures initialiytleese are exposed to fluid flow
and represent weaker areas in the rock mass. Becdthis, apertures are weathered
more readily and become rounded. Orientationaaftéres is measured in apertures and
requires more care on rounded surfaces as dodsigpereasurement.

Figures 7 and 8 show the frequency distributionthefaperture for the"8Street
Trenches and the DCEW. Both data sets fit wedl ppwer law distribution at apertures
larger than about 7 mm. Apertures less than aboutn deviate from the power law
distribution for both distributions. This is mag because as apertures become smaller,
accuracy of measurement using a ruler decreaseificagtly. Another possible reason
for this could be a threshold break resulting frgrain size. The power law distribution

is more typical for fracture apertures than thedindistribution.

Aperture Density Distribution for 8th Street Trenches
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Figure 7: Density distribution of apertures meadiirethe &' Street Trenches.
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Figure 8: Density distribution of the aperturesgssd to fractures in the DCEW.

Bianchi and Snow (1969) measured apertures in @osdoy photographing dyed

fracture walls and enlarging the photographs. g#nms technique they found and almost

log-normal distribution while other authors (Bart@mmd Zoback, 1992; Johnston and

McCaffrey, 1996; Marrett, 1996) have found both-taymal and power law

distributions with outcrop and core sample measerem de Dreuzy et al. (2001b)

surmised the discrepancy to be the result of homaggon within the fracture that

transform power law distributions into log-norma&tdbutions as log-normal

distributions are generally calculated in hydratsists while geometric measurement

most often results in a power law distribution.eTimear distribution is anomalous and
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may be a result of a grain size strength thresbokldivergence from unweathered
apertures to weathered apertures.

Table 1 compares aperture values measured imthestigation with those
measured by other authors. It is clear from Eguadi that fracture aperture plays an
important role in governing the velocity of flowtin a fracture; however, measuring
aperture directly is difficult and inaccurate. ied¢t measurement through hydraulic tests
calculate aperture inversely using the cubic |&ue aperture calculated using these
types of methods is the “hydraulic aperture” whieimnot be measured directly (McKay
et al., 1993). Further complication in apertureasw@ement occurs because fracture
walls are rough and covered with asperities of wagize and density, creating aperture
widths that vary significantly over the length bétfracture. Also, fracture apertures are
known through pump test data to decrease dramigtiedh depth (Snow, 1968).
Renshaw (2000) surveyed the literature and fouatréported apertures varied from
several microns to several millimeters. Due te templexity and because fracture
apertures are difficult to accurately measure @énfibld, few investigations into aperture
distributions exist compared to the voluminous infation about fracture length

distributions available (Bonnet et al., 2001).
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minimum | maximum
aperture | aperture
Source (m) (m)
DCEW 4.00E-04 1.98E-02
Bianchi & Snow
(1969) 1.22E-04 5.41E-04
Snow (1968) 1.25E-04 3.05E-04
Renshaw (2000) 2.00E-Q72.70E-03
Gundmundson et al.
(2000) 0.00E+00 8.00E-03
McKay et al. (1993) 0.00E+00 4.50E-05

Table 1: Published ranges of apertures (in meters)

Outcrop Permeability Estimation
Table 2 shows a summary of the results of the naatn approach modeling
done for outcrops in the DCEW, along with summaayistics of the outcrops areas.
Figure 9 shows the permeability plotted againstotlerop area. This plot mimics the
REV plot of Hubbert (1956) shown in Figure 2. A&at drawback to the data analysis

presented in Figures 2 and 9 is that only a fegelautcrops create the plateau.

outcrop areg outcrop areg outcrop areg
minimum maximum | mean outcrop area
(square (square (square standard
meters) meters) meters) deviation
0.35 752.13 42.75 105.16
permeability| permeability| permeability
minimum maximum | mean permeability
(square (square (square standard
meters) meters) meters) deviation
8.94E-15 1.15E-06 2.14E-08 1.03E-07

Table 2: Tabulated results of stochastic permeagl@timation.
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The small outcrops display a great deal of hetaretye that typifies hydraulic
properties of fracture networks. The permeabdityndividual outcrops in DCEW
ranges from 1% to 10° m? with a mean value of 2.14 x ¥on?, and a standard
deviation of 1.03 x 10. To convert these values to hydraulic condugtitie
relationship K=K(pg/n) is used (Fetter, 2001). This leads to a randeydfaulic
conductivities from 18 m/s to 16 m/s with a mean of 2.34 x 10n/s, a mode of 3.52 x
10" m/s and a standard deviation of 1.13.

Few groundwater studies have been done in or arthenBCEW and before this
study the flow through the fracture network hadydmen modeled based on hydraulic
tests. Gates et al. (1994) used aerial photograpimap lineaments so that wells could
be installed. Pump tests modeled using the Jacaigls-line method calculated 6.82 x
10° mé/s for the transmissivity of the aquifer. The Jastraight-line method (also called
the Cooper-Jacob or Jacob-Cooper straight line odgtls a method for solving the
Thiem equation for radial flow to a pumping wellarcompletely confined aquifer
(Fetter, 2001).

Clayton and Megahan (1986) performed injectiorstastL.5 m intervals in 10
boreholes drilled in a north-south transect acnogsh of the Atlanta Lobe of the Idaho
Batholith which crosses near the DCEW. Saturayehldulic conductivity values were
calculated based on these tests. Cores wereeslsaltin the laboratory using falling
head permeameter tests. The saturated hydrauductvity values ranged from O to

1.98 x 10° m/s with a mean of 2.08 x £0n/s and were calculated also using a solution
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to the Thiem equation for radial flow in a confineguifer. To the author’s knowledge,
these are the only published hydrogeologic invasitgs performed in the bedrock of the
Idaho Batholith.

With the two above investigations encompassinguatilished groundwater
investigations, the typical shape of the hydraptaperties specific to the Atlanta Lobe
of the Idaho Batholith are not well establishedbwdver, the permeabilities calculated
for the DCEW fall slightly higher than the rangesablished for fractured crystalline
rocks. lllman (2006) compiled permeability measueats at various scales from
published data and those published for granitecaystalline rocks ranged from T&m?
to 10" m”. Hydraulic conductivity measurements reviewed3aye (1982), Hseih
(1998), and Renshaw (1999) are similar to hydrazgdizductivities calculated here with a
range of 10 m/s to 10" m/s.

Table 3 shows the mean and range of values of hiidi@onductivity reported
for fracture networks in other investigations. Thaximum hydraulic conductivity
values calculated in this investigation are highan those reported in other
investigations however the minimum values are wamyjlar to those found by Clayton

and Megahan (1979) using hydraulic tests.
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hydraulic hydraulic
conductivity | conductivity
measurement | minimum maximum
Source method (m/s) (m/s)
DCEW mapping 9.77E-08  1.26E01
Clayton & Megahan | hydraulic and 1.98E-05
(1979) lab 1.97E-08
Gates et al. (1994) Hydraulic tests 0 1.24E-06
Hsieh (1998) hydraulic tests 1.00E-12 1.00E-07
Snow (1968) hydraulic tests 0 1.43E-11
Rouleau & Gale (1987) mapping 2.80E-410 3.40E-04
multiple
McKay et al (1993) methods 1.00E-06 2.10E-04
multiple
Gale (1982) methods 491E-11 5.15E-06

Table 3: Published ranges of hydraulic conductifitiym/s).

The high values may be a result of using the caatimapproach; however,
results from similar continuum models (Snow, 1968pw, 1968; Bianchi and Snow,
1969) are also lower than those calculated hede 3982) compiled hydraulic
conductivity values reported in literature using ttontinuum approach, and the range of
these values falls below the upper limit and thamnef those for the DCEW. Aperture
measurements used in the calculations by theseraudhe also considerably lower than
those measured in thé Street Trenches and applied to fractures in thE WG
illustrated in Table 1.

McKay et al (1993) noted that fracture aperturesoabe measured accurately in
the field due to their small expected size and E&salt of this most aperture
measurements are inferred from hydraulic condugtivieasurements using the cubic

law. Similar difficulties were encountered duriigJd reconnaissance for this
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investigation which may be partially responsibletfee relatively large values.
However, it is more likely that these fracturesdéeen enhanced by significant
weathering. These fractures were measured in afea® excavators were able to dig
through the rock, indicating that weathering hadkemed the crystalline rock making it

rippable. This likely widened fracture apertureteast near the surface.

Upscaling

Lineament Extraction

Figure 10 shows the resulting map of the lineasmienDCEW. The frequency
plot of the length of these features can be foarigure 11. Removing the shorter
fracture lengths, the distribution fits a power lasvis most frequently found in fracture
length investigations (Bonnet et al., 2001). Térmegths range from 1.25m to 855.5m

with a mean of 111.8m and a standard deviatior6ofré.
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Figure 10: Lineament map.
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Figure 11: Lineament length cumulative relativexjirency distribution.

The frequency of the lineament orientations arevshio Figure 12. The strike
directions of the fractures are in the same plotémparison. Because lineament data is
only 2 dimensional, only the orientation of theelican be plotted. To simplify the plot,
the directions are reported in the northern quadraRor example a lineament or fracture
plane striking 101 is included with those striki2@l. The error bars on the lineament

orientations are a result of the topographic caiwawmn the lineaments.
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Figure 12: Lineament frequency distribution plot.

Lineaments show a similar distribution as the stdkections of fractures
measured in the field. The approximately bimodstribution has similar peaks
indicating that field biases did not exclude anyan&acture sets. Because orientations
of lineaments and field mapped fractures are sintilaay be true that no large break in
scale exists and, therefore, combining outcrop pabitities to increase the scale of
observation such was done in the Monte Carlo sitians may be appropriate.

Lineaments are only a two dimensional trace regglfiom a fracture plane
intersecting topography as illustrated in Figure A3 a result the strike directions of the
fracture planes creating the lineaments could bdifeerent than the orientation of the

linear trace. While this is true, the agreememivben the lineament orientations and
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fracture strike directions is remarkable. It isikely that the errors associated with the
field measurements (heterogeneous fracture seakgmtribution and weathering) and
the errors associated with the lineament orientatmuld combine to create two such

similar bimodal distributions.
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Figure 13: lllustration of topographic effect amdaments.

A previous study by Gates et al. (1994) found 8tfree sets in a region that

surrounded and partially included the DCEW. Theste are oriented 20, 60NW; 290,
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60SW; and 340, 60SW. The strike directions oféhsets align closer to the high
frequency strike directions of the field data bettan the lineament directions.

Differences in orientations between field data lmeament data can result from
a number of factors. The first influence is thamfpe in scale. The same effect as seen in
the concept of REV is often seen in fracture ogagah patterns in that as scale increases
fracture sets form much more distinct homogeneetss sThus as more and more
fractures are measured distinct patterns mask hetalogeneities. Another aspect of
this same concept is the simplification of a lihattmay have a serrated pattern in near-
scale observation into a straight line in far-saddservation. Figure 14 illustrates this

concept.

I i
\ #
[ i

Figure 14: Effect of scale on fracture orientatidrhe first image shows a near-scale
portion of the serrated line. The dashed grayesrshow possible orientation
measurement directions. The second image showdirdation that would be measured
in the far-scale view of the same line.
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Monte Carlo Simulation

Figure 15 shows the results of Monte Carlo simatatf the permeability
modeled using the continuum approach model. Thisd¢ shows a marked plateau at
permeability 16m® The average of the values surrounding this alate 5.99 x 10m?
with a range of 1.19 x Itn? to 1.57 x 18m? for permeabilities of outcrops with area
over 500 M. The permeability calculated deterministicallylig9 x 1m?, just within
the range determined stochastically. Table 3 coespidese values with other

investigations.
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Another result of the data analysis is that a R&Mtlie fracture network in the
DCEW does exist. Therefore estimating an averagegability for the DCEW is
possible. The plateau in Figure 15 occurs at ab@@ x 1 m? which approximates a
mean permeability for the watershed. Converting tih hydraulic conductivity results in
10.93 m/s. This mean permeability is larger tHanrhean of 1.00 x 10m? (1.09 x 1
m/s as hydraulic conductivity) estimated usingtthditional REV plot of Figure 9 and
very similar to the mean of 1.49 x %®? (hydraulic conductivity of 16.28 m/s) estimated
deterministically using Equation 25.

Like Figures 2 and 9, a great deal of variabilitgwrs in small outcrops,
especially under about 700mA general rising trend exists as permeabilitréases
with outcrop area however a maximum plateau istredeinder 1000 frof outcrop area.
This plateau is made of many more measurementddohdigure 9.

The mean permeability values and, therefore, thiggufic conductivity values
determined using the Monte Carlo simulation aréniagy fractured, impermeable media.
This is most likely because of the scale of measard these values are determined over.
When calculating the bulk permeability for an emtivatershed the likelihood of
encountering a large, highly conductive fracturgrisater than for point scale
measurements determined with hydraulic and laboratwestigations. Because the
minimum hydraulic conductivity calculated here (x710® m/s) agrees so well with

point measurements determined using other techsi(fu@7 x 10-8 m/s, Clayton and
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Megahan (1979)), the use of continuum approachtamdigh apertures are not solely

responsible for the enlarged permeability and hyldraonductivity values.
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CONCLUSIONS AND SUMMARY

Fracture aperture can vary over a broad scalehasdstdue to both chemical and
physical erosion but also from normal pressure ftoenoverburden (Bonnet et al., 2001).
Previous investigations dealt with the difficultymeasuring aperture during field
reconnaissance by applying a reasonable consthug (@aine and Tomusiak, 2003), by
inferring aperture by fractal or scaling relatioipshbetween trace length and fracture
aperture (de Dreuzy et al., 2002), or indirectltedmined based on hydraulic
conductivity (McKay et al., 1993). Because theadatailable at the DCEW was
insufficient to completely characterize the fraetaetwork, the aperture of the fractures
was generated based on the orientations of frectggegraphically near the DCEW, a
region called the'8Street Trenches. This technique has not beerigqusgy applied and
future investigations will assess its viability.

To investigate possible field biases and to justbether upscaling is appropriate
for this fracture network, lineament extraction vpasformed. This was completed using
arial photographs of the DCEW. Lineament orientatishow a similar distribution to
fracture strike directions measured in the fidhegréefore it is unlikely that field biases
affected field data. Also, the similarity in theemtations of lineaments to those of

fractures indicates that upscaling using the M@uddo simulation is appropriate.
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The permeability and hydraulic conductivity of awigs ranging in area from .35
m? to 752.13 riwas calculated using a continuum approach motleé results spanned
several orders of magnitude for both permeabilitg bydraulic conductivity and the
hydraulic conductivities were larger and more Malgahan previously reported values.
The apertures of the fractures measured in th®tBeet Trenches were larger than those
reported for many investigations and it is surmifed the crystalline bedrock containing
these fractures had been subjected to considenaalthering as inferred from its
rippability. The enlarged apertures have influehitee hydraulic modeling.

Monte Carlo simulations of permeability plottediwihe outcrop area have
several advantages over the classic REV diagraralipipresented by Hubbert (1956).
The Monte Carlo simulation results in many more sneaments encompassing the larger
scale portions of the plot. A plateau startinglaut 500rfishows that an REV does
exist for the DCEW. The permeability was deterrdiseochastically from data
presented by Figure 14 as well as deterministicailly similar results. This result was
much larger than the permeability determined ugegclassic Hubbert REV diagram. A
clear decrease in variability of permeability wéih increase in outcrop area is evident in
the data while with using the Monte Carlo simulatibis is not a result of fewer
measurements available for larger outcrops. Couatimor effective porous media
models can overestimate hydraulic properties ddnwvigh their use because the model
assumes trace lengths that are the size of the RIE¥.atypically large hydraulic

properties calculated for the DCEW may be a resitis effect however the similarly
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large aperture values seem to indicate that weaathef fracture apertures may have had
a more pronounced affect. If this is true thempaabilities and hydraulic conductivities
may be more applicable to infiltration studies thaaeeper groundwater flow
investigations. Future modeling using a DFN madélilluminate the real cause of the

enlarged permeability values calculated in thigstigation.
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