
ABSTRACT

Lineament identifi cation is a standard but 
controversial hydrogeologic practice. In this 
study, we present a rigorous examination of 
the hydrology of lineaments in a crystalline 
bedrock setting. Lineaments are reinter-
preted as watershed-scale hydraulic barriers, 
in contrast to previous interpretations as frac-
tured conduits that focus recharge and fl ow. 
In the study area, an ~900 km2 watershed 
underlain by the granitic and gneissic terrain 
of the Canadian Shield, bedrock lineaments 
are associated with linear lake shores and 
perennial wetland complexes. Lineaments 
were identifi ed using a robust multi-image 
method and characterized by remote sensing, 
fracture mapping, drilling, hydraulic char-
acterization, and numerical simulation of a 
coupled groundwater–surface-water system. 
Results indicate that two principal lineament 
sets are oriented parallel to fracture and fault 
orientations, and thus lineaments are inter-
preted as structural features, either fault 
zones or fracture zones with limited displace-
ment. Faulted lineaments are more effectively 
identifi ed by digital elevation model (DEM) 
topographic data rather than Landsat tonal 
imagery. Hydrogeological characterization 
and geomatic data indicate that the fractured 
bedrock underlying lineaments is composed 
of poorly connected zones of reduced perme-
ability due to fault zone and/or fl uid fl ow pro-
cesses. Field data and numerical simulations 
suggest that lineament areas are barriers to 
recharge and fl ow in this setting as a result of 
permeability reduction. Integrated data sets 
and models of lineament permeability that 
are geologically realistic result in a better 
understanding of fractured bedrock aquifers 
and patterns of fl uid fl ow in the brittle upper-
most crust.

Keywords: hydrogeology, structural geology, 
environmental geology, remote sensing, linea-
ments, faults, hydraulic barriers.

INTRODUCTION

Bedrock aquifers are complex hydrogeologi-
cal systems that are essential for water resources 
and contaminant disposal around the world 
(Edet et al., 1998; Magowe and Carr, 1999; 
Flint et al., 2001; Berkowitz, 2002; Caine and 
Tomusiak, 2003; Sener et al., 2005; Shaban et 
al., 2006). Identifi cation and characterization of 
structures that control watershed-scale ground-
water fl ow are essential for both groundwater 
management and understanding fl uid fl ow in 
bedrock aquifers (Ferrill et al., 2004; Seaton and 
Burbey, 2005; Denny et al., 2007). Lineaments 
are extensive linear surface features and the 
surface expression of fracture zones, faults, or 
geological contacts (O’Leary et al., 1976; Prost, 
1994; Jackson, 1997; Singhal and Gupta, 1999). 
Lineament identifi cation is standard practice in 
fractured rock hydrogeology, though it is also 
controversial and periodically questioned by 
hydrogeologists and structural geologists (Wise, 
1982). This study presents a necessary and rigor-
ous examination of the hydrology of lineaments 
within the context of the current understanding 
of fault hydrology. Lineament identifi cation is 
defensible when multiple observers use multiple 
image types, classify lineaments by signifi cance, 
and cull observations that do not meet repro-
ducibility criteria (Mabee et al., 1994; Sander 
et al., 1997; Singhal and Gupta, 1999; Tam et 
al., 2004). Lineament identifi cation is a useful 
hydrogeologic tool when lineaments are identi-
fi ed with a defensible and reproducible method 
and analyzed with supplementary geomatic, 
geologic, and hydrogeologic data within a well-
documented structural geology framework.

Early studies suggested that lineaments 
were associated with higher water well yields, 
although the number of studied wells was small 
(Lattman and Parizek, 1964; Lattman and 

Matzke, 1971; Siddiqui and Parizek, 1971). 
Consulting hydrogeologists and researchers 
often continue to assume a priori that linea-
ments are fractured recharge and fl ow conduits 
with high groundwater potential (e.g., Krishna-
murthy et al., 2000; Sener et al., 2005; Shaban 
et al., 2006). However, lineaments do not cor-
relate with well yields, or only lineaments with 
certain characteristics correlate to well yields, 
but these correlations are not consistent across 
different geological, topographic, and geomor-
phic settings (Waters et al., 1990; Gustafsson, 
1994; Mabee et al., 1994, 2002; Sander et al., 
1997; Edet et al., 1998; Mabee, 1999; Magowe 
and Carr, 1999; Moore et al., 2002; Solomon 
and Quiel, 2006; Sander, 2007). Therefore, the 
assumption that lineaments are fractured con-
duits is not consistent with much of the well 
yield data around lineaments.

To our best knowledge, lineaments have not 
previously been examined using recent models of 
fault architecture and permeability. Fault zones 
are conceptualized as fault cores and fl anking 
damage zones that crosscut an undeformed pro-
tolith (Caine et al., 1996). Permeability is typi-
cally reduced in fault cores due to brecciation, 
cataclasis, and clay-rich gouge zones (Evans, 
1988; Goddard and Evans, 1995; Caine and 
Forster, 1999). In crystalline rocks, the perme-
ability of the damage zone is often higher than 
the protolith due to fracture networks, which 
can be infi lled by mineral precipitation during 
or after deformation, reducing permeability 
(Evans et al., 1997; Rawling et al., 2001). The 
fault core and surrounding damage zone result 
in an anisotropic permeability structure that is 
a hydraulic conduit, barrier, or conduit-barrier 
system, depending on the fault-zone architec-
ture and direction of fl ow examined (Forster and 
Evans, 1991; Caine and Forster, 1999; Caine 
and Tomusiak, 2003; Bense and Person, 2006). 
The permeability, width, and anisotropy of a 
damage zone and fault core can be extremely 
heterogeneous along strike (Evans and Ches-
ter, 1995; Caine and Forster, 1999; Fairley and 
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Hinds, 2004; Minor and Hudson, 2006) and vary 
during deformation (Chester et al., 1993). For 
watershed-scale groundwater fl ow, high-perme-
ability structures are recharge and fl ow conduits 
that can increase subsurface connectivity (Mayer 
and Sharp, 1998; Flint et al., 2002; Denny et 
al., 2007); low-permeability barriers restrict 
recharge and fl ow and can compartmentalize 
fl ow systems (Marler and Ge, 2003; Seaton and 
Burbey, 2005); and conduit-barriers can have 
complex behavior such as compartmentalizing 
lateral fl ow while allowing signifi cant vertical 
fl ow or recharge (Ferrill et al., 2004; Bense and 
Person, 2006). The complexity of permeability 
patterns in fi eld-based, fault architecture models 
suggests that the assumption that lineaments are 
fractured conduits may be too simplistic.

In this study, a preliminary inspection of a 
watershed underlain by granitic and gneissic 
terrain of the Canadian Shield suggests that 

lineaments are associated with linear lake 
shores and perennial wetland complexes. The 
perennial nature of the surface-water bodies 
suggests that water infi ltration is limited rather 
than enhanced in lineament areas, possibly 
due to subsurface permeability. The objective 
of this study was to determine if lineaments 
are structurally controlled, hydraulic barri-
ers to groundwater recharge and fl ow in this 
geological setting. Lineaments were identifi ed 
using a defensible, remote-sensing method and 
analyzed using supplementary geomatic data. 
Mapped fracture patterns provided constraints 
for the structural geometry of lineaments. 
The relationship between surface water and 
groundwater was characterized in detail at a 
representative lineament. Finally, a synthetic 
domain representing a typical lineament was 
simulated to reveal the signifi cance of hydrau-
lic conductivity and fracture aperture in the 

observed surface-water and groundwater sys-
tems. This paper is an important example of 
applying remote sensing and geomatics to a 
complex hydrogeologic problem, as has been 
called for in recent reviews (Becker, 2006; 
Brunner et al., 2007). Since lineaments are 
surface expressions of subsurface phenom-
ena, and they are common on Earth’s surface, 
examinations of lineaments using rigorous and 
defensible methods from multiple disciplines 
may aid the study of other hydrogeologic and 
geologic problems.

REGIONAL GEOLOGY AND 
HYDROLOGY

The ~900 km2 Tay River watershed is located 
in rural eastern Ontario, Canada (Fig. 1). The 
watershed is characterized by an undulating 
upland area underlain by Precambrian rocks 
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Figure 1. (A) Tay River watershed study location in Ontario, Canada. Dark gray indicates Precambrian rocks; light gray indicates Paleozoic 
rocks; Ottawa-Bonnechere graben is shown for reference. (B) Simplifi ed geological map of the Tay River watershed derived from existing Geo-
logical Survey of Canada and Ontario Geological Survey maps. Individual rock types are grouped together into hydrogeologically signifi cant 
units. (C) Index of map sources for geological compilation (Wilson, 1961; Wynne-Edwards, 1967; Easton 2001). 



Lineaments as barriers to groundwater fl ow

 Geological Society of America Bulletin, March/April 2009 335

and a topographically subdued downstream 
area underlain by Paleozoic sedimentary rocks. 
This study is focused on the bedrock geology 
and hydrogeology of the Precambrian terrain. 
The Precambrian units are upper greenschist– 
to granulite metamorphic–grade metasediments 
and metavolcanics with associated intrusive 
rocks of the Frontenac and Sharbot Lake ter-
ranes of the Grenville Province (Culotta et al., 
1990; Easton, 1992). Metasedimentary and 
metavolcanic rocks are strongly foliated and 
consist of marble, dolomite, siliciclastic and 
quartzofeldspathic gneiss, and felsic to interme-
diate metavolcanics. Weakly to strongly foliated 
intrusive rocks include granodiorite, granite, 
diorite, syenite, migmatite, and minor mafi c 
intrusive rocks (gabbro, anorthosite, and norite). 
Flat-lying Paleozoic sandstone, dolomite, and 
dolomitic limestone locally overlie Precambrian 
units. Complex ductile fabric orientations are 
locally common in Precambrian units, but the 
predominant structural and metamorphic grain 
consistently strikes northeast (Wilson, 1961; 
Davidson and Ketchum, 1993; Easton, 2001).

The Ottawa-Bonnechere graben is a Tertiary 
northwest-trending normal fault system that 
defi nes signifi cant topographic features north 
of the study area (Fig. 1A; Kay, 1942). The 
graben is considered to be a Neoproterozoic 
failed arm of a triple junction that was repeat-
edly reactivated by Phanerozoic tectonism 
(Kumarapeli, 1978, 1981; Rimando and Benn, 
2005). The southern half of the graben is char-
acterized by north-facing topographic breaks 
with down-thrown north-side hanging walls. 
Joint orientations in the regions surrounding the 
faults are predominantly parallel to fault orien-
tations, which is consistent with joint develop-
ment during normal faulting. Although the Tay 
River watershed is south of the area mapped 
by Kay (1942), the southernmost fault of the 
Ottawa-Bonnechere graben is interpreted to 
extend through the central Tay River watershed 
(Plate 6 in Kay, 1942).

The surfi cial geology of the study area is 
composed of a thin (<1 m) and discontinuous till 
veneer with littoral or organic deposits adjacent 
to surface-water bodies (Kettles, 1992). The dis-
continuous till veneer rarely masks the structure 
of the underlying bedrock. The coarse-grained 
littoral and organic deposits are limited in extent 
and thickness (1–5 m). Glacial striae and drum-
lins indicate that the predominant ice-fl ow direc-
tion was south-southwestward (Kettles, 1992). 
Surfi cial mapping and residential water well 
records indicate that unconsolidated materials 
do not provide signifi cant groundwater potential 
and are therefore not the focus of this study.

Results from bedrock geological mapping 
conducted by the Geological Survey of Canada 

and Ontario Geological Survey were compiled 
and simplifi ed into hydraulically signifi cant 
lithologic groups in Figure 1, following Caine 
and Tomusiak (2003). Individual rock units 
were reclassifi ed under the assumption that rock 
types with similar geologic history and response 
to brittle deformation should exhibit similar 
hydrogeological properties at the watershed 
scale (Caine and Tomusiak, 2003). The hydro-
geological consistency of the amalgamated rock 
groups was evaluated using the specifi c capacity 
of residential water wells (MOE, 2006). Spe-
cifi c capacity was derived from drawdown data 
during 1 h pumping tests conducted after well 
completion (Freeze and Cherry, 1979). Null 
(i.e., no drawdown during pumping) and spuri-
ous (i.e., drawdown greater than depth of well) 
specifi c capacity values were removed from the 
database. Wells completed in metasedimentary 
and metavolcanic rocks (n = 383) and intrusive 
rocks (n = 749) had a mean specifi c capacity of 
2.3 × 10–5 m3 s–1 m–1 and 3.0 × 10–5 m3 s–1 m–1, 
respectively. For comparison, wells completed 
in sedimentary rocks (n = 357) had a mean spe-
cifi c capacity of 7.3 × 10–5 m3 s–1 m–1. The simi-
larity of specifi c capacity in Precambrian units 
suggests that they have similar hydrogeological 
characteristics at the watershed scale (Singer et 
al., 2003).

Regional groundwater fl ow in the Tay River 
watershed is toward the northeast, parallel to 
the Tay River, and the approximate groundwa-
ter gradient is 0.001 (Golder Associates Ltd., 
2003). At a local scale, groundwater–surface-
water interactions and recharge processes 
have been examined at a site far from mapped 
lineaments (Praamsma, 2006; Milloy, 2007). 
Hydraulic testing coupled with hydraulic head 
measurements revealed that recharge is limited 
to ~1% of precipitation (Milloy, 2007). No 
attempt to predict the location of recharge fea-
tures or understand the role of lineaments was 
undertaken in these studies.

The areas underlain by Precambrian rocks 
are characterized by subdued (<200 m) yet het-
erogeneous and hummocky topography with 
complex surface-water patterns due to the gla-
cial history. The Tay River watershed consists 
of over 3000 permanent surface-water features. 
The size and type of surface water features vary 
from >10 km2 lakes to <100 m2 vernal ponds. 
Linear lake shores and wetland complexes are 
commonly persistent over kilometers. Extremely 
high surface-water gradients between adjacent 
surface-water features suggest poor subsurface 
connectivity. The numerous lakes and wet-
lands in the Tay River watershed are important 
and characteristic hydrographic features in the 
watershed, similar to other areas of the Cana-
dian Shield (Farvolden et al., 1988).

METHODS

The study examined two scales. At the water-
shed scale, geological, remote sensing, and 
water well data were integrated into a geomatic 
database to identify and analyze lineaments. At a 
local scale, a lineament, representative in length, 
orientation, topography, surface-water gradient, 
and specifi c capacity, was characterized using 
hydrogeological and numerical modeling tools.

Geomatics

In this study, lineaments were defi ned as 
linear tonal and/or topographic features with a 
minimum length of 500 m. The methodology 
of lineament identifi cation generally followed 
Mabee et al. (1994) and is summarized in the 
Appendix. The potential hydraulic importance 
of lineaments was explored using the culled 
specifi c capacity database for residential water 
wells, described already (MOE, 2006). For the 
analysis, only wells completed in Precambrian 
units (n = 1132) were used. The culled database 
was interpolated using kriging and an inverse 
weighted distance function. Interpolation using 
the two methods was compared visually and 
qualitatively using raster mathematics to recog-
nize any systematic trends due to the interpola-
tion method. The interpolated values were then 
visually compared to the distribution of identi-
fi ed lineaments.

Hydraulic barriers typically have hydraulic 
head discontinuities or high hydraulic gradi-
ents oblique to the structure (Bense and Per-
son, 2006). The relative paucity of high-quality 
hydraulic head measurements near lineaments 
in the study area precludes an analysis of 
groundwater gradients. However, in a well-
connected groundwater–surface-water system, 
surface-water features are also manifestations 
of the water table (Fredrick et al., 2007). There-
fore, if lineaments are permeable features with 
high connectivity, the surface-water gradients 
around lineaments are expected to be low. Sur-
face-water gradients were mapped by manually 
compiling digital elevation model (DEM) sur-
face elevations for all permanent water bodies. 
The potential gradient between adjacent sur-
face-water bodies was mapped by fi rst creating 
a triangulated irregular network of interpolated 
elevations between surface-water features.

Twenty lineaments representing the vari-
ous geological and physiographic settings and 
lineament orientations were verifi ed by fi eld 
ground-truth during the spring, summer, and 
fall of 2006 to ensure that surface-water features 
were perennial. The physiographic expression, 
wetland classifi cation, and nearby outcrops (see 
next section) were inspected during fi eld work.
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Fracture Mapping

Lineaments in topographically subdued 
areas typically occurred in wet, low-lying areas 
with little exposed outcrop, which is a chal-
lenge for structural analysis (Isachsen, 1976; 
Spitzer, 1981; Wise et al., 1985). Therefore, 
fractures were measured and characterized at 
13 outcrops both adjacent to and in-between 
mapped lineaments. Outcrops with two near-
orthogonal faces were preferred to avoid ori-
entation bias (La Pointe and Hudson, 1985). 
Observations typically included fracture orien-
tation, length, and termination style (abutting, 
blind, or through-going). The orientation and 
type of foliation were also recorded. A 180 m 
scan line (TG06–07 on Fig. 2) was completed 
on an unusually well-exposed outcrop adjacent 
to the lineament described in detail next, herein 
called the “Christie Lake lineament.” Fracture 
measurements from the scan line were cor-
rected for orientation bias using Terzaghi’s 
(1965) method. Fracture and foliation mea-
surements from other outcrops were not cor-
rected for orientation bias because the outcrops 
did not have a systematic trend.

Hydrogeological Characterization

The 3-km-long, northwest-trending “Chris-
tie Lake lineament” bisects a wetland complex, 
herein called the “lower wetland,” and it is 
mapped as a fault of unknown displacement 
that truncates units to the northwest (Fig. 2; 
Wilson, 1961). The lineament is a topographic 
break where elevation increases to the south-
west. A number of wetlands are found in the 
upland area to the southwest, including the 
swamp herein called the “upper wetland” 
(Fig. 2). The Christie Lake lineament was char-
acterized in detail because it is representative 
of lineaments in the study area in length, orien-
tation, and physiography.

A monitoring well (TW14; 0.152 m diameter) 
was drilled in the middle of the lineament to a 
depth of 44 m below the ground surface. Drilling 
chips sampled from discrete depths were tested 
for the presence of carbonate using dilute hydro-
chloric acid to determine the vein mineralogy. 
Well TW14 was characterized using a downhole 
camera and via hydraulic testing at 1.77 m test 
intervals isolated by straddle packers. Slug tests 
were completed in each interval using 5 L of 
water and analyzed using the Hvorslev (1951) 
method as described in Butler (1998). Measured 
transmissivities were converted to hydraulic 
conductivities and single-fracture effective 
apertures for each interval (Novakowski et al., 
2007). Two slotted, 0.051-m-diameter multilevel 
piezometers set in #2 sand were installed in the 

transmissive zones of TW14 and separated by 
>3 m of bentonite. The upper portion of the well 
was left open, resulting in three discrete piezom-
eter intervals (TW14S, TW14M, and TW14D). 
Each piezometer was developed until ground-
water was not turbid by pumping for 1–2 h. 
Pressure transducers were installed in the upper 
and lower piezometer and the adjacent lower 
wetland. Hydraulic head data were recorded at 
15 min intervals for 3 months to constrain pos-
sible hydraulic connections between surface-
water features and the subsurface intervals.

Ten shallow boreholes were drilled until 
refusal using a hand auger along a 20 m transect 
perpendicular to the lineament to evaluate the 
properties of the unconsolidated material in the 
lower wetland. Intact core was removed from the 

hand auger and logged at 0.1 m intervals using 
the Unifi ed Soil Classifi cation System (Ameri-
can Society for Testing and Materials, 2007).

Numerical Simulations of Surface-Water–
Groundwater Interactions

HydroGeoSphere, a fi nite-element, coupled 
groundwater and surface-water model was used 
to explore local-scale interactions between sur-
face water and groundwater in this fractured rock 
terrain (Therrien and Sudicky, 1996; Therrien et 
al., 2006). HydroGeoSphere was used because it 
is a reliable simulator of variably saturated con-
ditions and groundwater–surface-water interac-
tions and has been proven accurate for a variety 
of geologic settings and spatial and temporal 
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scales (Cey et al., 2006; Park et al., 2008). A 
synthetic cross-sectional domain was built that 
was physically consistent to both the Christie 
Lake lineament site and other lineaments in the 
study area. The topographic gradient (0.4) was 
based on a detailed global positioning system 
(GPS) topographic corrected with the wide area 
augmentation system of the area surrounding 
these two perennial wetland areas (cross sec-
tion located on Fig. 2). The model domain was 
a 100 × 50 × 1 m cross section discretized into 
39,000 nodes with 0.5 m spacing at the bottom 
grading fi ner toward the surface, where the main 
head and fl ux dynamics occur. No fl ow bound-
aries were applied along the lateral and bottom 
boundaries of the domain to enable examination 
of groundwater–surface-water interactions with-
out additional complicating infl uences (Panday 
and Huyakorn, 2004). The robustness of the 
fl ow solution was tested using more discretized 
grids. Transient simulations were run until 
steady-state conditions were derived (1–30 yr in 
model time), with a maximum allowable water 
balance error of 1% of infl ow.

The domain was simulated using both equiva-
lent porous media and discrete fracture network 
approaches to constrain possible bulk hydraulic 
conductivity values or fracture apertures, respec-
tively. For the equivalent porous media approach, 
it was assumed that the hydraulic conductivity 
tensor was isotropic and homogeneous. For the 
discrete fracture domain, an orthogonal fracture 
network was implemented because of observed 
fracture patterns (see Results). The assigned 
values of hydraulic conductivity and fracture 
aperture are discussed later because they were 
derived from hydraulic testing results.

Since surface and subsurface fl ow is explic-
itly coupled in HydroGeoSphere, rainfall 
either directly ran off through a critical depth 
boundary (exiting the domain at the lowest 
topographic point), ponded in the topographic 
depressions, or infi ltrated the domain. The 
rainfall pathway was dependent on subsurface 
permeability (bulk hydraulic conductivity and 
fracture aperture) as well as overland fl ow 
and evapotranspiration parameters. Overland 
fl ow and evapotranspiration parameters were 
derived from Randall (2005), who simulated a 
similar geologic and physiographic setting. A 
long-term mean annual rainfall of 0.9 m/yr was 
applied to the surfi cial nodes (Golder Associ-
ates Ltd., 2003). Simulations were completed 
with and without evapotranspiration to evalu-
ate the importance of this parameter.

Depth of water in the upper wetland was con-
sidered the primary fi tting parameter because, 
in the absence of a dense network of monitor-
ing wells, it was the most sensitive and hydrau-
lically signifi cant parameter to changes in 

hydraulic conductivity and fracture aperture. 
The maximum depth of water in the upper wet-
land was 2 m in the model domain. At greater 
depths, overland fl ow toward the lower wetland 
was initiated. Numerical simulations indicated 
that the depth of water in the upper wetland was 
reproducible to 0.1 m. This modeling exercise is 
considered to be a useful numerical experiment 
for testing conceptual models of groundwater–
surface-water interactions because numerous 
subsurface targets are not available for calibra-
tion and verifi cation.

RESULTS

Lineament Identifi cation and Analysis

A greater number of lineaments was repeat-
edly observed using the Landsat imagery (111) 
than with the DEM (78). Landsat-derived lin-
eaments have a unidirectional northeast ori-
entation and linear directional mean of 042° 
(Fig. 3A). This trend is coincident with linea-
ments derived from a different Landsat image 
by an independent study (Andjelkovic and 
Cruden, 1998), indicating that lineament detec-
tion is a robust and reproducible technique if 
completed systematically (Fig. 3). DEM-
derived lineaments have bidirectional northeast 
and northwest orientation, with linear direc-
tional means of 033° and 312°, respectively 
(Fig. 3B). For both DEM and Landsat medi-
ums, selected lineaments were also observed in 
aerial photographs and targeted ground truth-
ing. Every observed lineament was related to a 
surface-water feature (e.g., a linear lake shore, 
wetland complex, or river reach). Field obser-
vations indicated that the wetlands associated 
with lineaments were perennial rather than 
vernal. Although Landsat highlights tonal dif-
ferences and the DEM highlights topographic 
differences, the same lineaments were often 
detected on both DEM and Landsat. The shared 
lineaments typically also shared characteristics 
(scale detected and linearity), suggesting that 
lineaments in this study are tonal-topographic 
features. Therefore, both data types are consid-
ered useful, but as discussed next, lineament 
detection using DEM data may be more valu-
able in identifying structural discontinuities in 
a topographically subdued landscape.

The specifi c capacity database was analyzed 
to examine permeability trends in lineaments 
areas. The database was interpolated using 
kriging and inverse weighted distance func-
tions. For kriging, a spherical variogram model 
was chosen based on visual best fi t with a resul-
tant range and sill of 800 m and 350 (L min–

1m–1)2, respectively. No systematic differences 
were observed when the results for the two 

interpolation methods were compared visu-
ally and qualitatively using raster mathematics. 
Figure 4A illustrates the interpolation using 
the inverse weighted method and the distribu-
tion of DEM-derived lineaments. The specifi c 
capacity of residential wells completed in Pre-
cambrian rock was not higher near lineaments 
at a watershed scale. Detailed spatial analysis 
indicates that specifi c capacity may actually 
increase with distance from lineaments and is 
defi nitely higher in areas distal to lineaments 
compared to areas within 250 m of lineaments 
(Table 1).

Figure 4B depicts the potential gradient 
between adjacent surface-water features and the 
location of DEM-derived lineaments not asso-
ciated with lake shores. Lineaments associated 
with lake shores are not included because the 
gradient at a lake shore is zero by defi nition. 
Generally, lineaments are coincident with higher 
potential surface-water gradients. If lineaments 
are well-connected, high-permeability features, 
the surface-water and groundwater gradients 
would be relatively low. The correlation of lin-
eaments with high potential surface-water gra-
dients and lower specifi c capacity indicates that 
lineaments are less-permeable features that may 
be regional hydraulic barriers.

Fracture Mapping

At a watershed scale, three fracture sets are 
generally observed (Fig. 5A). The most promi-
nent is the steep to vertical, northwest-striking 
set (306/83 mean orientation calculated as the 
great circle normal to highest concentration of 
fracture poles), which are typically through-
going and greater than 5 m in length. The 
northwest set parallels the fracture set related 
to the Ottawa-Bonnechere graben, which is 
interpreted to have developed during normal 
faulting (Kay, 1942). The second fracture set 
is a steep, northeast-striking (039/79 mean 
orientation) set, which are typically through-
going or abutting and less than 5 m in length. 
The northeast set parallels the metamorphic 

TABLE 1. SPECIFIC CAPACITY OF  
WATER WELLS AT VARIOUS DISTANCES 

FROM DIGITAL ELEVATION MODEL (DEM)–
DERIVED LINEAMENTS    

Distance from 
lineament (m) 

Number  
of wells 

Specific capacity 
(L min–1 m–1) 

25 11 1.4 ± 2.5 
50 23 1.2 ± 2.3 
100 124 1.7 ± 5.8 
250 179 1.7 ± 5.6 
All wells in  
watershed 

1132 2.36 ± 7.8 
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Figure 3. Lineament distributions on (A) Landsat false color composite (bands 754) and (B) hillshade-enhanced digital elevation model (DEM). 
Both are shown at a scale of 1:100,000, and lineaments are shown by scale of identifi cation. Rose diagrams with 10° bin spacing are inset in each 
image. Also inset is a rose diagram of lineaments identifi ed by Andjelkovic and Cruden (1998) using Landsat imagery of the Frontenac terrane. 
The rose diagrams indicate the consistency of identifi cation between different observers and images.  
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Figure 4. Lineament distribution compared to supplementary geomatic data. (A) Digital elevation model (DEM)–derived lineament 
distribution compared to residential water well specifi c capacity. (B) Non–lake shore DEM-derived lineaments compared to interpo-
lated surface-water gradients. Lake shore lineaments are excluded because the surface-water gradient is zero at lake shores by defi ni-
tion. Source data distributions of residential wells (MOE, 2006) and surface-water bodies are shown as insets.

Tay River w
atershed boundary

361000 E, 4946500 N

‘Christie Lake’ lineament

A

Legend
Surface-Water Gradient  

0 - 0.01

0.01-0.04

0.04-0.08

0.08 - 0.12

0.12 - 0.4
Distribution of surface-water bodies

‘Christie Lake’ lineament

Tay River w
atershed boundary

361000 E, 4946500 N

0 2.5 51.25 km

Residential water well distribution

Legend
Well Specific Capacity

 -  6 3(x10  m /s/m)

1 - 3

3 - 10

10 - 30

30 - 170

>170 

A
0 2.5 51.25 km

B



Gleeson and Novakowski

340 Geological Society of America Bulletin, March/April 2009

0.69

3.11

43.88

1.66
0

5

10

15

20

25

30

35

40

45

-8 -7 -6 -5 -4 -3

Legend
Unconsolidated fill (cased)

Interlayered light and dark intrusive rocks

Piezometer screen

Bentonite fill

Shallow fracture

Carbonate fracture fill

Noncarbonate fracture fill

Groundwater level measured 7 August 2006

2log T (m /s)

)
m( gnisac fo pot 

woleb htpe
D

33.3 m depth

27.5 m depth

T
W

14
S

T
W

14
M

T
W

14
D

Figure 6. Subsurface data from TW14 borehole drilled in the Christie Lake lineament. Images from downhole camera 
(borehole diameter is 0.152 m) reveal brecciation and fracture infi lling. The presence of carbonate and noncarbonate 
veins (from chip samples) and horizontal and vertical fractures (from downhole video logging) is noted. Hydraulic 
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morphic foliation measurements 
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 foliation, which consistently dips moderately 
to steeply and strikes north-northeast across the 
watershed (Fig. 5B). The foliation is defi ned by 
well-developed schistose and gneissic fabric in 
metamorphic rocks and poorly to moderately 
developed schistose and gneissic fabric in plu-
tonic rocks. The least statistically prominent 
fracture set in outcrop is a shallowly dipping 
fracture set that is interpreted as sheeting frac-
tures, which are common in crystalline terrains 
(Sukhija et al., 2006; Novakowski et al., 2007). 
At the Christie Lake outcrop, the only signifi -
cant fracture set observed is the steep to verti-
cal northwest set (Fig. 2B).

Hydrogeological Characterization

Subsurface observations from TW14, at the 
center of the Christie Lake lineament, indicate 
the presence of both hydraulically signifi cant 
and insignifi cant fractures. Qualitative down-
hole camera observations show pervasive 
highly angular brecciation and white vein infi ll-
ing (Fig. 6), which are consistent with previous 
geological mapping suggesting this lineament 
is a fault (Wilson, 1961). Brecciation and vein-
fi lling are not in any consistent orientation. Chip 
samples tested with dilute hydrochloric acid 
indicate that both carbonate and noncarbonate 
veins are present. Downhole camera observa-
tions also reveal the presence of discrete shallow 
fractures accentuated by spalling during drill-
ing. The transmissivity distribution indicates 
that discrete hydraulically signifi cant zones are 
embedded in generally low-permeability rock 
(Fig. 6). The low-permeability zones indicate 
that the pervasive brecciation is not consistently 
transmissive. Instead, the hydraulically signifi -
cant zones correlate with the spalled discrete, 
shallowly dipping fractures (Fig. 6). Therefore, 
the hydraulically signifi cant zones in this well 
are assumed to be due to shallowly dipping frac-
ture features, possibly sheeting fractures. The 
hydraulic conductivity of the shallowly dipping 
fracture zones is 10–3 m/s to 10–5 m/s. The effec-
tive single-fracture aperture of these fractured 
zones is 270–540 µm. The lowest hydraulic con-
ductivity intervals (10–7 m/s to 2 × 10–8 m/s) are 
interpreted as the matrix transmissivity, which 
includes the pervasive infi lled veins. Although 
the matrix may contain numerous small frac-
tures, the extremely limited permeability of 
these contributes little to the fl ow system in the 
fracture network.

Since TW14 is located in a topographic 
depression with nearby surface-water features 
at higher elevations, an upward vertical gradi-
ent in the well is expected. However, hydraulic 
head measurements recorded in the piezometers 
(TW14S, TW14M, and TW14D) indicate that 

there is effectively no vertical gradient (<0.001) 
in the well (Fig. 7). The lack of vertical gradient 
is not due to a short circuit in the well annulus 
because the well completions were tested and 
shown to be independent. Water levels in the 
lower wetland trend with hydraulic head mea-
surements in the shallow and deep piezometers, 
albeit slightly dampened by the larger storage 
capacity of the lower wetland. This indicates 
that the lower wetland and all levels of the well 
are connected by steeply dipping bedrock frac-
tures. The lack of vertical gradient and correla-
tion in water levels between the lower wetland 
and piezometers indicate that the subsurface 
system is connected to the lower wetland but not 
connected to the upper wetland. The hydraulic 
testing and water levels also indicate the pres-
ence of both shallowly and steeply dipping frac-
tures in the vicinity of TW14. Hydraulic testing 
results indicate that the shallow fractures are 
hydraulically signifi cant, but this does not imply 
a hydraulic signifi cance for the steeply dipping 
fractures. The hydraulic signifi cance of steeply 
dipping fractures is explored in the numerical 
modeling, described in the next section.

The 10 boreholes hand-augured in the lower 
wetland in a transect perpendicular to the 
Christie Lake lineament reveal mainly coarse-
grained clastics and organics with localized 
fi ne-grained material. Each hole was drilled 
until refusal, which was typically 0.5–2 m depth 
below ground. The 2.42 m depth of unconsoli-
dated material drilled at TW14 suggests that 
the depth of refusal is near or at the bedrock 
interface. The coarse-grained clastics consist of 
sand and gravel intermixed with modern organic 
material, consistent with regional-scale descrip-

tions of modern littoral unconsolidated material 
(Kettles, 1992). A 10-cm-thick layer of clay 
was found in one borehole, but it has an aerial 
extent of less than 1 m2. The predominance of 
coarse-grained material indicates that there is 
not extensive overburden with low hydraulic 
conductivity limiting infi ltration at the Christie 
Lake lineament.

Numerical Simulations of Groundwater–
Surface-water Interactions

The model domain is conceptualized in 
Figure 8A using topography based on a GPS 
topographic survey of the Christie Lake linea-
ment and subsurface data derived from TW14 
hydraulic testing, downhole camera observa-
tions, and head measurements (Table 2). The 
topographic gradient is also consistent with 
other lineaments in the study area (Fig. 5A). 
The high topographic gradient and the lack 
of upward vertical gradient in TW14 suggest 
that subsurface connectivity is low between the 
surface-water features. Hydraulic testing data 
and head data, as well as the fracture sets in the 
adjacent TG06–07 scan line, indicate the pres-
ence of discrete steep and shallow fractures. 
Unconsolidated material was not considered in 
the model because the hand-augured boreholes 
suggest it does not limit infi ltration.

Although the hydrogeological characteriza-
tion of the Christie Lake site clearly indicates 
the presence of discrete fractures, a preliminary 
cross-sectional domain was simulated using a 
porous media approach to constrain the bulk 
hydraulic conductivity of the system (Fig. 8B). 
The total transmissivity of TW14 was used as 

168

168.5

169

169.5

170

28/09/2006 03/11/2006 09/12/2006 01/14/2007 02/19/2007

lower wetland
TW14S
TW14D

H
yd

ra
ul

ic
 h

ea
d 

(m
as

l)

upper wetland
(~182 masl)

Figure 7. Hydraulic head data from TW14 and the adjacent lower 
wetland suggest that surface water and groundwater are connected 
at the Christie Lake lineament (masl—m above sea level).



Gleeson and Novakowski

342 Geological Society of America Bulletin, March/April 2009

a starting point, and the hydraulic conductivity 
was varied using depth of water in the upper 
wetland as the fi tting parameter. The depth of 
the water in the upper wetland is very sensitive 
to bulk hydraulic conductivity (Fig. 9A). A range 
of hydraulic conductivities of less than a half 
order of magnitude (1.5 × 10–7 to 8 × 10–8 m/s) 
differentiates dry and overfl owing conditions in 
the upper wetland. The hydraulic conductivities 
that maintain water in the upper wetland are 
consistent with measurements interpreted to 
be the unfractured rock matrix (10–7 m/s to 2 × 
10–8m/s), suggesting the area between the two 
wetlands is largely unfractured. The depth of 

water in the upper wetland was reproducible to 
0.1 m, indicating that the domain is numerically 
stable and that the depth of water is a useful fi t-
ting parameter. The depth of water in the upper 
wetland was insensitive to evapotranspiration 
(Fig. 9A).

Subsurface conceptualization and implemen-
tation of the discrete fracture network domain 
was based on hydraulic testing data from TW14 
and fracture patterns from TG06–7 (Fig. 2A). An 
orthogonal fracture network was implemented 
because vertical and shallowly dipping fractures 
were observed. Matrix hydraulic conductivity 
was assigned as the lowest value from hydraulic 

testing (2 × 10–8 m/s), which is consistent with 
equivalent porous media model results. Hori-
zontal fracture aperture was assigned directly 
from hydraulic testing data by calculating a 
single-fracture effective aperture for each inter-
val (Fig. 8C). The aperture calculation assumes 
a single fracture is responsible for the measured 
transmissivity (Fig. 6) of each test interval (Nova-
kowski et al., 2007). Downhole camera data 
indicate that this was a reasonable assumption 
because singular fractures can be related to the 
transmissive zones identifi ed by hydraulic test-
ing. Vertical fractures were assigned to the sub-
surface below the wetland areas to explore the 
role of vertical fracture aperture in maintaining 
a perennial wetland complex with high interven-
ing gradients. The number of vertical fractures 
underlying each wetland was also varied because 
the number of vertical fractures is unknown. The 
depth of the water in the upper wetland is also 
very sensitive to vertical fracture aperture, with 
an aperture range of 20 µm differentiating dry 
and overfl owing conditions (Fig. 9B). The maxi-
mum vertical fracture aperture that can sustain 
water in the upper wetland is 60 µm, which is 
a hydraulically insignifi cant fracture aperture. 
Similar to the porous media approach, the depth 
of water in the upper wetland during discrete 
fracture network modeling is reproducible and 
insensitive to evapotranspiration (Fig. 9B). The 
results from the porous media and discrete frac-
ture network both indicate that low hydraulic 
conductivity and/or low connectivity are neces-
sary to maintain nearby surface-water bodies 
with a high intervening gradient.

DISCUSSION

Figure 10 summarizes previous and refi ned 
conceptual models for the relationship between 
lineaments and groundwater fl ow. In general, 
lineaments are considered surface expressions of 
fracture zones, faults, or other subsurface discon-
tinuities (O’Leary et al., 1976; Wise et al., 1985; 
Singhal and Gupta, 1999). Recent studies have 
assumed a priori that lineaments are recharge 
zones with high groundwater potential, which 
implies high permeability (Fig. 10A; Krishna-
murthy et al., 2000; Sener et al., 2005; Shaban 
et al., 2006). We propose that lineaments in this 
study area, and likely other geological settings, 
are surface expressions of structural features 
with diminished permeability due to structural 
and/or fl uid fl ow processes (Fig. 10B).

A myriad of structural and tectonic processes 
has been proposed for the origin of lineaments 
(Wise et al., 1985). The different structural 
processes can be categorized simplistically 
into those with displacement (faults) and those 
without displacement. Defi ning a kinematic and 
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TABLE 2. NUMERICAL MODEL INPUT PARAMETERS     
 ecnerefeR tinU eulaV retemaraP

    noitaripsnartopavE
oG ry/m  5.0 noitaropavE     lder Associates Ltd. (2003) 

     Maximum rooting depth 2.0  m Canadell et al. (1996) 
 )1002( .la te kcolrucS – 4 xedni aera faeL     

 )7991( .la te redeorhcS – 60.0 tniop gnitliW     
 )7991( .la te redeorhcS – 51.0 yticapac dleiF     

    wolf dnalrevO
     Manning roughness coefficient  0.006 – Randall (2005) 
     Rill storage height 0.0001 m Randall (2005); Therrien et al. (2006) 
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dynamic structural model for the development 
of lineaments in this study area is impossible 
due to the poor exposure of lineaments. Instead, 
we compile fracture patterns and geologic data 
to defi ne possible structural styles of lineaments. 
The coincidence of fracture orientations and lin-
eament orientations both at a regional scale and 
at the Christie Lake study area suggests that lin-
eaments are structurally controlled (Figs. 2, 3, 
and 5). The predominant lineament set trends 
northeast with a linear direction mean orientation 
of 042° (Landsat) or 033° (DEM). The north-
east-trending lineament set parallels the steep, 
northeast-striking fracture set (Fig. 5A) and the 
regional structural grain defi ned in outcrop by 
schistose and gneissic foliation (Fig. 5B). The 
northeast-trending fracture and lineament set is 
not consistent with any recognized regional brit-
tle fault structures. The major northeast-striking 
structures are ductile shear zones (Easton, 1992; 
Davidson and Ketchum, 1993). The northeast-
ern lineaments are likely a result of minimal 
displacement in zones of joints developed par-
allel to the well-developed metamorphic grain 
(Andjelkovic and Cruden, 1998). An alternative 
explanation is that the northeast-trending linea-
ment set may be due to glacial landforms, since 
southwest-northeast is the direction of glacial 
advance and retreat (Kettles, 1992). However, 
the northeastern lineaments are not likely of gla-
cial origin because the discontinuous till veneer 
rarely masks the structure of the underlying bed-
rock (Kettles, 1992).

The secondary northwest-trending lineament 
set with a linear directional mean of 312° was 
observed in the DEM data but not in Land-
sat imagery in this study and a previous study 
(Andjelkovic and Cruden, 1998). The northwest-
trending lineament set parallels the vertical north-
west-striking fracture set (Fig. 5A). The Christie 
Lake lineament is part of this lineament set and 
is interpreted as a fault based on the subsurface 
brecciation (Fig. 6), the linear topographic break 
(Fig. 2), and the mapped unit truncation to the 
northwest (Wilson, 1961). Permeability reduc-
tion at the Christie Lake lineament is discussed 
later. The north-facing topographic break, the 
northwest lineament trend, and the vertical 
northwest-striking fracture set suggest that the 
faulted Christie Lake lineament is part of the 
Ottawa-Bonnechere graben system (Kumarapeli, 
1978; Rimando and Benn, 2005). Northwest-
trending lineaments in eastern Ontario, which 
decrease in frequency away from the center of 
the graben, have been previously interpreted as 
part of the Ottawa- Bonnechere graben (Spitzer, 
1981). The interpretation of the Christie Lake 
lineament as a fault associated with the Ottawa-
Bonnechere graben suggests that other north-
west-trending lineaments may also be associated 

with faults. Northwest-trending lineaments were 
not observed in Landsat imagery, suggesting that 
digital elevation models (or other topographic 
remote imagery) may be more useful for identi-
fying faults at a regional scale than tonal remote 
imagery, especially in topographically subdued 
terrain (Nyborg et al., 2007).

Previous studies document limited or incon-
sistent correlation between well yields and lin-
eaments, suggesting that the permeability under-
lying lineaments is variable (Waters et al., 1990; 
Gustafsson, 1994; Mabee et al., 1994; Sander et 
al., 1997; Edet et al., 1998; Mabee, 1999; Magowe 
and Carr, 1999; Moore et al., 2002). Similarly, 
permeable zones with high infl ow in bedrock 
tunnels do not correlate consistently with the 
location of lineaments (Banks et al., 1992; 

Mabee et al., 2002). The lack of correlation can 
be attributed to the presence of shallow-dipping 
sheeting fractures, which are not detected dur-
ing lineament analysis (Mabee et al., 2002), or 
the presence of fault cores (Banks et al., 1992). 
Well yields in this study area are actually lower 
in areas near lineaments (Table 1). Lower well 
yields in conjunction with high surface-water 
gradient (Fig. 4B) suggest that lineaments in 
this study are potential hydraulic barriers with 
low to moderate permeability and connectivity. 
The similarity in orientation, length, topography 
(Fig. 3B), surface-water gradient (Fig. 4B) and 
specifi c capacity (Fig. 4A) of the Christie Lake 
site to other areas in this study suggest that the 
Christie Lake lineament is a representative lin-
eament. Therefore, the conclusions based on the 
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hydrogeological characterization and numerical 
experiments have implications for other linea-
ments. Subsurface permeability of the Christie 
Lake lineament is controlled by discrete shal-
low and steep fractures. Numerical modeling 
indicates that the steep fractures must have 
small apertures to maintain adjacent surface-
water features with high intervening gradients. 
Therefore, lineaments in this study area are 
likely zones where limited or diminished frac-
ture aperture, density, or connectivity results in 
low-permeability barriers to fl ow.

The reduction of permeability is likely the 
result of fault core development and/or mineral 
deposition during or after faulting. Permeabil-
ity is reduced in fault cores due to brecciation, 
cataclasis, the development of clay-rich gouge 
zones, and other processes reviewed by Caine 
et al. (1996). Low-permeability, clay-rich fault 
features have been observed directly below lin-
eaments in a bedrock tunnel through Precam-
brian granite (Banks et al., 1992). Numerous 
drilling records near lineaments in the study 
area record “granite” overlying “clay,” which 
is consistent with fault core development in a 
crystalline setting. The reduced permeability 
of the Christie Lake lineament, which is inter-
preted as a fault, may be due to fault core 
development, even though a fault core was not 
observed in TW14. TW14 is interpreted to have 
drilled through the damage zone of the Chris-
tie Lake lineament-fault based on the pervasive 
brecciation and vein-infi lling. The location of 

the potential fault core, the size of the damage 
zone, and other fault architecture characteristics 
(Caine et al., 1996) cannot be quantifi ed due the 
lack of exposed lineament outcrop. Permeability 
can also be reduced by syn- or postdeformation 
fl uids infi lling fractures by depositing dissolved 
constituents (Evans and Chester, 1995; Goddard 
and Evans, 1995). Pervasive fracture infi lling is 
evidenced in downhole video camera data from 
TW14. Chip samples recovered during drilling 
suggest that both carbonate and noncarbon-
ate minerals are infi lling fractures. The infi lled 
brecciation suggests that the examined area of 
the Christie Lake lineament-fault was previ-
ously a fl uid conduit but that fault and fl uid fl ow 
processes together led to permeability reduc-
tion. Therefore, the reduction of permeability 
associated with lineaments in the study area is 
probably a result of fault characteristics com-
mon in crystalline settings: clay-rich fault cores 
and damage zones that are heavily fractured and 
vein-infi lled.

Reduced fault-zone permeability can com-
partmentalize regional groundwater fl ow (Fer-
rill et al., 2004). High surface-water gradients 
(Fig. 4B), hung wetland complexes upgradient 
of the Christie Lake lineament and other linea-
ments, numerical modeling results (Fig. 9), and 
the subsurface conceptual model (Fig. 10B) 
suggest that lineaments in this study area are 
barriers that are compartmentalizing fl ow. 
Detailed fault studies in other regions suggest 
that fault architecture is extremely complex 

and heterogeneous (Evans and Chester, 1995; 
Caine and Forster, 1999; Fairley and Hinds, 
2004; Minor and Hudson, 2006), so the perme-
ability reduction may or may not be persistent 
along strike over kilometers. Numerical mod-
eling and fi eld examples discussed by Bense 
and Person (2006) indicate that faults with 
large hydraulic head discontinuities can be 
conduit-barrier systems with signifi cant pref-
erential fl ow parallel to the fault, rather than 
pure hydraulic barriers. However, the pervasive 
fracture infi lling observed in TW14, measured 
low hydraulic conductivity in the damage zone, 
and ubiquitous surface-water bodies along lin-
eaments suggest that signifi cant preferential 
fl ow and recharge along the Christie Lake lin-
eament and other lineaments is not likely.

CONCLUSIONS AND IMPLICATIONS

We investigated lineaments as geological 
structures that could impact regional fl ow sys-
tems in a low-gradient crystalline bedrock aqui-
fer in the Canadian Shield. We identifi ed and 
characterized watershed-scale low-permeability 
zones by integrating diverse geomatic, geologi-
cal, and hydrogeological data sets and numeri-
cal simulations. Salient conclusions from this 
study area include: (1) lineaments are structural 
features, either fault zones or fracture zones 
with limited displacement; (2) the fractured 
bedrock underlying lineaments is composed of 
poorly connected, low-permeability zones due 
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Figure 10. An idealized cross-sectional domain showing (A) previous and (B) new conceptual models of the relation-
ship between lineaments and groundwater. The surface expression of the lineament is a topographic depression and 
a tonal difference, highlighted here by the dark trees. Below the surface, lineaments are generally considered to be 
zones of intense fractures and joints. Approximate fl ow lines are shown, but true fl ow paths would depend on the con-
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to fault zone and/or fl uid fl ow processes; (3) per-
meability reduction results in lineament areas 
being recharge and fl ow barriers that compart-
mentalize lateral fl ow systems; and (4) faulted 
lineaments can be more effectively identifi ed 
by topographic data (e.g., DEM) than by tonal 
imagery (e.g., Landsat). Although lineaments 
have been controversial in the geological and 
hydrogeological literature, this study shows that 
lineaments are important and useful if identi-
fi ed with a defensible method and analyzed with 
supplementary geomatic, geologic, and hydro-
geologic data within a well-documented struc-
tural geology framework.

The interpretation of lineaments as water-
shed-scale, low-permeability zones in this 
study area may affect recharge estimates and 
contaminant disposal practices in crystal-
line settings. Recharge estimates are critical 
for determining groundwater sustainability 
in water resource management. Recharge in 
crystalline bedrock aquifers is considered very 
limited (Rodhe and Bockgard, 2006; Milloy, 
2007). Recent studies applying remote sens-
ing and geospatial analysis have assumed 
a priori that lineaments are recharge zones 
(Krishnamurthy et al., 2000; Sener et al., 2005; 
Shaban et al., 2006). However, if lineaments 
are low-permeability structures, the recharge 
potential of lineaments may be quite limited, 
and thus assuming that lineaments are recharge 
zones would be misleading in this study area. 
Various northern countries plan to dispose of 
nuclear waste in saturated crystalline reposi-
tories. Quantifi cation of the permeability of 
lineaments and other geological structures is a 
signifi cant concern when modeling the time of 
travel for nuclide transport to the biosphere.

This study shows that diverse data sets and 
geologically realistic models of lineament per-
meability are necessary to unravel patterns of 
fl uid fl ow in the brittle uppermost crust (<100 m 
depth). The relationship between permeabil-
ity and fault architecture was originally docu-
mented at the outcrop scale or site scale (Evans 
and Chester, 1995; Caine et al., 1996; Evans et 
al., 1997; Schulz and Evans, 2000; Rawling et 
al., 2001). Results from this study support other 
recent studies suggesting that brittle structures 
control regional groundwater fl ow in bedrock 
aquifers and that fault architecture models are 
a useful framework for examining the perme-
ability of regional structures (Ferrill et al., 2004; 
Seaton and Burbey, 2005; Bense and Person, 
2006; Denny et al., 2007). Although the study 
area is located in a Precambrian shield where 
deformation is ancient and polyphased, fault 
architecture and permeability studies suggest 
that these results may be applicable to other 
areas with different protoliths or where defor-

mation is more recent and less complex (Evans, 
1988; Caine et al., 1996; Caine and Forster, 
1999; Rawling et al., 2001).

APPENDIX

Multiple data types highlight different lineament 
characteristics resulting in a defensible lineament 
identifi cation method (Mabee et al., 1994; Clark et al., 
1996; Sander et al., 1997). Landsat imagery highlights 
tonal differences; a digital elevation model (DEM) 
reveals topographic differences; and aerial photo-
graphs show detailed geomorphology. To conduct this 
study, a multispectral Landsat 5 Thematic Mapper 
image with 30 m resolution was acquired at 15:34:50 
on 26 September 2004 from orbit 109424. The cen-
ter of the frame is 44.61°N. False color composites 
of bands 742, 754, and 432 were examined, but false 
color composite 754 was the most useful, as found by 
Andjelkovic and Cruden (1998). The DEM was devel-
oped by the Ontario Ministry of Natural Resources and 
is accurate to ±5 m vertically and ±10 m horizontally, 
with a raster resolution of 10 m. Surface-water eleva-
tions are considered representative at ±5 m because 
elevations were corrected to provincial time-series 
fl ow data. For lineament identifi cation, the DEM was 
hillshade-enhanced to accentuate features in the sub-
dued landscape. Aerial photographs of selected areas 
at 1:5000 to 1:12,000 scales were examined to further 
characterize the geomorphology and hydrology of lin-
eaments during ground truthing.

Lineaments were identifi ed on DEM and the false 
color composite Landsat images at scales of 1:250,000, 
1:100,000, and 1:50,000. The scales observed are 
considered an important lineament characteristic for 
classifying the spatial signifi cance of the lineament. 
Lineament attributes (azimuth, scale observed, date 
observed, and curvilinear form) were compiled during 
identifi cation. All lineaments were identifi ed manu-
ally because attempts at automated lineament detec-
tion primarily identifi ed anthropomorphic features. 
Lineaments were observed during multiple trials 
separated by a week to test reproducibility (Mabee 
et al., 1994). All lineaments not repeatedly identifi ed 
at the same scale, as well as all anthropomorphic lin-
eaments (roads, electrical lines, etc.), were removed 
from the database. In addition, lineaments derived 
from Landsat imagery were compared to lineaments 
derived from the same area using a different Landsat 
image by Andjelkovic and Cruden (1998; Fig. 3). Lin-
eaments were not explicitly correlated to nearby frac-
ture patterns, as recommended by Mabee et al. (1994), 
in order to keep the lineament and fracture databases 
independent for subsequent structural analysis. Linea-
ment orientation was plotted as rose diagrams with 
a 10° smoothing function, and the linear directional 
mean was calculated.
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