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ABSTRACT

This thesis presents a hvdropeological and hyvdrochemical investigation of
groundwater and surface water interaction in a fractured granite terrain, within
the Seal Cove River valley in castern Newfoundland. The overall approach for
this work was to first determine the structural geologic framework of the study
area and surrounding region, then use this framework as a basis for interpreting
the physical, hydrochemical and isotopic responses of groundwater and surlace
water to hydrologic stress, and for numerical simulations of groundwater flow in

the study area.

The Seal Cove River valley study arca (referred to as the SCRV) is 81.7
ha. in size and includes a 1.44 km reach of a branch of the Seal Cove River, with
a 300 m x S0 m bheaver pond midway alorg this reach. lithologically
homogeneous granitic rocks occur in glaciated outerops on over 307% of a hillside
above the study reach and sporadically on the valley floor. Overburden consists
of thin glacial drift and peat deposits. Geophysical surveys indicate that the
buried granite surface is essentially flat, dipping on average 0.5 degrees toward

the north-northwest.

The structural geologic framework was compiled lrom air photos, outerop

mapping and scanline fracture surveys across the pluton, and core logging in the

SCRV. The Holyrood pluton intrudes multiply-deformed volcanic rocks of the

Harbour Main Group and lies within the Conception Bay Anticlinorium, bounded
10 the east and west by the Vopsail and Duffs Faults. Within the pluton, fracture

lineaments and the regional mesoscopic fracture system both show preferred




nontheriv, northeistenly and southeasterly strikes. “lrace length and fracture
frequency pattcros show little vanation inwestern parts of thic pluton ¢including
the SCRV arca). There are no obvious varidtions in structural trends on a

macroscopic scale in the vicinity of the SCRV.

'n the SCRV, three subvertical mesoscopic fracture sets are identified
based on cluster analysis of scanline data. These sets correspond with orientations
of subsurfuce fractares and macroscopic fracture in the SCRV and with the
regional fracture system. A fourth set comprises subhorizontal sheeting joints.

M soscopic fracture trice tengths and spacings tend to vary smootbly across the

SCRV without significant variation within or between subvertical fracture sets.

The major boundary faults are interpreted to predate the Holyrood pluton,
acting as feeders for the sill-like intrusion. Siluro-Ievonian reactivation of these
faulis is interpreted 1o have generated the tectonte fracture system in the pluton
(and the SCRV). A kinematic deformation model for the pluton is presented in
which the regional tectonic fracture system formed as Riedel and secondary P-
shear fractures during o single phase of progressive, left-lateral bulk simple shear.

This model is the onlv detailed analysis of deformation in the pluton to date.

The structural tramework implies that 1) groundwater flow around the
SCRV occurs primarily in a shallow or intermediate flow systems; 2) near-surface
mesoscopic fractures and subvertical macroscopic fault and fructure zones are the
likely principal conduits for shiiblow groundwater flow in the SCRV: 3) fracture-
controlled hvdraulic properties of the granite (e.g. hydraulic conductivity) can be
assumed to be unitorin around the SCRV (at scales of 10's 10 100's of meters):

and 4) the present SCRV tracture data set is inadequate for sophisticated




determination of directional permeability in the granite (e by nerimeabilitis
tensor formulation or fracture network anzlvsis), requiring o simpler approach in
formulating input parameters for numerical models of gronndwater tlow e
SCRYV. Use of the more sophisticated methods mentioned above would tequie o
more complete and unbiised chuaracterization of fracture geometry than is
available here, Le. @ statistical deseription of the geonmietry of subhotizontal

fractures (Set 4), and vnbiaxed extimates of tracture spacing for all seis.

The physical hydrogeologic setting of the SCRY appears to e siimple.
Overburden materials are more permeable than the fractured pranite, with
injection test results showing an overall decrease ol granite permeability with
depth. Organic clay-silt pond sediments are less permeable than near-surface
granite, forming a local semi-confining layer.  Downward gradicnts are present on
the hillslope, while horizontal or upward (artesian) gradients are present on the
valley bottom. Hydraulic gradicnts and equipotential surfaces in the granite
suggest that groundwater flows toward the stream reach and that a hillslope
recharge zone expunds streamward during storm response. The hydrogeologic and
topographic setting supports an assumption that the SCRV behaves as a
hydrologic catchment, with vertical no-flow boundaries beneath the surface

catchment boundaries.

Measurements at eight seepage meter/mini-piczometer locutions around
the beaver pond, six multilevel piczometers in bedrock i the south end of the
SCRV, a series of ruain gauges on the hillslope and valley bottom, and at three
rectangular weirs along the study reach are used to deseribe hydrologic respmises
1o precipitation in the SCRV. Scepuge tlux and piezometric variations corrclute
with seasonal rainfall changes and individual storm hydrographs, suggesting thit

surface waters and groundwaters are coupled during response to hydrologic stress.

Rapid hyvdraulic head trunsfer und groundwater displtacement in hediock iy




interpreted 1o occur by the filling und drairing of highly permeable fractures in
the granite. Physical hydrologic measurements also suggest that groundwater flux
from the fructured granite should not be ignored in hydrologic mass budgets, but

that direct runoff may dominate stormflow at this site.

‘The hydrochemical setting of the SCRV reflects local climate and geology.
Rain waters are Na-Cl type and stream waters are dilute. Dilute, Ca-HCO; tvpe
groundwaters suggest that the shallow flow system in the SCRV is

meteorically-driven, actively-flushed and only slightly evolved.

Transient nmass balance methods which are substantially different from
conventional mass balance approaches are developed for performing transient
hydrograph separations along a stream reach. Two groundwater compositional
groups (ncar-stream and valley-bottom types) are recognized in the SCRV.
During weak hydrologic stress, groundwater compositinrnal changes are subtle and
suggest that separate fracture plumbing systems may exist near the stream at
scales of a few meters. In response to storm stress, stream-ward displacement of
compositionally heterogeneous groundwaters is followed by subsurface mixing with
shallow recharging groundwater or rain. Evidence of changing groundwater
compositions during stormflow suggests that low flow stream compositions may
not be reliable estimators of discharging groundwater compositions throughout

stormflow,

Hyvdrograph separation results for two autumnal 1986 and 1987 runoff
events indicate that the groundwater component of peak stormflow ranges from
40%% 10 955%, depending on the tracer species used (conductivity, chloride or

ozveen-18). Specific conductivity is probably non-conservative as a tracer due to




dissolution of biosalts (c.g. potassivm <alts on vegerative Titer) by surficial runoft

water. ‘The timing of storm ranott and the composition and proportion ol the
groundwater component is likely controlled by the Tocation ol most conizentutted
rainfall stress in the assumed catchment. Predominant groundwiter components
in carly storm runoff suggests that runott events in the SCRV do not follow the
conventional pattern where direct channel precipitation and surface runofl

dominates early runoff and subsurface (groundwater) tlow dominates peak runotf,

Steady state, two-dimensional numerical stmulations ol groundwater Now in
the SCRYV indicate that surface and subsurface hydraulic measurements at low
flow are internally consistent. ‘These results also sugpest that the catchment area
actually contributing groundwater to the study reach may be smadler than
originally assumed, and that gronndwater flow transverse to the valley oceurs
predominantly at shallow depths (up 10 50-100 m bhelow surfice), as predicted
from the structural geologic framework. Results of three-dimensional steady-state
simulations are physically realistic and match (within an order of magnitude)
measured hydraulic heads and scepage fluxes at the stream and low flow stream
discharges. These results also support the size and shape of the assumed
catchment, contrary to initial two-dimensional model results, Incorporation of
horizortal permeability anisotropy, inferred from fracture frequency data, does not
substantially change three-dimensional model resufts as compared with an
isotropic case. Inclusion of hydraulic properties for principal macroscopic
fractures in the study area into the three-dimensiona model produces mild

perturbations in equipotential patterns at the scale of the assumed catchiment.

This thesis documents the importance of adopting a muludisciplinary

approach for investigating groundwater/surface water interaction in arcas of




fractured, low permeubility rock, where geologic factors strongly influence
groundwater flow. The transient mass balance methods developed here were
applied with mixed success, but would be expected to produce improved results
with better poised and more well-documented storm events, and may be usable in
other settings. A fracture filling and draining mechanism adequately explains
rapid hydraulic head changes and groundwater displacement at this site. In
addition, combined physical, chemical and isotopic results indicate that
groundwater and surface water in the SCRYV are strongly coupled during response
to hydrologic stress. Finally, useful inferences concerning catchment-scale
groundwater flow and the influences of permeability anisotropy and the
macroscopic fracture system were obtained from two- and three-dimensional

steady-state numerical simulations of hydraulic head in the SCRV.
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CHAPTER 1
INTRODUCTION

1.1 Background

Understanding surface water/groundwater interaction and the response of
small catchments to hydrologic stress (e.g. precipitation) has become increasingly
important in recent years for a variety of contaminant hydrology, water resource
and land use issues. Specific examples are the effects of acid precipitation on
streamn runoff chemistry (e.g. Bottomley et al., 1984) and aquatic life (e.g. Baker
and Schofield, 1982; Gunn and Keller, 1984) and the anthropogenic impacts of
forestry or road-huilding practices on the quality and quantity of storm runoff (e.g.

King and Tennyson, 1984; Harr, 1986).

Within the field of catchment hydrology, much effort has been focused on
understanding mechanisms of streamflow generation in a variety of hydrogeologic
settings (e.g. Sklash and Farvolden, 1979; Kennedy et al., 1986; Pearce et al.,
[U86). Yt for small catchments underlain by well-exposed, fractured, low-
permeability rock (e.p. granite), the physical and hydrochemical response to
hydrologic stress remains poorly understood. This is because most experimental
catchments are either heavily forested (e.g. Sklash and Farvolden, 1979; De Walle
el al, 1988) or underlain predominantly by porous media (e.g. Pilgrim et al., 1978,

Anderson and Burt, 1982), or both (e.g. Pearce et al, 1986; Mulholland et al,,




1990), with very few catchments sited i granitic terrain (e, Christophensen et al,,
1990), In addition, many sutface water-groundwiter interaction studies atilivze
physical hydrogeologic measurements, such as hydraunlic head or seepige tluy,
made at widely-spaced time intervals. Such an approach iy provide useful
information in certain cases where porous media flow dominates, However, 1t
would fail 10 document the variability in these parameters during 1esponse 1o
hydrologic stresses where both hydraulic heads and permeability are highly
variable, either in porous media (e.g. Tee and Hynes, 1978) orin a fractured rock

terrain as described here.

The sctting of experimental study catchments, conventionally in headwater
regions of drainage basins, also restricts the types of anadyses that can be
conducted in those catchments and the range of terrans where the results ¢ be
applied. Small headwater catchments are commionly used due to their hydrologic
simplicity which supports assumptions of steady-state conditions in the
implementation of mass balance technigues such as chemical and isotopic
hydrograph separation. Yet downstream reaches ol streams, being, the arcas most
likely to undergo development or changes in land use, are the wreas where
catchment response and streamflow gencration information is niost needed.
Furthermore, a transient mass balance approach, which is inhierently more
realistic than a steady-state approach for quantitatively analyzing rapidly changing
stream flow and chemistry terms during storm runolf events, has not been possible

in conventional headwater catchment studies since there has been no practical

way 1o estimate change-in-storage us required i transient mass halanee eqtitions,

Fractures are known to control lud flux and flow direcctions through rocks
of low matrix permeability, such us granite (e.g. Psich et al, 19855 Gale ¢t al,,
1987, Neuman, 1987). It follows thut the confidence that can be placed in values

of fracturc-controlled uid flow properties, such us permeability and anisotropy,
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where these properties are extrapolated through a rock mass, depends on the
nature and variability of fracture geometry throughout the rock mass. In most
catchment studies, bedrock characteristics such as fracture patterns or changes in
lithology have been neglected or given cursory mention, due to the belief that
groundwaier contributions from fractured low-permeability bedrock are negligible
during storm runofl events. This view may be reasonable for catchments where
the interaction of shallow groundwater and surface water occurs dominantly within
thick soil zones or sequences of unconsolidited overburden. However, it may not
be valid in areas of well-exposed, fractured granite where groundwater efflux

along highly-permeable fractures or faults may be substantial.

The above paragraphs point out the need for further investigation of
surface water-groundwater interaction which (i) is sited in a well-exposed,
fractured low-permeability rock (e.g. granitic) terrain, (ii) documents response to
precipitation in a catchment area which is not geographically restricted to the
headwater region of a drainage basin, and (iii) which utilizes a transient mass
bulance approach and incorporates hydrologically significant bedrock structural
featurcs. The study arca for this thesis is located within the Seal Cove River
drainage basin on the Avalon Peninsula in eastern Newfoundland (Figure 1.1).
The Scal Cove River valley study area (SCRV) consists of a section of hillslope
and valley bottom, and provides an excellent opportunity for such an investigation.
The SCRV is underlain by lithologically homogeneous granitic bedrock of the
Precambrian Holyrood pluton.  Extensive granite exposures in and around the
SCRV make this region amenable to detailed geologic mapping and analysis of
fracture geometry, which in turn provides a framework for interpreting physical
hydrologic and hydrochemical variations, and for constraining numerical

simulations of shallow groundwater flow within the study area. Based on
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lopographic and geologic characteristies, the SCRV can be assumed to behave as

i hydrologically isolated catchment area within the Scal Cove River drainage

basin, but far removed from the headwater region By monitoring stream flow
and sampling stream water along a small pristine reach of the Seal Cove River
flowing through the study area, it is possible 1o estimate changes in mass and flow
storage within this study reach. This in turn permits the use of transient mass

balance techniques for investigating stormflow generation in this study.
1.2 Objectives and scope
T'he objectives of this thesis are:

1. To develop a more thorough understanding and exposition of fracture
geometry (e.g. orientation, trace length, spacing) in granitic rocks, both at the
surface and the shallow subsurface; and to use the geologic and bedrock structural
features in and around the study area as a [ramework for interpreting

groundwater/surface water interaction to hydrologic stress in the SCRV,

2. To provide a clearer understanding of the magnitude and timing of the
physical reaction of surface water and shallow groundwater in a fractured granite
terrain to storm events and seasonal precipitation changes; to use measurements
of seepage fluxes in the study reach, piczometric levels in bedrock piezometers,
stream flow and rainfall, made at intervals that are consistent with the duration
and rate of change of hyvdrologic stresses; and to describe the physical mechanisms

of proundwater response to such stress in the SCRV.

3. Ta investigate the hydrochemical interaction between surface waters and




O

groundwiters in a catchiment speaitically sited inowell-evpased graniie terrain,
using measurements of rain, stream and groundwater chemistry and isotopic
composition under low flow and stormtlow conditions,  Specific wins are to (i)
interpret compositional variations and mining refationships between shatlow
groundwaters sampled in boreholes in the SCRYV, (i1) determine the componenis
of storm runoft generated along the stream reach, and (i) compare the
hydrochemical and physical response to hydrologic stress in the SCRV.O A further
objective is to theoretically develop transient mass balanee methods for
interpreting chemical changes and determining stormflow components along a

stream reach und practically implement these methods using data in this thesis.

4. To use fracture and hydrogeologic data in constraining boundary
conditions for two- and three-dimensional steady state numerical simulations of
shallow groundwater flow in the SCRV. These models are aimed at (i)
determining the internal consistency of physical hydrologic measurements and (i)
to test inferences, based on physical hydrogeologic and hydrochemical responses
10 hydrologic stress in the SCRV, concerning the cffective size ol the area
contributing to stormtlow, and the shape and distribution of rechuarge and

discharge areus and shallow groundwater flow paths in the assumed catchiment,

This thesis attempts 1o integrate the ficlds of geology (augmented by
geophysics), hydrogeology and hydrochemistry within the field, luboratory and
numerical modelling components shown in Figure 120 The halhinarks of this
thesis are (i) the siting of this hydrologicsl investigation specifically within i well-
exposed granitic area, a setting which has previously received considerably less
attention thun areas underlain by porous media; (i) the development, analysis and

implementation of transient mass balance methods (based on o sircinm reach)
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which have the potential tor markedly expanding the range of hvdrologic settings
where mass balanee techniques can be applied, and @ii) the application of a
strongly multidisciplinary approach to a hydrologic study, in accord with recent
appeals stressing the value of this strategy (e.g Freeze, 1990; Church et al, 1990y,
The development and use of transient mass balance equations for purposes of
hydrograph separation along & stream reach under stormtlow conditions lias not
been done belore to my knowledge (see Scection 14.3) and can be considered the
key contribution to science in this thesis. 1t is recognized that in a
multidisciplinary thesis study there is an inherent risk that some study components
may not be developed to their fullest potential. However, the benefits of an
integrated, broad-basced understanding of the study arca are considered to
outweigh possible limitations in detailed scope. "The current level of
understanding of the geology and physical hvdrageology of the SCRV are
considered adequate 1o make at least a preliminary interpretation of the

hydrochemistry and overall response to precipitation in the SCRV,
1.3 Thesis organization

This thesis is subdivided into six chapters. Chapter | presents i
background to this study, detuiled thesis objectives and organization, and previous

work relating to the multi-disciplinary components of this work.

Chapter 2 describes the geology and tracture geometry within the Holyrood
pluton and in the SCRV, based on regional and detailed geologic tield mapping,
scanline fracture surveys and core logging in the SCRV. Arcul variations in

fracture geometry are compared at macroscopic and miesoscopic scales in order to

place the SCRV in u regional structural geologic context. Cluster analysis

techniques are used to deiine subvertical fracture sets in the SCRV for turther
detailed statistical analysis. “The brittle deformation history of the pluton and

factors influencing the variability of fracture geometry are discussed, ind




hydrogeological implications of the bedrock structures in and around the SCRV
are presented. Dati in this chapter constitute a geologic structural framework for
interpreting physicel hydrogeology and hydrochemistry daty and for constraining

numerical modcels of groundwater flow in subsequent chapters.

In Chapter 3, the physicul and hydrogeological setting of the SCRV is
described along with the basis for treating the area as a hydrologic catchment.
Detailed physical responses of groundwater and surface water to hydrologic stress
in the SCRV are presented and interpreted, based on field measurements of
rainfall, streamflow, scepage fluxes and piezometric levels. Correlations between
the surface water and groundwater responses are evaluated and three-dimensional
variations of hydraulic head during hydrologic stress are discussed. Physical
mechanisms of groundwater response to precipitation are proposed which are

consistent with the geologic framework presented in Chapter 2.

In Chapter 4, the hydrochemical and isotopic (oxygen-18 and deuterium)
responses of rain, stream and groundwaters in the SCRYV to hydrologic stress are
deseribed and interpreted. Transient reach mass balance methods are developed
and implemented in this chupter. Groundwater mixing patterns are investigated
in an effort to constrain input parameters for these methods. Results and
limitations of hydrograph separations for two major storm runoff events in the
study arca are discussed. The compatibility of both physical and hydrochemical
responses o precipitation in the SCRV, based on results from Chapters 3 and 4,

are evahuated at the end of Chapter 4.

In Chapter 5, the mput parameters for numerical models are developed,
boundary conditions are described and results of two- and three-dimensional
steady state simulations of the groundwater flow system in the SCRV are
presented and interpreted. ‘These results are used 1o evaluate the internal

consisteney of seepage [un und piczometric measurements in the SCRV, to
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determine the shape and location of recharge and discharge zones in the assumed
catchment, and to infer the intluence of major Iractures on the shallow

groundwater tflow system in the SCRV.

Chapter o is a summary of this thesis and its principal conclusions,

A series of appendices present the following supplementary mformation:
- procedures, analytical techniques and results for various field methodologics
used in this thesis,
- construction details for field instrumentation,
- a derivation of the reach mass balance equations and i discussion of therr
implementation (both in the SCRV and in other secitings), and,

- details of computer codes used in this thesis.

1.4 Previous work

Prior to work for this thesis, there were no geological or hydrogeological
studies dealing specifically with the SCRV. 'The previous work presented below s
subdivided according to the broad components of this thesis. “Fhe contributions of
some of these studies and other picces of work are discussed further in the

appropriate parts of this study.

1.4.1 Geology of the Holyrood pluton

The regional geology of the Holyrood pluton was deseribed by Rose

(1952), McCartney (1967) and King (1982, 1988), with the petrology of the

intrusion investigated by Hughes (1971), Strong ct al. (1974) and Strong and
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Minatides (1975). Recent age dates bave been reported by Krogh et al. (1983).
Regional geophysical surveys indicating the thickness or extent of the pluton have
been presented by Weaver (1967), Flodych and Weir (1972), Miller and Pittman
(1982) and Miller (1983). Models for the tectonic and petrogenetic history of the
pluton bave been proposed by THughes and Brueckner (1971), King (1982) and
(' Brien ct al. (1983). However, the present study presents the only detailed

analysis of [racture patterns and brittle deformation history within the pluton to

date.

1.4.2 Churacterization and hydrogeological significance of fracture geometry

I'racture survey techniques using scanline methods at surface outcrops or
underground drift wall mapping have been described by a variety of workers, e.g.
Hudson and Priest (1979), Priest and Hudson (1981), Roulcau et al. (1981),
LaPointe and Hudson (1985). Survey techniques used in this study are an
amalgamation of these methodologies and International Socicty for Rock
Mechanics (ISRM, 1978) guidelines. Borehole impression packing methods used
here were adapted from those of Barr and Hocking (1967). Borehoie fracture

logging and reorientiation methads have been described by Goodman (1976) and

Gale (1981).

Studices dealing with sources of error aftecting fracture surveys and the
various methods of correction for these crrors include Ferzaghi (1965), Cruden
(1977), Baccher and Lanney (1978), Buecher (1980), Baecher and Einstein (1981),

and Priest and Hudson (1981).

Recently, there has been a growing number of studies dealing with
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statistical analysis of fracture geometry for hydrogeological purposes, e Doce, ¢t
al. (1982), Gale and Rouleau (1983), Roulcau (1984), Lal’ointe ot al. (1984),
LaPointe and Ganow (1984), and Gale et al. (1987). Definition of systematic
fracture sets by orientation s a fundamental step tn proceeding with these types ot
stadistical analysis.  Various methods for defining fracture seis have been
proposed, including visual obscrvation of fracture pole clusters an stercoplots (e
Turner and Weiss, 1963; Phillips, 1972), visual obscrvation aupmenged by
designution of linear set boundaries on stercoplots (e.g. Roulcau, 1984), or a

numerically-based clustering approach based on a mode analysis (Shanley ind

Muhtab, 1976). An up-dated version of the clustering algorithm (for personal

computer; Gillett, 1987) was used in this study.

Variability of fracture geometry (i.e. orientation, trace length, spaciig o
fracture frequency) in crystalline rock terrains has been discussed in the contest ot
defining fracture domains, describing influences of lithologic chianges or mujar
structures on fracture patterns, or describing variations of fractuse patterns with
depth by Stone (1980), Dugal ct al. (1981), Mahtab and Yepulalp (1984),
Seeburger and Zoback (1982), Stone et al. (1984) and Raven and Gale (1986).
Brisbin (1980) and Segall and Pollard (1983) have discussed the onipin,

development and nomenclature of joints in granite.

The hydrogeotogicul significance of fracture geomctry in crystalline rocks
has been well-documented in studies characterizing equivalent continuous potous
medium directional permeabilities based on discrete fracture data (egp. Snow,
1969; Gale, 1982} < cloping stochastic fracture networks for numerical fhund tow
modelling (e.g. Lony <t al, 1982; Rouleau, 1984), ar describing porosity

characteristics of fractured granites (¢.g. Knapp, 1975; Gale ct al, 1957).
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Variation of permeability in erystalline rocks with depth (Davis and Turk, 1964;
Snow, 1908; Raven and Gale, 1977) has been attributed to decreases in fracture
density, aperture or size with depth (Gale und Rouleau, 1986). Correlations
hetween permeability and fracture frequency have been discussed by LaPointe
and Ganow (1984), 1 aPointe et al. (1984) and Gale and Rouleau (1986). Gale
(1982) presents a useful overview of permeability characteristics in fractured rock
and discusses influencing factors other than fracture geometry, such as in situ

stresses, distribution of fracture aperture and degree of fracture interconnection.

1.4.3 Catchment responsc to hydrologic stress

A wide varicty of hydrograph separation studies using chemical and stable
isotope (deuterium and oxygen-18) tracers have indicated the importance of "oid
water” (i.e. stored in the subsurface prior to a storm event) during storm flow (e.g.
Dincer et al., 1970; Sklash and Farvolden, 1979; Bottomley et al., 1984; Hooper
and Shoemaker, 1986; Kennedy et al, 1986). Approaches to determining more
than two stormflow components (i.e. old (groundwater) and new (event) water)
have relied on direct determination of additional flow components (e.g. DeWalle
ct al., 1988; Swistock et al., 1989). Genereux and Hemond (1990) presented a
three tracer method, using naturally-occuring radon-222 and two injected stream
tracers, for determining the components of lateral inflow to a stream reach at low
flow under steady-state conditions.  While their approach produces a composition
for Lateral inflow to a stream reach, similar to the type of results produced by a
mass balance method discussed in this thesis (bulk inflow analysis), their
presentation did not extend to transient hvdrologic conditions during stormflow, as

is done in this thesis, To myv knowledge, there have been no previous studies

utilizing transient mass balance equations for purposes of hvdrograph separation
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along a stream reach under stormtlow conditions, as is attempted in this stuay.

Hydrologic studies involving stream reaches have also included

investigations of in-stream transport processes (e.g. McKnight and Bencala, 1990),

stream contaminant sedimentation (Berndtsson, 1990), groundwater/stream

interaction in semi-arid regions (Cooley and Westphal, 1974), and mathematical

steady-state models of rainfall-runoff processes along & reach (Dunne ecal, 1991).

Pinder and Jones (1969) reported increases in solute concentration at successive

sampling points along a small stream in Nova Scotia, atiributing this to differences

in groundwater composition or discharge along the stream reach. Rodhe (1987),

as described by Wels et al. (1991), estimated time-varying compositions of

groundwater contributing to streamflow, within a finite groundwater reservoir

model under stormflow conditions using a trial and error technique with total

groundwater volume as the variable. Bencala ct al. (1987) used a steady-state

chemical mass balance equation to determine the chemistry of groundwater

inflows to a stream reach. Space et al. (1991) used deuteriuny in & (two-

component steady-state mixing model 1o estinate groundwater inflow to a stream

reach under drought conditions with no surface runofl. Yoneda et al. (1991) used

incremental radon-222 samples along a 20 km long stream recach to identify

locations of groundwater inflow zones to the strecam. Burt (1979) and Anderson

and Burt (1982) evaluated contributions of soil zone throughflow to a short (60

m) stream reach at the base of a grassy hillslope. By attributing hydrograph

features to different hillslope runoff mechanisms (initial overland flow, delayed

throughflow), they were implicitly treating the hillslope as a catchment area,

broadly similar to the way the SCRV is trcated in this thesis.

Hydrometric techniques have been used o identify the importance of near-
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surlace and subsurtace ow paths (e, Pilgrim et al, 1978; Sklash et al., 1986)
and principal physical runoff mechanisms, such as suturated overland flow in near-
stream areas (variable source areas), during stormflow generation (e.g. Hewlett
and Hibbert, 1967; Dunne and Black, 1970; Freeze and Banner, 1970). Ward
(1982) presents a uscful overview of runoff mechanisms and related terminology
lor simple headwater catchments, Prompt near-stream piezometric responses to
precipitation have been shown by Iee and Iynes (1978), Sklash and Farvolden
(1979) and Mulholland et ul. (1990), although the piezometers in these studies
were placed in overburden deposits and not in fractured granite as in this study.
lee (1977) and Lee and Cherry (1978) described techniques for measuring
scepage fluxes between shallow groundwater and surface water (ponds or
streamns). Variability of seepage fluxes have been investigated by Lee and Hynes
(1978), 1 e and Cherry (1978), Lee et al. (1980) and Krabbenhoft and Anderson

(1980).
[.4.4 Numerical modelling of flow systems in hydrologic catchments

There have been many previous studies in the numerical simulation of
groundwater flow and rainfall-runoft processes in hydrologic catchments and hill
slopes. Some examples are the works of Freeze (1971, 1972a, 1972b, 1980),
examining basetlow contributions 1o streamflow, and overland flow and variable
source ared runoff mechanisms and controlling factors; that of Sklash and
Farvolden (1979). using hypothetical watershed profiles to simulate the
development of their proposed near-stream groundwater ridge in response to
rainfalls and teic of Smith and Hebbert (1983), simulating the dynamic hydraulic
interaction between unsawrated and saturated zones within a hillslope soil zone.

Sucl studies have generally been generie, e, specific o no particular rock type or
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geologic terrain, or have utlized experimental catchments underfiin by porous

media,

More recently, {Tow system modelling studies have been conducted
specifically within fractured cryvstalline rock terrains (e Gaale et al,, 1987; Forster
and Smith, 19884, 1988b). Gale ctal, (1987) presented two- amd thiee-
dimensional, steady state simulations of regional groundwater flow around a test
mine in Sweden, using equivalent porous media permeability and porosity
characteristics developed from detailed studies at the mine o set input
parameters, and using measured groundwater inflows in the mine lor model
calibration. Forster and Smith (19884, 1988b) developed atwo-dimensional
coupled fluid flow and heat transfer model for groundwater tlow within

hypothetical mountain massits o investigate the influences of a wide range ol

topographic, geologic, climatic and regional heat flux factors. Aspects ot the

conceptual approaches of such studies in fractured low-permeability rock, c.p.
decrease of equivalent porous media permeability with depth and incorporation of
the hydraulic propertics of farge discrete fracture zones within that permeability
field, are also relevant in the SCRV and are included in namerical modelling

done in this thesis.
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CHAPTER 2

STRUCTURAL GEOLOGIC FRAMEWORK OF THE SEAL COVE RIVER
VALLEY AND SURROUNDING REGION

2.1 Introduction

2.1.1 General statement

Fluid flow properties of granitic rocks are predominantly controlled by the
nature and geometric variability of the fracture systems within such rock masses.
Variability of fracture gecometry commonly accompanies changes in lithology or
structural style, e.g. fracture orientations may deviate from regional patterns ncar
pluton contacts or vary with changes in regional fold style, and fracture density
may increase in proximity to major faults (e.g. Balk, 1937; Dugal et al, 1981;
Stone et al,, 1984; Raven and Gale, 1986). Hence, when a fractured rock mass is
described for hydrogeological purposes, it is important that the fracture system be
described in both a regional and local geologic context so that fracture-controlled
hydraulic properties, which are commonly determined at only a few Jocations, can

be extrapolated throughout the roek mass with a sound physical basis.

The purpose of this chapter is to provide such a physical framework for the
later components of this study by describing and interpreting the structural
geology and fracture geometry of the northern part of the IHolyrood pluton and of

the SCRV. "The northern part of the pluton is included in order to identify any




regional structural treads and thus better deseribe structures within the SCRY,
The general geology of the Holvrood pluton, and sources and limitations of data
used in this chapter are described immediately below, Descriptions of regional
and local fracture geometry within the pluton are then presented, focusing on
orientation, trace length, fracture frequency and fracture spacing, Procedures and
results for scanline fracture surveys, core logging, and correction of oricntation
bias in fracture surveys are presented in Appendices B, C and D, respectively. A
history of brittle deformation in the northern part of the pluton and the major
influences on variability of fracture geometry within the pluton are discussed.
Finally, hydrogeologicul implications stemming from these abservations and
interpretations are presented. Fracture characteristics bearing on boundary
conditions and input parameters for numerical modelling are readdressed in

Chapter 5.

2.1.2 Geologic setting of the Holyrood phiton

The SCRYV lies within the northern part of the late Precambrian Holyrood
Intrusive Suite (King, 1988) in eastern Newfoundlund (Iligure 2.1). ‘The pluton
crops out discontinuously over an area of approximately 60 km x 20 ki (King,
1980) and is inferred to extend beneath Conception Bay (Miller, 1983) for a total
area of about 1340 km% Gravity modelling infers that the northern part of the
pluton is at most 1.8 km thick (1lodych and Weir, 1972; Miller and Pitunan,
1982), hence hus the form of a large laccolith or sill (width-1o-thickness ratio

approximately 10:1). The pluton consists mainly of medium-grained, massive, pink

to grey granite with minor aplite and felsite dikes, and lesser medinm-grained

quartz monzonite, quartz diorite and gabbro. In the SCRV, bedrock consists

primarily of massive pink granite and Jesser felsic and mafie dikes. Pritnary mafic
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minerals in the granite are altered to secondary minerals, mainly chlorite, while
the feldspars are partly altered to ¢lay minerals, such as kaolinite. Krogh et al.
(1983) determined a U/Pb (zircon) age date of 620 (+2.2, -1.7) Ma for granitic

rocks in the pluton.

The pluton intrudes multiply-deformed voleanic, voleaniclastic and related
sedimentary rocks of the late Precambrian FHarbour Main Group and is
noncomformably overlain by tilted middle to late Cambrian sedimentary rocks of
the Adeytown Group (King, 1988) ncur the Conception Bay coast (Figure 2.1).
Abundant volcanic roof pendants in the northcrn part of the Holyroad pluton
(Hughes, 1971) indicate that the present erosional surface coincides approxinately

with the emplacement roof of the intrusion. .

Wisconsinan glaciation in this region formed a series of linear valleys
trendine northwards toward Conception Bay (Henderson, 1972). ‘The valley toors
are typically covered with quartzo-feldspathic drift with gramitic boulders while the
ridge crests are eroded, showing ice crosion features such as striations, chatter
marks and roche moutonee. The drift is likely derived from the pluton, as glacial
transport distances on the Avalon Peninsula are typically less than | km (1.

Liverman, pers. commun.).

2.1.3 Data sources and limitations

Geological and fracture data for this thesis were obtained by 1) air photo
analysis, 2) outcrop mapping, 3) scanline fracture surveys and 4) logging of
reoriented core. ‘The aims, gencral methods of collection, and limitations of these

data are discussed below,
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Analysis of air photos (1:12,500-scale in colour) and outcrop mapping data
documented the occurrence, orientation and general character of macroscopic and
mesoscopic structures. ‘To minimize crrors in determining lineament azimuths on
the air photos, only lineaments 75 m long or longer were used for air photo
analysis.  Because most outerops in this region are less than 25 m across, this
means that very few fractures between 25 m and 75 m long were directly observed
in this study. To avoid mistaking glacial features for true fracture lineaments,
only linecaments exposed in and cxtending from bedrock areas were used. Ground
truth checking indicated that these types of lineaments represent actual fractures.
Fracture lincaments within the Holyrood pluton generaily have amplitude-length
ratios of less than 0.02 indicating, by their lack of deflection around topographic
contours, that the underlying fractures are subvertical (Ragan, 1973). Large
subhorizontal fractures do occur (visible at road cuts and hillside exposures), but
are not recognizable on air photos, hence were not included in the air photo
analysis. In addition, azimuth comparisons for lincaments are qualitative only, as

discussed below.

Detailed geologic mapping (at 100 outcrops across the pluton; 52 in the
SCRYV) was carricd out to document lithologic contact relationships and general
fracture characteristics, such as dominant orientations, termination styles, infilling

mineralogy, relative ages, and sense and orientation of fault displacement.

Following geologic mapping, scanline fracture surveys were conducted at a
33 sites across the pluton (nine in the SCRV area) 10 provide a
data base for statistical fracture analysis. Most survey sites were located on
glacially-denuded hilltops. This preferential use of hilltop exposures may have

resulted inan under-sampling of fault zones and associated dense fracturing,




which are commonly located in morphological depressions (e.p, Raven and Gale,
1977). The degree of this type of sample biax in the SCRV is unknown, bt is
probably not significant stnce a range of hilltop. hill slope and valley bottom

exposures are combined to form the SCRV scanline fracture data set.

The representiveness of the scanline methods used in this study was tested
by mapping all of the fractures within a 20 m x 20 m test outcrop (survey site 7),
then applying normal scanline techniques and comparing the results. Stercoplots
for the fracture population and the scanline sample (Figures 2.2 o and b,
respectively) have nearly identical patterns and relative pole cluster densities,
suggesting that the scantine methods provided a representative sample at this site

and, by inference, at the other survey sites.

Scanline data from site 7 were also used to 1est the effects of scanline
orientation bias (Terzaghi, 1965; see Appendix D), which is caused by inadequate
sampling of fractures making small angles with a sampling line. I'ractures within
about 25° of a sample line are said to fall within a "blind zone” where sampling is
effectively nil. Stercoplots of uncorrected and corrected scanline data from siie 7
(Figures 2.2b and 2.2c¢, respectively) are nearly identicul, with very few new
fracture orientations generated by the correction algorithm (< 9% of uncorrected

total). This is attributed to the practice used here of laying out scanlines

perpendicular to the principal fracture scts and pooling the dati so that fractures

in blind zones for single scanlines (indicated in Figure 2.2¢) are sampled by the
other scanline(s). Bascd on these test results, the effects of orientation bias on
the saumpling of steeply dipping fractares at site 7, and by inference at other

scanline survey sites across the pluton, are considered to be neghgible.
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(a) Population
(n = 292)

(b) Uncqrrected (c) Corrected
scanline sample scanline sample
(n = 57) (n = 62)

L) Scanline orientation

Figure 2.2 - Equal-area, lower hemisphere stereoplots of fracture orientations at a
test outcrop (site 7); (a) total fracture population; (b) scanline data (scanline
orientations shown as solid circles); (c) scanline data corrected for orientation bias
(described in text). All plots constructed using the same contour function
increment (0.1) using methods of Fisher et al. (1986).
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Since the survey outcrops were (Tat-lving (dips less than 200, subhorizontal
fractures were inherently under-sampled by scanline methods. Because of this,
subhorizontal fracture characteristies were estimated using direet observations
vertical exposures and core fracture measurements. Subsurface lracture
orientations were determined by reorienting core from inclined boreholes H2 and
H4 in the SCRV (Appendix C). However, it was not possible to reorientate all of
the core from these holes due to gaps in recovery caused by lost or ground core
during drilling. In addition, the uncertainties i core fracture orientations are
large (estimated to be + 10" or more in dip magnitade and dip direction)
compared with more precise scanline fracture measurenients (+ 29 for subvertical
fractures at flat subhorizonlal outcrops). IFor these reasons, scanline data were
used exclusively here for defining subvertical fracture sets and in the statistical

analysis of fracture geometry.

2.2 Fracture geometry within the Holyrood pluton

2.2.1 Structural framework of the pluton

The Holyrond pluton and the volcanic host rocks of the Harbour Main
Group form the core of the Conception Bay anticlinorium (King, 1988), a major
north northeast-trending tectonic feature in the eastern Avalon Zone of
Newfoundland. This setting and the occurrence of tilted sedimentary rock units
above the granite suggest that the pluton itself may be warped.  As possible

evidence of this. the northeast-trending longue of volcanic rocks, sited cast of the

SCRYV (Figure 2.1), may represent a synformal erosional remnant of volcanic roof

rock.
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‘The misjor brittle structures in the region are north-trending, subvertical
faults (e Topsail Fault, Holvrood Fuauolt, Duffs Fault: Figure 2.1) which are
interpreted o bound and predate intrusion of the pluton (King, 1988; A. King,
pers. commun.). Within the pluton, hrittle structures include a full range of fault
and shear zones, shear joints, tension gashes, veins, and sheeting fractures
(collectively referred to here as fractures). ‘These structures were formed during
cmplacement, tectonic deformation, and uplift and erosion of the pluton, with
ages ranging from Precambrian to Recent times. In outcrop, the tectonic
fracturcs commonly display strain transfer zones, en cchelon patterns and arcuate
horsetail terminations, which are used to indicate relative senses of shear, Plates
2.1 and 2.2 show typicul fructured outcrops in the granite. [Fracture apertures
were visually estimated to be fractions of a millimeter for tectonic fractures, and
up to 10 mm or more lor sheeting fractures. Quantitative measurement of
fracture apertures and their variability was not within the scope of this study.
Faults and fracture zones in outcrop are typically less than one meter wide,
without densely fraciured adjacent halo zones, and contain angular breccia or
comminuted brittle fault gouge. Ductile strain is rare in the pluton, limited to

mineral alignment and shearing within cognate mafic inclusions in the granite.

Regional fracture geometry in the pluton is described below, focusing on 1)
macroscopic fracture patterns (from air photo lineament analysis), 2) mesoscopic
fracture orientations (from scanline data), for comparison with macroscopic
fracture patterns, and 3) trace lengths and fracture frequencies (also from scanline
data). for assessing regional trends in fracture size and abundance. Following this,
detailed analyses of tracture orientation, trace length and spacing are presented
for the SCRYV, and geometric variations within the SCRV are compared with

regional trends.




2.2.2 Regional fracture geometry in the Holveood pluton

Air photo lincaments

The distribution o Sacture lincaments in the notthern part of the pluton i

shown in Figure 234, wlong with a grid of LS km a2 ki subarcas used for

comparison of lincament azimuths in Figiire 2.3b.
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Plate 2.1 - Outcrop in the Holyrood granite pluton showing undulating
subhorizontal sheeting joints. Apertures in such joints are commonly open, with
gaps up to 10 mm or more. Note the active water seepage from the horizontal
joints on the rock face. The person is holding a meter stick for scale.
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Plate 2.2 - Traces of typical subvertical fractures in the granite. Apertures in such
subvertical fractures in the pluton are commonly microscopic. Differential erosion
has resulted in minor surface depressions marking these fractures. Marker pen is

12 ¢cm long.
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Figure 2.3 - (a) Distribution of air photo lineaments across the northern part of the
Holyrood pluton (solid, fracture lineaments; dashed, soil morphological or vegetation
lineaments). Grid of 36 subareas (italic numbers) used for azimuth comparisons in
(b). Numbered circles are scanline survey sites. The SCRYV is located in subarea 16.
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Figure 2.3 - (b) Azimuthal rose plots of fracture lineaments in subareas shown in (a).
"ND" refers to no fracture lineament data for subareas 28 and 35.
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Ahroughout the pluton, where lineaments extend from bedrock exposures into
covered areas, they display morphological expressions such as small scarps, narrow
valleys or subtle changes in vegetation pattern. The lincaments are generally
short, with a mean length for all data of only 177 m and a maximum length of
only 1750 m. Preferred lincament azimuths are toward the northeast (030°), east
(1007), and southeast (1607). Two or all three of these preferred azimuths are
developed at locations widely distributed around the pluton (i.e. subareas 1, 4, §,
O, 11,12, 16, 18, 19, 20, 21, 30 and 34; Figure 2.3b), suggesting that the faults or
fracture zones underlying these lincaments have generally consistent orientations
throughout the pluton. Mean lincament lengths in the subareas in Figure 2.3 are
also unilorm, ranging from 100-250 m (except in subareas 16, 22, 25 and 26 where
mean lengths range from 375-488 m). This general uniformity of lineament
geometry is important for interpreting the brittle deformation history of the pluton

and comparing fracture geometry at different scales, as discussed below.

FFracture lincaments generally trend parallel with the northerly-trending

pluton contacts and lithologic boundaries in the region and visibly cross lithologic

contacts only in a few isolated areas (e.g. subareas 30, 32 and 33; Figure 2.3).
Subareus 6, 18, 22, 25 and 32 also show development of contact-parallel
lincaments within volcanic host rocks, up to 300 m from the pluton contact.
Lincaments in subarca 15 occur parallel to a family of northeast-striking basalt
dikes which intrude the granite. The influence of lithologic contacts on fracture

geometry in the pluton is further discussed below.

Mesoscopic fracture orientations

Figure 2.4 shows stereoplots of poles to fractures measured by scanline
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Figure 2.4 - Equal-area, lower hemisphere stereoplots of fracture orientations
measured at 33 scanline survey sites (open circles) across the northern part of the
Holyrood pluton. All plots constructed using the same contour function increment
(0.1) using methods of Fisher et al. (1986).



surveys across the Holyrood pluton. Data from all sites (except site 13) show
clear modes and are non-random st 5% (or less) significance level, as indicated by
a series of randomuess tests conducted as part of the cluster analysis techniques
(Gillett, 1987) used here. Combined fracture orientation data (inset, Figure 2.4)
show preferred strikes to the north, northeast and 1o a lesser extent to the
southeast, which correspond witl the preferred azimuths of composite fracture
lincament data (Figure 2.3b). As with the fracture lincaments, mesoscopic
fractures display consistent orientations at locations widely distributed around the
pluton (i.c. sites 8,9, 11, 15, 16, 17, 18, 33, 34, 38, 44 and 49). This suggests that
both macroscopic and mesoscopic fractures developed with similar and generally
consistent orientations throughout the pluton. Regional fracture orientations are
further discussed below in describing a regional deformation mechanism for the

narthern part of the IMolyrood pluton.

Data from individual scanline survey sites also show varying effects of
changes in lithology on local fracture orientations. For example, at site 9 (Figure
2.4), fractures overprint a diffuse granite/volcanic contact zone and cross the zone
at an oblique angle without deviation from the regional trends. At sites 26 and
27, subvertical fractures strike dominantly to the north-northwest, also at high
angles to granite/granodiorite contacts within the pluton to the northwest and
granite /volcanic contacts to the southeast. These cases suggest that lithologic

changes in and around the pluton may not strongly influence local fracture

orientations.

The mfluence of simple faulting on local fracture orientations is displayed
at site M, situated between two northwest-trending faults which lie approximately

100 m apart. There. subvertical fractures strike dominantly east-northeast and are




parallel with short fracture incaments extending between the faulis, Fhe
mesoscopic fractures and short lincaments are Hkely part of an envelope of
parasitic fractures or cross faults between the Jarger faubis. At nearby sites 30 and
33, east-northeast fractures are only weaklv to moderately developed, supporting

the assertion that tracture orientations at site 34 are focullv fault-controfled,

Influences of complex structural and hithologic changes at outerop seale are
shown by fracture data from site 13, where volcunic rocks contain structurally
intercalated granitic and granodioritic rocks along a series of local high-angle
faults. At site 13, fractures are random at the S% significance level which hikely
reflects the lumping of fractures from a number of diverse small structoral

demuains within the outcrop.

Fracture trace lengths and frequencies

Figure 2.5 shows contours of bulk fracture trace length determined trom
scanline survey data across the pluton. Bulk trace tength is the average of all
trace lengths measured along all scanlines at a particulur survey site and 18 used
here to infer regional variations in average mesoscopic [racture size. “lrace
lengths for individual fracture sets in the SCRV arce described further below. “The
distribution functions of bulk trace length and bulk racture frequency, as used
here, are unknown. Average values for these terms are used here primarily to
show relative differences across the northern part of the pluton. Contours on
both Figures 2.5 and 2.6 were computer-generated with the SURE graphics

package, using a conventional approach involving the weighted average of control

points to generate a contouring grid.  Contours on Figures 2.5 and 2.6 which trend

perpendicular to the north and cast pluton contacts are artifacts of the contouring

process caused by sparse data and are ignored.
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Figure 2.5 - Contour map of mean bulk trace length for all scanline survey sites
across the pluton. Contour interval is 0.5 m. Sites labelled by circled numbers are

referred to in text.



Bulk trace lengths in Figure 2.5 vary from 0.79 m (aite 1) to S35 m (it
34). with an average for all sites of 237 m. The bulk trice lengths range
consistently around 2-3 n1 i the western part ot the study area, but are more
variable to the east. For example, bulk trace Tength drops Trom over 5.5 magsite
34 to less than L8 m at site 33, less thun 1T km away. Tack ol pronounced
lithologic changes between arcas of abrupt bulk trace length variation in the
eastern part of the pluton suggests that these variations are structurally controlled,
possibly due to proximity of the Topsail Fault (Figure 2.1). By contrast, the
contour pattern around sites 9, 11 and 13 in Figure 2.5 appears to be concordant
with the pluton contact suggesting that trace lengths there may be controlled by

lithologic changes in the granite (e.g. finer grain sizes) near the diftuse contact,

Figure 2.6 shows contours of bulk fracture frequency determined from
scanline survey data across the pluton. Bulk fracture frequency was determined
by dividing the total number of tractures measured at a particular site by the total
scanlinz length, and it is used here to infer regional viriations in average tracture
density. This usage of bulk fracture frequency (and bulk trace length above) is
similar to the approach used by Stone (1980) and Stone et al. (1984) 1o assess
regional fracture characteristics in a granitic pluton. Fracture frequency for

fracture sets in the SCRYV are described in terms of spucing below.

Bulk fracture frequencies in Figure 2.6 range trom 0.94/m (site 1) to

4.92/m (site 54), with an average for all sites of 221 fractures per meter. Bulk

fracture frequency tends to vary inversely with bulk trace length across the pluton,
This inverse relationship is expectable since where fracuure density s high,
fractures will tend to more commonly abut cach other leading 1o shorter averape

trace lengths.
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Figure 2.6 - Contour map of mean bulk fracture frequency for all scanline survey
sites across the pluton. Contour interval is O.§/m. Sites labelled by circled numbers

are referred to in text.
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2.23 Tracture geometry in the Seal Cove River valley

Macroscopic and mesoscopic fracture_orientations

Figure 2.7 shows fracture orientations in the SCRV compiled from air
photo, outcrop mapping and scanline survey data. The fracture systenn is
dominated by subvertical strike-slip faults and large fractures striking mainly to
the northeast (025°), east (105°) and southeast (155) and which are traceable as
air photo lineaments. Preferred azimuths for fracture lincaments in the SCRV
(rose diagram in Figure 2.7; also subarea 16 in Figure 2.3b) arc very similar 1o
those for combined lineament data across the pluton (rose diagram in Figure
2.3b). Field evidence for both Ieft-lateral and right-lateral senses of strike-slip
fault motion includes common subhorizontal slickensides and polished fracture
surfaces (both in outcrop and in core) and orientations of mesoscopic Ricdel
shear fractures. Riedel fracture sets, indicating left-luteral dominantly strike-slip
displacement sense, were observed in the SCRV around north-trending
macroscopic fractures in at least three locations. In addition, en echelon fracture
patterns, "horse tail” feather fractures, and en passant transfer zones in outcrop all
indicate that strike-slip motion is the characteristic displacement style for

subvertical fractures in the SCRV.

Three subverticul fracture sets were defined with scanline fracture data in
the SCRYV using the cluster analysis techniques of Gillett (1987). With this
approach, fracture pole clusters are defined by minimizing an abjective function
which depends on angular deviations of poles within clusters and of mean poles
between clusters. Threc to seven unimodal clusters were delined for data scts

from each of the nine scunline survey sites around the SCRV, for a total of 30

clusters (Table 2.1). An cigenvalue ratio plot (after Woaodcock and Naylor, 1953
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Figure 2.7 - Summary of fracture orientations in the Seal Cove River valley
compiled from air photo, outcrop and scanline mapping data. Equal-area, lower
hemisphere stereoplots of poles to scanline fractures were all constructed with the
same contour function increments (0.1) using methods of Fisher et al. (1986);
orientations of scanlines shown as solid square points on the plots.



Table 2.1 - Summary of results of cluster analysis of scaniine fractures in the Scal
Cove River valley. Mean trend and plunge refers 1o poles to fractures in the
clusters.

Cluster Survey Mecan Mean Cluster Survey Mean Mean
number site  n  trend plunge oumber site n trepd  plunge
1 16 6 1506 ) 10 21 35 88 lo
2 16 32 265 11 17 44 21 210 6
3 16 20 132 0 18 4 10 3o 17
4 16 37 195 | 19 44 21 13 32
5 17 12 203 1 20 44 94 289 17
6 17 36 318 11 21 49 25 155 14
7 17 30 263 23 22 49 45 271 9
8 18 18 0 17 23 49 16 IS RA
9 18 76 289 12 24 S4 18 8o 16
10 81 14 198 8 25 sS4 11 132 bt
11 81 31 273 18 26 4 34 356 2
12 19 7 155 9 27 S4 12 16 1
13 19 26 279 4 28 S4 9 23 9
14 19 22 237 16 29 54 66 301 I8

15 21 45 255 14 30 413 290 49




38

shows that these custers are weak o moderately strong (IFigure 2.8a). Figure
2.%b shows  stercoplot of the mean paoles of all the ¢lusters defined in the SCRV.
Fracture sets | 2 and 3 were visually assigned to groupings of these mean poles.

Fractures in the clusters assigned to o particular set were then pooled for further

stitistical analysis. Six clusters (numbers 14, 18, 23, 24, 28 and 30) do not readily

fit into these groupings. Of these, four clusters (18, 23, 28 and 30) are small (n =
6-16) and the other two clusters (14 and 24) belong to separate survey sites.
Henee, no one survey site has fractures which differ systematically and in large

numbers from the overall pattern in the SCRV.,

The mean poles for combined fractures in sets 1, 2 and 3 have trends and
plunges of 273/14 (sct 1), 193/5 (set 2) and 126/10 (set 3). Comparison of
stereoplot contour patterns and modal concentrations for survey sites around the
SCRYV (Figure 2.7) shows that all three subverticul fracture scts occur throughout
the study area, with variation in the relative dominance of sets but only minor
variation in sel orientations.  In addition, the mean set orientations correspond
with preferred fracture lineament azimuths in the SCRV (Figure 2.7) and with the
regional combined mesoscopic (Figure 2.4) and combined macroscopic (Figure
2.3b) fracture patterns. These similarities are used to infer that there has been no
obvious reorientation of the fracture system in the SCRV (e.g. due to folding or
fault reactivation) compared with the regional fracture system. The significance

of tocul and regional similarities in fracture geometry is further discussed below.

Figure 2.9 shows stereoplots of subsurface fracture orientations for
borcholes 2 and L4, with data subdivided in 10 m increments.  Collar locations
for all SCRV boreholes are shown in Figure 2.7; borehole orientations and depths

are summarized in Appendix G (Table G1). Subvertical fracture orientations in
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Figure 2.8 - (a) Eigenvalue ratio graph (after Woodcock and Naylor, 1983) for
fracture pole clusters determined from scanline data in the Seal Cover River valley.
S1, S2 and S3 refer to eigenvalues for mean pole of each cluster.
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Figure 2.8 - (b) Equal-angle, lower hemisphere stereoplot of the mean poles of
clusters determined for scanline data in the Seal Cove River valley. Fracture sets
assigned based on groupings of mean poles as described in text.



180 ‘uau : ©1
H4 30-40 m n=93 H4 40-50 m n=122 H4 50-61 m n=143

Figure 2.9 - Equal-area, lower hemisphere stereoplots of fracture poles for
successive ten meter segments in borehole H2 (a-f) and borehole H4 (g-1) in the
Seal Cove River valley. Plunge and trend of the boreholes indicated by bold
points on the plots.
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F12 (Figure 2.9 w1y are generally consistent in the upper 40 m and below 501,
with sterconet maodes in the south and cast-southeust quadrants corresponding
with sets 2 and 3. In H4 (Figure 2.9 g-1), northeasterly-striking subvertical
fractures corresponding with set 3 dominate throughout the hole, while fractures
corresponding with set T are conspicuous only between 20-30 m depth (Figure
2.91). In general, Figure 2.9 indicates the subvertical fractures can be reasonably
assigned to fracture sets defined using surface scanline data and tend to display
consistent orientations to depths of over 60 m, although there is variation in the
relative dominance of sets within and hetween holes similar to the areal variation
of fracture orientations between scanline sites. Subhorizontal fractures occur in
nearly all levels of 112 and 114, and dominate at 40-50 m depth in H2 (Figure

2.9¢). These subhorizontal fractures match field observations of sparse sheeting

jounts on the hillside in the SCRV, and collectively the subhorizontal fractures are

considered to form a fourth fracture set with an approximately vertical mean pole.
A more precise mean orientation is not determinable here due to the
uncertainties in core {racture orientations and lack of statistically valid sampling

of subhorizontal fractures by scanline methods (mentioned above).

Relative ages for subvertical fracture sets in the SCRV can be inferred by
associations of fracwire orientations with termination style. Termination style
refers to the manner in which a fracture ends (depicted schematically in Figures
2.10 a-d), i.c. both ends free: both ends abutting other fractures at high angles (-
junction); one end abutting another fracture at a high angle (T-junction); or one
end meeting another fracture at a low angle (splay). Figure 2.10b shows that
tractures showing ‘T-junction terminations most commonly occur in set 1.
Assiiming that younger [ractures abut older (pre-existing) fractures, this infers that

set 1 abuts and is relatively vounger than set 2 or set 3. However, 1H-junction
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EPIDOTE-BEARING FRACTURES QUARTZ-BEARING FRACTURES

Figure 2.10 - Equal-area, lower hemisphere stereoplots showing associations of
fracture orientations with fracture termination style (a-d) and mineral infilling
(e-f) for scanline data in the Seal Cove River valley.
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terminations (Figure 2.10¢) are shown by fractures in sets 1, 2 and 3, inferring that
subvertical fractures in the SCRV underwent essentially coeval formation, abutting
cach other during progressive propagation. This is consistent with the generally
coeval age relations shown by subvertical tectonic fractures throughout the pluton

(discussed below).

Kamineni et al. (1980) and Stone et al. (1984) have used fracture infilling
mincralogy in granitic rocks to distinguish fractures formed early in the cooling
history of a pluton, which contain high-temperature niinerals such as epidote,
quartz or chlorite, from later-formed fractures containing only lower-temperature
mineruls such as clays, gypsum or iron oxides. Figures 2.10e and 2.10f shows that
epidote and quartz tend to occur preferentially in fractures assignable to sets 2
aud 1, respectively, suggesting that these sets may have formed eartier than set 3.
However, the data in these two figures represent a very small proportion (< 2%)
of the total scanline data in the SCRVY, so this interpretation may be misleading.
Hematite and chlorite are nearly ubiquitous filling minerals in sets 1, 2 and 3,
supporting the interpretation hased on termination style above that subvertical
fractures formed coevally in the study area. It should be noted that clayey fault
gouge or fracture infilling is rare within the SCRV, both for surface and
subsurface fractures (see Appendices B and C). Only one fault with clayey gouge

was encountered (iong borehole 13; Figure 2.7).

Fraciure trace lengths

In order to analvze trace lengths statistically, it is important to address
sampling biases which may be present, such as censoring bias, truncation bias and
sive bias (e.e. Baecher and Lannev, 1978; Rouleau, 1984). Censoring bias occurs

where one or both ends of a trace are unexposed, leading to underestimation of
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mean trice length, Truncation bias occurs where trace lengths less than a eertain
minimum measured length (here set o 0.5 mfor expedieney of ficld
measirements) are ignored, lewding to overestimation of mean trace length.
Hence, truncation and censoring biases tend to offset cach other, Trace length
statistics presented below (Table 2.2) have been corrected for censoring and
truncation bias following the methads of Rouleau and Gale (1983) and Baccher

and Lanney (1978).

Size bias occurs where long fractures are preferentiatly exposed wd
intersected by scanlines (Priest and Hudson, 1981; Rouleau, 1984). The use of
semi-trace lengths, i.e. those on only one side of a scanline, has been proposed 1o
more accurately describe trace lengths where size bias is important (e.g. Cruden,
1977; Priest and Hudson, 1981). However, this approach assumes that semi-trace
lengths of the same fracture on opposite sides of a scanling are independent of
each other, which may not be physically reasonable, and requires a constant
censoring point, i.e. always at the same length vadue, whicli is not applicable to
irregularly shaped outcrops. In addition, it is unclear what effect the use of
semi-traces has on censoring and truncuation corrections. Finally, at all outcrops in
the SCRV area, small fractures fur outnumber major fractures suggesting that size
bias is probably not severe. For these reasons, and since there is no simple
method to account simultaneously for progressive censaring, truncation ind size
biases in exponential or log-normal trace length distributions (Roulewu, 1984), no

correction for trace length size bias hus been made in this study.

Figure 2.11 shows histograms of fracture trace lengths in the SCRV area,
compiled using pooled scanline data from all scanline sites (Figure 2.7). Results

were subdivided by subverticul fracture set and level of censoring (e, whether
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Figure 2.11 - Trace length histograms for scanline data in the Seal Cove River
valley subdivided by fracture set and level of censoring.
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Table 2.2 - Descriptive statistics of the distributions of trace length for cach
fracture set from combined scanline duta in the Seal Cove River valley.

STATISTICS SET | SET 2 SET 3
Total no. obs. 306 135 88
Mean (m) 2.30 227 1.71
St. dev. (m) 2.4 2.07 1.36
Maximum (m) 14.5 20.0 8.0
Sum length (m) 8424 3063 150.7
No. obs. with

censoring = 0 277 0S 40

ESTIMATES OF BIAS-CORRECTED PARAMETERS

Exponential model'

Mean (m) 2.54 421 3.27
Log-normal model*?

Mean (LN) 0.534 0.430 0.295

St. dev. (LN) 0.752 0818 0.076

Mean (m) 2.26 2.14 1.09

St. dev. (m) 1.97 2.08 1.29

! For exponential model, mean is equal to standurd deviation.

2 For log-normal model, mean (I.N) and st. dev. (IN) are of log-transformed trace
lengths,

3 Mean (m) and st. dev, (m) for log-normal model were caleulated for original
distribution from (L.N) values using methods described by Roulean (1984).
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one, both or no trace ends are exposed). “The left-skewed histogram shapes
suppest that exponential or fog-normal models can be fitted to the trace length
distributions. ‘Table 2.2 shows that for cach fracture set the arithmetic mean is
approximately equal to the mean estimated for a log-normatl distribution, while
the mean estimated for an exponential distribution is markedly greater. In
addition, the wndency in this case for set | to have the largest mean value and set
3 the smuallest is not shown by the exponential meuns. These differences are
attributed to a poor fit of the data with an exponential model, although no
goodness-of-fit tests have been done. Log-normal trace length distributions have
been previously reported for line-sampled fractures (e.g. Priest and Hudson, 1981,
Warburton, 19804, 1980b), and the likelihood of similar distributions for trace
lengths here sugpest that subvertical fractures in the SCRYV follow geometric

patterns typically observed in granite rock masses.

Trace length statistics were indeterminate for subhorizontal fractures in
the SCRV due to inadequacies in sampling (mentioned above). In another study
of fracture geometry in granitic rock (Rouleau and Gule, 1985), trace lengths for
well-exposed subhorizontal fractures (mapped on drift walls underground) had
similar statistical characteristics as subvertical fractures. However, lacking further
data, the statistical characteristics and distribution of subhorizontal fractures in

the SCRV remains unknown.

In un ctfort to determine arcal variations in average fracture length
around the SCRV, mean trace lengths for cach subvertical set at each survey site
were plotted (Figure 2.12). Figures 2,12 and 2.13 were computer-generated in
similar fashion as Figures 2.5 and 2.6 above. Due to the small number of control
points (V), these maps are considered to provide only general indications of areal

variation in fracture size. Figure 2012 shows that trace lengths vary smoothly
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Figure 2.12 - Contour maps of mean trace lengths at scanline survey sites in the Seal
Cove River valley, for fracture set 1 (a); set 2 (b); and set 3 (c). Contour interval is
0.5 m. Grid numbers refer to UTM coordinates.
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acrass the SCRV, with different contour patterns for cach set. Mean trace lengths
runge trom 1.12-2.83 m (set 1), 1.43-2.56 m (set 2) and 0.76-2.53 m (set 3), with
standard deviations of 1.5-1.6 m for all points (values for site 81 (Figure 2.12b)
and site 19 (Figure 2.12¢) discounted due to small numbers of data). Hence, the
arcal variation of mean trace length values for a given set and between sets falls
within two stundard deviations of the mean trace length value at any given site.
‘This suggests that trace length variations across the SCRV, both within and

between subvertical fracture sets, are not significant.

As a measure of fracture abundance within the SCRV, fracture spacing was
determined from scanline data using the relation S = d cos6, where S is fracture
spacing between adjucent members of a fracture set, d is the distance along a
sampling line between adjacent fractures in a given set and 0 is the angle between
the sample line and the mean pole of the set (alter Kiraly, 1970; ISRM, 1978).
Scanline raiher than core [racture data were used to compute spacings because
scanline survey sites were more widely distributed around the SCRV than the
boreholes, so that scunline data better represent areal variations in fracture
abundance, and because the available borehole fracture data were considered too

incomplete and imprecise for calculation of meaningful spacing values.

It is recognized that spacings determined from scanline data are biased to
some degree sinee fractures shorter than the minimum measured trace length (0.5
m here) are not included in spacing calculations.  However, the consistency of
fracture orientations and mean trace lengths between the survey sites suggests that
this spacing bias may be approximately unitorm across the study area. Hence,

scanline datain this study are used 1o indicate relative variations in spacing




S

charucteristics within the SCRV.

Figure 2,13 shows histograms of fracture spavcings in the SCRV e,
compiled using pooled scanline data trom all scanline sites (Figure 2.7) and
subdivided by fracture set. Table 2.3 shows descriptive stadisties tor these spacing
data and parameters for exponential, Weibull and log-normal theoretical models
of the empirical distributions. Kolmogorov-Smirnov D) statistios ((lable 2.3),
determined following the methods of Rouleau (1984), indicate that 1) an
exponential model fits sets 1 and 2 well, but docs not fit set 3 acall, 2) a Weibull
model fits the data moderately well, with levels of significance around 0.05 or
above, but 3) a log-normal model best fits the spacing data trom all sets, with
levels of significance greater than 0.20. Log-normal spacing distributions in
fractured granite has been reported by others (e.g. Roulean and Gale, 1989),
although exponential distributions have been most commonly reported for fracture
spacings (e.g. Mahtab et al,, 1973; Priest and Hudson, 1976; Wallis and King,
19%0; and others). This variability tends to support the assertion of Priest and
IHudson (1981) that parent distributions may vary with different rock types and

geologic settings.

As with trace length, spacing statistics were indeterminate for available
data on subhorizontal fractures in the SCRV. Direct observations at vertical
exposures indicate that spacings of subhorizontal fractures in the SCRV range

from 0.1-3 m, with an approximate mean spacing of 0.5 n.

Relative areal variations in fructure abundance across the SCRV were
investigated by contouring vilues of mean spacing for cach set at cach survey site

(Figure 2.14). The contour patterns in FFigure 2.14 vary smoothly scross the study
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Figure 2.13 - Frequency histograms for spacings between consecutive fractures of

the same fracture set, determined from scanline data in the Seal Cove River

valley.



Table 2.3 - Descriptive statistics of the distributions of spacing (SPACY and
log-spacing (LSPAC) for cuch fracture sct from combined scanline datiin
the Seal Cove River vulley

STATISTICS Set 1 Sct 2 See 3
SPAC  18SPAC  SPAC  L1SPAC SPAC I SPAC

Total No. Obs. 256 256 111 11 74 74

Mean (m) 048  -117 0.82 077 0R2 091
St. dev. (m) 0.49 0.90 0.92 LIS .17 1.4
Maximum (m)  2.58 0.95 5.30 1.67 SA43 1.oY
Minimum (m)  0.0] -4.65 0.0] -4.61 0.03 -3.51
Skewness 2.34 -0.36 2.35 -043 227 0.57

Weibull
Shape (c) 1.114 0.975 0.833
Scale (b) 0.498 0.730)

D-statistic
and [P(>D)]*

exponential (0.0609 0.0712 .2200
[>.20] [>.20] | <.01]
normal 0.0214 0.0400 01051
| >.20] [>.20] | >-.20]
Weibull 0.0762 0.0529 0.1415
[>.20]

*Results (significance level) of the Kolmogorov-Smirnov goodness-of-fit test for
the exponential, log-normal and Weibull models
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Figure 2.14 - Contour maps of mean spacing at scanline survey sites in the Seal Cove
River valley, for fracture set 1 (a); set 2 (b); and set 3 (¢). Contour mterval is 0.2
m. Grid numbers refer to UTM coordinates.
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area, with different patterns for each fracture set.. However, as in Figure 2013, the
range of mean spacing values within a given set Gdls within two standard
deviations of the meun spacing vidue at any control point. Based on these data,
there appears to be no significant variation of mean spactag for a given set aeross

the SCRV.

2.3 Discussion

2.3.1 Brittle deformation history of the lHolyrood pluton

To meaningfully interpret the fracture geometry for the pluton described
above and to infer hydrogeological characteristics for the rock mass in and around
the SCRYV, it is useful to describe the brittle deformation history for the northern
part of the Holyrood pluton. This deformation history is described here in terms
of 1) the evolution of the major faults bounding the pluton, 2) tectonic fracturing
after pluton emplacement, and 3) post-tectonic effects of uplif, erosion and
glaciation. Structures which are unlikely to significantly aftect fluid Mow within
the fractured granite, such as localized ductile deformation within mafic inclusions

or healed autobrecciation in the granite, are not considered.

The principal faults in the region, the "Fopsail and Duatts/Holyrood Faults
(Figure 2.1), are interpreted to bound the northern part of the Holyrood pluton
(King, 1988) and likely originated prior to intrusion of the granite. ‘These findings
are suggested by sedimentological differences in pre-granitic rocks cast and west
of the pluton, which infer a faulted upland sediment source, and also by the
likelihood that the faults acted as feeder conduits for the pluton (AF. King, pers.

commun.). Post-intrusion reactivation of these major faults is indicated by




offsets outined by the regional distribution of granite bodies and by the
displacement of scdimentary rocks younger than the pluton in areas south of the
study arca (King, 198%). The offset of Cambrian sedimentary rocks by the Topsail
Fault (Figure 2.1) also indicates a post-lowermost Palaeozoic fault movement.
This reactivation is significant in that it is interpreted to have controlled the
development of the regional tectonic fracture system within the pluton, as

desceribed below.

Tectonic fracture development within the Holyrood pluton can be related
to the accretion of rocks in castern Newfoundland onto the Appalachian Orogen
by left-lateral strike-slip motion during the Siluro-Devonian Acadian Orogeny
(Kent and Opdyke, 1978). Northwest-directed compressional stresses associated
with this event (King, 1982) are interpreted to have generated regional northeast-
trending folding in the Avalon Zone (e.g. Williams and Bursnall, 1988). These
stresses, acting obliquely on the pre-existing, north-trending boundary faults, are
interpreted here to have induced a regional, left-lateral shear couple within the

Holyrood pluton, leading to development of the tectonic fracture syst:m.

Evidence for this is shown in Figure 2.15 which summarizes the principal
oricntations, senses of motion and relative ages for fractures and faults across the

pluton. These fractures can be interpreted as a system of Riedel and secondary

P-shear fractures formed in response to left-lateral, bulk simple shear within the

pluton. Supporting this model, mesoscopic Riedel shear fractures were directly
observed adjacent to north-trending, left-lateral strike-slip faults in the SCRV,
Kinematic rekationships for this detormation model are shown in Figure 2.15
(inset) and have been deseribed tor other rock types and supported by clay model

studies (e.g. Tehalencho, 1968: Harris and Cobbold, 1984). Minor differences
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which exist batween the actual and expected fracture orientations (e.g. the
presence of cast-northeast- striking fractures at sites 1, 33, 34 and 36; Figure 2.15)
can be attributed to local deviations in the stress field or to rotation of

carly-formed fractures during progressive shearing.

Iracture age relationships (Figure 2.15), compiled assuming that younger
abut older fractures, indicate no consistent sequence of tectonic fracture
formation within the pluton, even though clay model studies (Tchalencho, 1968)
suggest that Riedel fractures tend to form prior to P-shear fractures. Field
evidence suggests that the many subvertical shear fractures in the pluton are
coeval, with fractures of diverse strikes commaonly crossing each other within the
same outcrop. This coeval nature is consistent with inferences from observations
of termination style and fracture infilling mineralogy, described above. Taken
together, these indicators suggest that shear fractures in the Holyrood pluton are

genetically related, formed as part of a single progressive deformation event.

Post-tectonic sheeting fractures in the pluton (including the subhorizontal
fractures in the SCRV) are attributed to release of vertical stress during uplift and
erosion (deseribed, for example, by Jahns (1943) and Johnson (1970)), probably
enhanced by cycles of loading and unloading due to glaciation. An alternative
hypothesis is that some of these fractures may have formed paraliel 1o the roof of
the pluton during emplacement (described, for example, by Balk, 1937).

[However, this interpretation is unlikely here since the subhorizonal fractures are
almost always dilatonal, commonly open (at surface exposures), totally devoid of
high-temperature minerals (e.g. epidote and vein quartz), and show no sign of
having undergone the tectonic shear event interpreted to have generated the

subvertical tracture system in the pluton.
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2.3.2 Influences on variability of fracture geometny within the pluton

Understanding the dominant influences on the variabilite ol fraciure
geometry within the northern part of the Holvrood plitoa serves 1) to further
define the structural setting of the SCRV, i.e. whether it is concordant with
regional trends or anomalous within the pluton, and 2) to link kev featres of the
brittle deformation history with inferences of current hydrogeological propertics of
the granite in the SCRV. Assessment of such influences is constrained in this
study by the density and distribution of fracture survey points, which is in turn
controlled by the extent of exposure. For example, detailed transects across
pluton contacts or major boundary faults were not possible,  In addition, the area
of most dense control (i.e. the SCRV) is underlain by homogencous granitic rock
and is distant from the major boundary faults. so is not well situated for

investigating lithological or structural controls on fracture geometry in the pluton.

However, within these constrainis and in the context of the deformaton
history described above, it is still possible 1o make the following main points

regarding variability of fracture geometry in the study region:

1) The lack of major lincaments over 2 ki long and the general consistency
of fracture orientations at macro- and mesoscopic scitles within the northern par
of the Holyrood pluton suggests that the pluton deformed as a contiguous rigid
body within a regional stress regime, without developing major contrasting
fracture domains. The lick of conspicuous, systematic shifls in regional fracture
orientations on either side of the narrow belt of volcanic rocks cist of the SCRV
(Figure 2.4) further indicates that any possible warping of the pluton is either very

mild or occurred prior to tectonic fracturing,
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2) Limited ficld evidence, coupled with the deformation model proposed
above, infers that deviations of fracture orientations from regional trends tend to
be localized (i.e. at scales of tens of meters) and principally controlled by the
presence of macroscopic faults. However, it is difficult to distinguish structural
from lithologic controls on fracture orientations in the northerp part of the
Holyrood pluton due to the dominant northerly trends of both faults and

lithologic contacts in this region.

3) The fracture system in the SCRV appears to be concordant with the
regional deformation pattern, at least in the western portions of the pluton. The
increased variability of bulk trace length and fracture frequency toward the
castern side of the pluton (Figures 2.5 and 2.6) indicates greater structural
complexity there than in the area immediately around the SCRV. As speculation,
this greater variability to the east may be due to irregular thickness of the pluton
there, leading to variations in fracture sizes and abundances due to local stress

concentrations during deformation.

1) Due 10 limited, shallow subsurface fracture data in this study (< 60 m

depth, in the SCRV only), it was not possible to correlate surface and deep

subsurface fracture orientations to determine how the fracture system may vary
with depth away trom the pluton roof (now approximately at the erosion surface).
However, the proposed model of regional strike-slip simple shear acting on the
thin, tabular and generally lithologically homogeneous northern part of the
Holyrood pluton infers that subvertical fracture orientations are likely to be
consistent from surtace to base of the pluton. "The shortness of air photo fracture
lincaments in the pluton (mean for all data of 177 m) suggests that these

macroscopic subvertical fractures terminate within the pluton, without forming
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major tectonic discontinuities (like the Topsail or Dutfs Faults) within the pluton.
2.3.3 Principal hydrogeological implicitions

The observation that major faults, likely to fully penetrate the Holyrood
pluton, are absent from the northern part of the intrusion implies that there are
no direct, high-permeability hydrologic conduits from the surface to host rocks
below the pluton. The relatively simple deformation history and fracture system
in the pluton, compared with the multiply-deformed (and presumably more
densely fractured) heterogencous volcanic host rocks of the Harbour Main Group,
suggests that the Holyrood pluton may act as a semi-confining hydrostratigraphic

unit within the regional groundwater flow regime.

In the SCRYV, the consisteney of fracture orientations at different scales
and from surface 10 depths of 60 m, and the luck of significant trace length and
spacing variability between survey sites implies that fracture-controlled hydraulic
rock mass properties (e.g. hydraulic conductivity) are likely to be developed in a
uniform manner around the study arca. Hence, for a first approximation, it is
reasonable to extrapolate hydraulic propertics, measured or determined at a few
points, to areas throughout the remainder of the SCRV. This is the approach

taken in the numerical simulations of groundwater flow in the SCRV (Chapter 5).

Within the SCRYV fracture system, dilational sheeting joints (commonty
with open apertures at the surface) and subverticul macroscopic fractures and
fracture zones (predominantly filled with brittle fzult brececia) are likely to be the
principal conduits for shallow groundwater flow (i.e. to depths in the range of tens

t0 a few hundred meters). ‘The fault along borchole 113, marked by a shart (75
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m) hncament (Fiyure 2.7) and filled with clayey gouge, may represent a local
burrier o groandwater flow, although, as mentoned ubove, this fault is

anomalous.

Finally, the dack ol a statistical description of the subhorizontal fractures
(sct 4) and the bias present in spacings determined from scanline data in the
SCRV means that the present fructure data for the SCRV are inadequate for
determining directional permeability characteristics of the granite by, for example,
caleulating a three-dimensional permeability tensor (e.g. Snow, 1969) or using a
fracture network approach (e.g. Gale and Rouleau, 1986). Because of these
Hmitations, simpler approaches are necessary for determining directional
permeability for purposes of numerical modelling of groundwater flow in the
SCRV (deseribed in Chapter §). In addition, considering the data limitations and
qualitative nature of set 4 in this study, no attempt was made to define a
representative elementary area or volume for individual fracture sets or the

fracture system in the SCRV as a whole.
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CHAPTER 3

GROUNDWATER FLUX AND P1EZOMIETRIC RESPONSE TO
PRECIPITATION IN THE SEAL COVE RIVER VALLLY

3.1 Introduction

3.1.1 General statement

In this chapter, the physical interaction of surface water and groundwater
in the SCRYV in response to differing hydrologic stresses is investipated, using
measurements of seepage Muxes, piezometric levels, stream flow and rainfall made
under a varicty of stormflow and low flow conditions. These data are used to
describe the magnitude and timi