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ABSTRACT
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Thesis for the degree of Doctor of Philosophy
FLUID FLOW IN AN ACTIVE OROGENIC MOUNTAIN BELT;
THE SOUTHERN ALPS, NEW ZEALAND
James Paul Coussens

Groundwater can influence processes in mountain belts and associated fault zones through heat
and mass transfer and the influence of fluid pressure on deformation. Modelling at a range of
scales, utilising new data from the DFDP-2B borehole, is employed to investigate groundwater
and heat flow in the Southern Alps mountain belt, New Zealand, which experiences active, rapid
uplift on the plate-bounding Alpine Fault. Models indicate bulk permeability of the brittle crust in
the orogen in the range 101 m? to 10'*3* m?2. Estimated permeability for basement rocks obtained
using DFDP-2B data (107 m?) falls at the lower end of this range. Models of the region’s heavy
rainfall, highly elevated water tables, and extensive seeps, indicate that >20 % of precipitation
may infiltrate into the groundwater system. The majority of infiltrating water penetrates to <500
m below ground level. DFDP-2B temperature data indicates Darcy velocities of ~10° m-s™. These
are sufficiently high that groundwater transports significant amounts of heat, more than three
times that transported by rock advection at DFDP-2B. High heat fluxes of ~720 mW-m2 result
from the advection of heat from ridges perpendicular to the Alpine Fault into the intervening
valleys by groundwater flow. High bulk permeabilities and less significant permeability reductions
with depth increase shallow temperatures beneath valleys relative to ridges and decrease
temperatures at the base of the groundwater system in regional models. Groundwater
convergence produces steep increases in hydraulic head with depth beneath valleys, with DFDP-
2B data indicating >60 m head at 818 m depth. However, thermal decreases in water density
restrict increases in head to the near-surface (~1 km below sea level). Thermal buoyancy provides
the major driving contribution to vertical flow in parts of the groundwater system and thermally
decreased water viscosity may facilitate penetration of greater fluxes of meteoric water to the

brittle-ductile transition in the Southern Alps than in settings with lower geothermal gradients.
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Chapter 1

Chapter 1:

Introduction

1.1 Rationale

Orogenic mountain belts are major topographic features of Earth’s surface today and the geology
of many regions reflects orogenic processes of the past (Fig. 1.1). They are sites where rocks may
undergo significant modification, through deformation (Holdsworth and Strachan, 1991; Imber et
al., 2001; Schmid et al., 2008; Sibson et al., 1979), metamorphism (England and Thompson, 1984;
Searle et al., 2003; Thompson and England, 1984; Vance et al., 1998), mineralisation (Groves et
al., 1998; Koons and Craw, 1991; Pitcairn et al., 2006, 2014) and melting (Harris and Massey,
1994; Owens and Zandt, 1997; Searle et al., 2010). Rocks from depth are exhumed and eroded,
with new strata formed from the sediment produced (Beaumont, 1981; DeCelles and Giles, 1996;
Yin, 2006). The uplift of mountain belts has the potential to influence climate, both locally and
globally (Cox and Sutherland, 2007; Koons, 1989; Molnar et al., 1993; Zhisheng et al., 2001).
Orogenic mountain belts contain major fault zones, many of which generate large magnitude

earthquakes when they fail (Avouac et al., 2015; Kao and Chen, 2000; Sutherland et al., 2007).

Figure 1.1 Map of orogenic and other geologic provinces forming the continental crust of Earth

today, with major active orogenic mountain belts labelled. Adapted from (U.S.

Geological Survey, 2017).
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An understanding of orogenic processes is therefore key to understanding present day tectonic
processes as well as interpreting much of the geological record. Fluid flow has the potential to
significantly influence thermal, geochemical and deformational processes, including seismicity
along major fault zones (see sections 1.2.4 and 1.2.5). In this thesis, the role of groundwater

circulation in an active orogenic mountain belt, the Southern Alps, is investigated.
1.2 Groundwater flow and its geological significance

1.2.1 Fluid flow in porous media

For the purposes of the study of fluid flow, rocks are commonly considered as porous media. A
porous medium consists of a solid matrix, found within every representative elementary volume
of the medium, and at least one non-solid phase, such as water, present within an interconnected
void space, with relatively narrow openings and a relatively high surface area per unit volume of
the medium (Bear, 1972). Porosity (¢) is the volume fraction void space of a porous medium.
Possible voids include pores between grains and fractures. Some void spaces may be isolated, not
forming part of a network that facilitates fluid flow. Effective porosity is defined as the volume
fraction of interconnected void space (Bear, 1972). Fluid flow in a porous medium is described by
Darcy’s Law:
q= k. (Vp + pgi) 1

u
Where q is the Darcy velocity vector, k is the permeability tensor, p is the dynamic viscosity of the
water, p is the fluid pressure, p is the density of the water, g is the acceleration due to gravity, n
is a unit vector oriented vertically upward. Darcy velocity is the product of average linear velocity,
v and porosity @:

q=qv (1.2)
Darcian flow is commonly assumed for rocks of the upper crust. In tectonically active regions,
deformation can also create interconnected pore networks in the middle to lower crust and

where this is the case flow is also likely to remain Darcian (Manning and Ingebritsen, 1999).

Fluid flow may be driven by fluid pressure differences in a system with constant fluid density. It
may also be driven by buoyancy, resulting from density differences. Terms associated with these
two driving forces may be separated in Darcy’s Law by considering reduced pressure, p,., the
difference between hydrostatic pressure, py, and total fluid pressure, p, based on mean

groundwater density in the domain of fluid flow, p,, (Phillips, 2009). In this case:
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Pr =D —Dn (1.3)
k 1%
q=- pm_< pr+bﬁ> (1.4)
U Pm
P~ Pm (1.5)
b=(=2")
Pm g

Where b is buoyancy, a body force per unit mass.

Pressure differentials that can drive fluid flow arise in nature as a result of topographic relief
(Hubbert, 1940), which allows for different elevations of water table at different locations,
resulting in variation in fluid pressures at a reference depth (Fig. 1.2). Complex patterns of
groundwater flow can arise as a result of topography even if rocks are isotropic and homogeneous

(Téth, 1962, 1963).

Converging flow in valley Water Table

Figure 1.2 A simple two dimensional topography driven flow regime, in which lateral pressure
differentials arise from of differing water table elevation, which results in
convergence of flow into valleys. Solid lines with arrows show flow paths and dashed
lines indicate equal hydraulic head, h (Eq. 1.6). Adapted from Téth (1962), after
Hubbert (1940).

Fluid pressure gradients can also arise through stress related changes in the porosity such as in
compaction or contraction and dilation (Brace et al., 1966; Connolly and Podladchikov, 2004;
Deming, 1994; Sibson, 1996; Zhang et al., 1994). Tectonic dilatancy has been invoked as a
mechanism for downward penetration of fluids into the ductile deformational regime (McCaig,
1988; Upton et al., 1995). Density variations that may drive or modify flow can arise as a result of
spatial variations in temperature or in the amount of dissolved chemical species within water

(Diersch and Kolditz, 2002).

As water density is a function of temperature, pressure and solute concentration, and water

viscosity is a function of temperature and solute concentration, it can be convenient to consider a
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reference density, pg and viscosity (i under specified conditions, such as surface temperature
and atmospheric pressure, with negligible solute. Fluid pressure is commonly represented in
terms of a hydraulic head, h, the elevation of hydrostatic column of water of density, p, that the

pressure would support:

h=L+Z (1.6)

Pog

Where z is the elevation relative to a reference datum, such as sea level.

Darcy’s Law may be expressed in terms of hydraulic head and hydraulic conductivity, K, a
parameter that describes both the permeability and the properties of the fluid flowing. In this

case it takes the form:

qz_K@_[Vh+(p—po>ﬁ] (1.7)
H Po
K= kpog (1.8)
Ko

Where K is defined as the hydraulic conductivity tensor.

Where fluid properties can be assumed to be homogeneous Eq. 1.7 simplifies to:

q=—K-Vh (1.9)

1.2.2 Fluid pressure and rheological regimes

Observations from boreholes with depths of up 12.2 km show fluid pressures that vary about
hydrostatic pressure in the brittle crust (Townend and Zoback 2000 and references therin). In
contrast, experimental phase equilibria, the presence of veins formed through tensile fracture
and predicted increases in water volume with temperature suggest that deeper in the
lithosphere, during metamorphism, pore fluid pressures are near-lithostatic (Etheridge et al.,
1983; Fyfe et al., 1978; Norris and Henley, 1976; Yardley, 2009). The transition between these two
fluid pressure regimes occurs near to the brittle-ductile transition zone (Coombs, 1993; Manning
and Ingebritsen, 1999), a region across which significant changes in rock strength and rheological

behaviour occur (Fig. 1.3).

30



Maximum Strength

Chapter 1

Fluid Pressure

Frictional Sliding

Brittle-Ductile
Transition

Near-hydrostatic
pressure in brittle crust

L 2%, Near-lithostatic pressure
Vo in ductile crust

Plastic Flow

Depth
Depth

Plastic Flow

a. .". b.

Figure 1.3 Illustration of typical strength and fluid pressure profiles inferred for continental

lithosphere and the transition from near-hydrostatic fluid pressures observed in
boreholes to near-lithostatic conditions, which are common during metamorphism.
This transition is inferred to correspond to the onset of plastic (ductile) deformation.

Adapted from Kohlstedt et al. (1995).

The Mohr-Coulomb failure criterion for frictional sliding and brittle failure is:

7= Cr + p(on —p) (1.10)
Where 7 is the critical shear stress for failure (shear strength, i.e. the shear stress under which for
brittle failure occurs), C; is cohesion, u; is the coefficient of friction, g, is the confining stress and

p is the pore fluid pressure. Byerlee (1968; 1978) related the following empirical forms of Eqg. 1.10
to strength in the brittle crust:

T = 0.850, o, < 200 MPa (1.11)
Depth < ~8 km
T =0.5+0.60, 200 MPa < g, < 2000 MPa (1.12)

~8 km < Depth < ~80 km
In situ stress measurements indicate that these equations describe the stress state of the upper
brittle crust well (Townend and Zoback, 2000). Thus, as normal stress increases with depth, the
shear strength according to this relation increases. Shear strength with respect to plastic
deformation mechanisms decreases with depth as a function of temperature, eventually
becoming lower than the shear strength with respect to Mohr-Coulomb failure, at which point

there is a transition from brittle to ductile deformation (Brace and Kohlstedt, 1980). As the onset
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of ductile deformation occurs at different temperatures in different minerals, crustal rheological
regime does not change at a discrete depth, but rather the change occurs across a brittle-ductile
transition zone (Kohlstedt et al., 1995). The result of the different relationships of brittle and
ductile deformation to temperature and pressure is that crustal strength increases up to the
brittle-ductile transition zone (Fig. 1.3), below which it decreases rapidly (Kohlstedt et al., 1995;
Sibson, 1983). In weaker ductile rocks, porosity collapses around fluid in pores, increasing fluid

pressure to near lithostatic pressure (Ague, 2003).

1.23 Permeability

Permeability (k) is a measure of the ability of a porous material to allow fluids to pass through it
(Bear, 1972) and a key parameter for controlling fluid flow rates (Manning and Ingebritsen, 1999).
The permeability of natural systems can vary by numerous orders of magnitude (Bear, 1972;
Clauser, 1992; Manning and Ingebritsen, 1999). Methods of permeability estimation differ in the
scale over which they sample. Laboratory estimates of permeability, which may be obtained by
pumping fluid through a sample (e.g. Carpenter et al. 2014) generally investigate samples with
length scales <1 m (Clauser, 1992; Manning and Ingebritsen, 1999). Permeability may be
estimated at length scales of one to hundreds of meters through testing in boreholes, using
methods such as slug tests (e.g. Bouwer and Rice 1976; Hvorslev 1951), pumping tests (e.g. Theis,
1935; Thiem, 1906), packer tests (e.g. Houlsby, 1976) and tracer tests (e.g. Garabedian and
Leblanc, 1991; Hess et al., 1992; Leblanc et al., 1991). Methods that estimate permeability over
length scales of hundreds of meters to tens of kilometres include modelling of groundwater
discharge data (e.g. Saar and Manga 2004), studies of microseismicity (e.g. Shapiro et al. 2015),
and modelling geothermal data (e.g. Manning and Ingebritsen 1999 and references therein).
Time-integrated fluid fluxes can be calculated based on metamorphic mineral assemblages
(Bickle, 1992; Dipple and Ferry, 1992). These fluxes can be used to estimate regional-scale
permeability in flow regimes involved in metamorphism and mineralisation and which occur at
depths in the crust too deep for direct observations (Manning and Ingebritsen 1999 and

references therein).

Compilations of permeability estimates show a relationship between the scale of measurement
and the values obtained, which are reduced with decreasing scale of measurement (e.g. Brace
1984; Brace and Kohlstedt 1980; Clauser 1992). This is because, where the scale of sampling is
small, the investigated volume may not be representative of the medium (Bear, 1972; Clauser,
1992). For example, laboratory tests are normally carried out on mechanically sound rocks,
lacking fractures that may act as important pathways for flow (Manning and Ingebritsen, 1999).

Measurements at scales above ~100 m do not show a clear scale dependence (Clauser, 1992). It
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has been argued that the permeability is not scale dependent if suitable efforts are made to

ensure that the sampled volume is representative (Ingebritsen and Manning, 1999).

Manning and Ingebritsen (1999) compiled permeability data based on geothermal and
metamorphic studies, on which basis they proposed a permeability-depth relationship of:

logk = —14 — 3.2log z;n (1.13)

Where z;,,, is depth in kilometres. Subsequent studies of permeability variation with depth over
large length scales based on in situ measurements and seismicity (Achtziger-Zupancic et al., 2017;
Ingebritsen and Manning, 2010; Saar and Manga, 2004; Stober and Bucher, 2015, 2007; Townend
and Zoback, 2000) and on laboratory experiments investigating crustal-scale permeability
(Shmonov et al., 2003) are compatible with this relationship. The relation in Eq. 1.13 gives a rapid
decrease in permeability with depth above ~12.5 km, with near constant permeability below. An

083 m? below this depth gives an equally good fit to

assumption of a constant permeability of 1
compiled permeability data (Fig. 1.4) (Ingebritsen and Manning, 2002). The depth interval over
which the transition to near constant permeability takes place corresponds approximately to the
depth of the brittle-ductile transition, although this varies between different geological settings

(Ingebritsen and Manning, 2002; Manning and Ingebritsen, 1999).
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Figure 1.4 a. The permeability-depth relation of Manning and Ingebritsen (1999). b. A similar
relationship assuming constant permeability of 1083 m? below 12.5 km depth

(Ingebritsen and Manning, 2002). Adapted from (Ingebritsen and Manning, 2010).

33



Chapter 1

The permeability-depth relation of Manning and Ingebritsen (1999) represents a spatial and

temporal average and is based on a dataset that purposefully omits data from fault and shear

zones (Ingebritsen and Manning, 2010). Permeability in crustal rocks varies significantly from

these averages as a result of differing rock type (Domenico and Schwartz, 1990; Freeze and

Cherry, 1979). Permeability differences between rock types are greatest in the near-surface

(Manning and Ingebritsen, 1999). The highest permeabilities in sediments and sedimentary rocks

are associated with gravels and karst limestones, with permeability generally decreasing in rocks

where finer clasts or grains are present (Fig. 1.5). Amongst igneous and metamorphic rocks,

basalts commonly have the highest permeabilities and the degree of fracturing has an important

influence (Fig. 1.5).
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types and sediments. Adapted from Freeze and Cherry (1979).
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Measured permeability values and modelling of geothermal data in mountain belts suggest that
stress state can have a significant influence on permeability (Morin, 2002; Upton and Sutherland,
2014). Stress fields vary with topographic relief, which is commonly of the order of kilometres in
orogenic mountain belts. Valleys act to concentrate far-field compressional tectonic stress in
these regions, while it is reduced and may be reversed at ridges (Savage and Swolfs, 1986; Savage
et al., 1985). These stress variations can affect permeability by influencing the proximity to failure
of rocks and the orientation of structures along which failure occurs (Koons and Kirby, 2007;

Miller and Dunne, 1996).

Permeabilities in fault and shear zones are typically higher than those away from them
(Ingebritsen and Manning, 2010). High permeabilities in some fault zones may play an important
role in facilitating fluid circulation in the brittle crust and maintaining near-hydrostatic fluid
pressures (Townend and Zoback, 2000). However, fault zone architectures suggest that as well as
acting as conduits for fluid flow, faults may also act as barriers to fluid flow or combined conduit-

barrier systems (Fig. 1.6) (Caine et al., 1996).
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Figure 1.6 Illustrations of possible fault zone permeability architectures, with increasing fault
core material acting to reduce permeability and fault damage acting to increase it.

Adapted from Caine et al. (1996).

Fault zones are typically divided into a high strain fault core, which accommodates the majority of
displacement and a fractured damage zone, where strain is lower (Bense et al., 2013; Caine et al.,
1996; Faulkner et al., 2010). It has been hypothesised that fault cores, which are commonly
dominated by gouge and fault breccia, have low permeabilities as a result of secondary mineral

formation and grain size reduction, whereas damage zones have increased permeability above
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that of their original protolith, as a result of fracturing (Caine et al., 1996). This is supported by
studies of fault rocks both in situ and in laboratory tests (e.g. Balsamo and Storti, 2010; Doan et
al., 2006; Lockner et al., 2009; Micarelli et al., 2006). Fault zone permeability structures can be
significantly more complex where fault rocks have differing protoliths, as this can result in
significant permeability contrasts superimposed on the fault core-damage zone architecture
(Wibberley and Shimamoto, 2003). In damage zones, microfracture densities typically decrease
exponentially with distance from a fault, meaning that the highest damage zone permeabilities
are typically closest to the fault (Mitchell and Faulkner, 2009, 2012). Simulations of faulting in
laboratory studies have also reproduced a low permeability fault core and high permeability
damage zone fault architecture (Evans et al., 1997). The relative extents of the fault core and
damage zones, as well as the degree of permeability anisotropy within these zones control the

influence that a fault has on fluid flow (Caine et al., 1996; Lopez and Smith, 1996).

Temporal variations in permeability may result from changes in stress state (e.g. Germanovich
and Lowell, 1992; Manga et al., 2012; Upton and Sutherland, 2014), from permeability generation
by fracturing and from permeability reduction as a result of secondary mineral formation or
compaction (Aydin and Johnson, 1978; Ingebritsen and Manning, 2010; Rojstaczer et al., 2008;
Sibson, 1996). These temporal changes may be particularly significant in fault zones, where
permeability reduction associated with fluid flow has the potential to increase fluid pressures and
induce fault failure, with the resulting damage returning permeability to higher values (Sibson,
1990). Episodes of permeability generation through fracturing may be important in allowing
release of lithostatically pressured fluids from the ductile crust into the brittle crust. Norris and
Henley (1976) demonstrated how fluids in rocks that are being uplifted may increase in volume
along part of their p-T exhumation path (Fig. 1.7), resulting in elevated permeability as a result of

hydrofracturing, which can facilitate flow into the hydrostatically pressured regime above.
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Figure 1.7 Model p-T paths for burial to 16 km and 20 km depth, followed by uplift at 0.5
mm-yr! (A and B) and 1 mm-yr? (C). These trajectories result in increasing specific
volume of water along sections of the uplift path, which could result in

hydrofracture, thus increasing permeability. Adapted from Norris and Henley (1976).

1.2.4 The role of water in heat and mass transfer

The role of water in heat and mass transfer is of major significance for geological processes. Heat
and mass transfer in a stationary porous medium may occur through fluid advection, in which the
movement of a fluid also transports its heat and solute content, through diffusional processes
resulting from random thermal movement at molecular or ionic level (heat conduction and
molecular diffusion) and through mechanical dispersion- the spreading of heat or solute as a
result of mixing during fluid advection due to inhomogeneity at a microscopic level (Allaby, 2008;
Bear, 1972; Freeze and Cherry, 1979; Phillips, 2009). Mechanical dispersion does not occur in the

absence of fluid flow, in contrast to diffusional processes, which do (Bear, 1972).

37



Chapter 1

The transport of heat by fluid flow relative to a fixed homogeneous and isotropic porous rock

phase in one dimension, z, is described by the energy balance equation (Phillips, 2009):

oT oT 9°T (1.14)
Cea'i' quE— Cekdﬁz Qr
Kg = (Ko + Kpp) (1.15)

Where C, is the effective volumetric heat capacity of the bulk fluid-rock medium, (s is the
volumetric heat capacity of the fluid, T is temperature, t is time, g is the Darcy velocity in the z
direction and Q7 is rate of internal heat generation per unit volume, for example as a result of
radioactive decay. The thermal dispersion coefficient for the fluid-rock medium, k;, combines k.,
the effective thermal diffusivity for the fluid-rock medium (which describes heat conduction) and
K., the mechanical thermal dispersion coefficient for the fluid-rock medium (which describes

mechanical dispersion).

Transport of species dissolved in the fluid phase can also be described by a similar equation
(Phillips, 2009):
dy  dy %y (1.16)

P Tz, Dagz= &
Dy = (D, + Dy,) (1.17)
Where y is the mass concentration of the dissolved species and Q,, is rate of internal generation
of the chemical species per unit volume, for example as a result of chemical reactions. The
hydrodynamic dispersion coefficient for the fluid-rock medium, D;, combines D,, the effective

molecular diffusivity for the fluid (which describes molecular diffusion) and D,,,, the mechanical

dispersion coefficient for the fluid-rock medium (which describes mechanical dispersion).

D,,, varies as a function of g, resulting in the dependence of D; on flow rate (Fetter, 1999).
Although mechanical dispersion may provide some contribution to k4, is far less significant than
in solute transport, due to the high values of k, compared to D, for transport by water though a
rock medium (Bear, 1972), although exact quantification of this contribution is difficult, as field-
scale studies are sparse (Rau et al. 2014). Both linear (e.g. Bear 1972) and square (e.g. Rau et al.
2012) relationships between g and k,,, have been proposed and values for dispersivity coefficients
in these relationships, as well as their potential scale dependence are not well constrained

(Anderson, 2005; Rau et al., 2014).

The Péclet number gives the ratio of the rate of advective transport to the rate of diffusive
transport (Bear, 1972). In the case of (1.14) and (1.16), Péclet numbers are:

CrLq (1.18)
CeKe

T =
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qu (1.19)

Where Py is the thermal Péclet number, P, is the Peclet number for solute transport and L is the
length scale for transport. Because diffusive coefficients for heat transport are larger than those
for solute transport, Péclet number becomes large and advection dominates transport at lower
Darcy velocities for solute transport than for heat transport (Fig. 1.8) (Bickle and McKenzie, 1987).
As Péclet number is proportional to length scale, greater transport distances are associated with

increasingly significant advective transport.
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Figure 1.8 Model transport distances for heat and solute (compatible and incompatible) after 1

Ma. Fluid flow dominates mass transport (P, > 10) at lower Darcy velocities than for

heat flow. Adapted from Bickle and McKenzie (1987).

The rapid advective transport of mass by fluid flow relative to diffusive transport facilitates
chemical transfer on regional scales, producing infiltration metasomatism, in which bulk rock
compositions are altered (Bickle and McKenzie, 1987; Ferry and Dipple, 1991; Putnis and
Austrheim, 2010). This includes the generation of ore deposits through the concentration of
metals (Craw et al., 2002; Groves et al., 1998). However, fluids can also play important roles in

isochemical metamorphism, in which transport distances are significantly smaller, by reducing
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chemical reaction activation energies by ~10 orders of magnitude (Putnis and Austrheim, 2010). In
addition to transporting other chemical species, water is also a reactant and product of
metamorphic reactions, with water generally released during prograde metamorphism and
reacting with rocks on retrograde paths to form hydrous minerals (Yardley, 2009). Evidence from
a range of studies of metamorphism and metasomatism indicates significant infiltration of water
in ancient orogens in order to produce observed mineral assemblages and compositions (Ague,
2003; Ferry, 1994; Ferry et al., 2013), textures (e.g. John et al. 2008), zoning (e.g. Yardley et al.
1991), isotope ratios (e.g. Zheng et al. 2003) and ore deposits (Goldfarb et al., 2001).

Although heat flow in continental lithosphere is largely dominated by conduction (Stein, 1995),
thermal data from many borehole studies indicate a significant role for heat advection by
groundwater in some regions (e.g. Brott et al. 1981; Lachenbruch et al. 1976, Van Orstrand 1934).
In the Himalaya-Tibet orogen, thermochronometric age distributions, along with elevated surface
heat fluxes and steepened shallow geothermal gradients associated with hot springs, suggest
significant heat advection and modification of local geothermal structure by groundwater
circulation (Derry et al., 2009; Shankar et al., 1991; Whipp and Ehlers, 2007). Examples of high
heat fluxes associated with fluid flow have also been indicated by studies of other present day
mountainous regions such as the European Alps and the Grand Mesa, USA (Dzikowski et al., 2016;
Lazear, 2006). Numerical models for mountainous topography indicate that permeability is a key
control in determining whether thermal structure in mountain belts is perturbed by groundwater
flow (Forster and Smith, 1989) but knowledge of crustal permeability structures remains poor.
Evidence of perturbation of thermal structure also exists in rocks from ancient orogenic belts.
Short durations of peak metamorphism in Barrovian rocks of north-east Scotland are inconsistent
with the longer timescales predicted by thermal orogenic models (e.g. Thompson and England
1984) and are interpreted as resulting from pulses of heat advection by fluid flow (Ague and
Baxter, 2007). Similar timing of peak metamorphism across metamorphic grades in the Wepwaug
Schist in Connecticut is also interpreted as resulting from the redistribution of heat by fluid flow
(Lancaster et al., 2008). Therefore, there is abundant evidence for fluid flow having an impact on

both mass and heat transfer in orogenic belts.

1.2.5 The role of water in deformation

As evident in the Mohr-Coulomb failure criterion (Eg. 1.10), a key role of fluids in brittle failure is
to reduce effective confining stress through increasing pore fluid pressure, p, which consequently
decreases the critical shear stress for failure (shear strength, T). Fluids may influence
temperature-dependent ductile deformation by advecting heat and by aiding mass transfer

(Kohlstedt et al., 1995). Therefore fluids have considerable influence on crustal strength profiles,

40



Chapter 1

with the presence of significant amounts of fluids having the effect of shallowing the depth of

onset of ductile processes and weakening rocks at depth (Yardley, 2009).

At individual faults in an orogenic belt, the role of fluids in brittle failure on faults with the
potential to generate earthquakes is of particular interest. As changes in fluid pressure modify
fault frictional strength, they may influence whether a fault is weak enough to fail and therefore
when failure occurs (Hubbert and Rubey, 1959). Fluid facilitated mineral precipitation may result
in porosity and permeability reduction, resulting in local elevation of pore fluid pressures and
promoting failure in fault zones (Blanpied et al., 1992; Byerlee, 1993; Sibson, 1992). In altering the
mineralogy and temperature of fault rocks, fluid flow will also modify the frictional properties of
the fault rocks themselves, which are dependent on both temperature and composition
(Kohlstedt et al., 1995). The coefficient of friction of fault rocks influences not only whether a fault
is weak enough to fail, but also how it fails. For a fault to slip seismically, producing earthquakes,
rather than creeping aseismically, the materials of the fault zone must be velocity weakening,
meaning that fault strength must decrease with increased fault slip velocity (Scholz, 1998).
Whether a fault is velocity weakening or not is thought to be largely dependent on changes in
fault friction with increased fault velocity (Segall and Rice, 2006). Velocity weakening behaviour in
geological material only occurs over a limited temperature range, with stable slip at low
temperatures and above ~300 °C, the approximate temperature at which ductile deformation of
quartz commences in quartzofeldspathic rocks (Scholz, 1998). Although the influence of
mineralogy on velocity weakening behaviour is complex, with different mineral phases showing
differing behaviour depending on slip rate, phyllosilicate minerals tend to be associated with
velocity strengthening behaviour and may therefore promote stable creep (Faulkner et al., 2003,
2010). The response of fault strength to slip can also be influenced by changes in pore fluid
pressure as the fault moves (Segall and Rice, 2006). Thermal pressurisation, in which frictional
heating and expansion of fluids during fault movement reduces the effective confining pressure
on the fault as it moves, may contribute to velocity weakening behaviour (Blanpied et al., 1992;
Sibson, 1973; Wibberley and Shimamoto, 2005). Thus, fluids may influence not only if and when a
fault fails, but also its behaviour during failure through the transport of heat and mass and

changes in pore fluid pressures.

41



Chapter 1

1.3 Geological setting of the Southern Alps of New Zealand

1.3.1 Regional tectonic setting

Figure 1.9 The plate tectonic setting of the Alpine Fault, New Zealand with the plate vector
(DeMets et al., 1994) of the Pacific Plate relative to the Australian Plate shown.
Bathymetic image from National Institute of Water and Atmospheric Research

(2008).

New Zealand straddles the boundary between the Pacific and Australian plates (Fig. 1.9). The
Alpine Fault is the active plate-bounding fault running through the South Island, accommodating
right lateral oblique transpressional motion between these plates (Okaya et al., 2007). In the
north, the Pacific plate is being subducted to the north-west beneath the Australian plate at the
Hikurangi Subduction Zone, whereas to the south of South Island the Pacific plate overrides the
Australian plate at the south-easterly dipping Puysegur Subduction Zone (Sutherland et al., 2006).
Displacement on the Alpine Fault has offset the basement rocks that form the spine of New
Zealand by 480 km as well as uplifting rocks of the Pacific plate to form the Southern Alps
(Benson, 1952; Cox and Sutherland, 2007).
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1.3.2 Geological history and stratigraphic units

The basement rocks of New Zealand consist of a number of terranes (Fig. 1.10), formed during
convergence at the continental margin of Gondwana. These terranes are grouped together into
the Western and Eastern Provinces but collectively known as the Austral Superprovince
(Mortimer et al., 2014). All basement rocks have experienced varying degrees of deformation and
metamorphism since their development, with fabrics and assemblages exhumed and modified
during Cenozoic orogenic uplift (See section 1.4.3). Overlying Cretaceous to Recent cover
sediments and igneous rocks, which postdate the accretion and assembly of the basement

terranes are termed the Zealandia Megasequence (Mortimer et al., 2014).

170°E Z 174°E 178°E
SEDIMENTARY AND VOLCANIC ROCKS

o
E g Northland and East Const Allochthaons
L © Northland 5
O o | Vaica Supergroup e
‘3 Torlasse Composite
- Temane
® Bay of lslands Terrane | Pahau
Ev Caplos Torrane Rakala and Kaweka North Island
® 'g Maitai Terrane
] & Murihiky Terrane Eastern-Western
i Brook Street Terane Province Boundary arsd
T Takaka Terrana
=@ Buller Terrane
s
@ E PLUTONIC ROCKS =
Za Median Batholith -
Karames, Papara snd 9z
- L Hohonu Batholiths H
w

METAMORPHIC ROCKS AND
TECTONIC OVERPRINTS

Esk Head and Whakatane Mélanges
Haast Schist

Gneiss

SIGHT PROJECT
SEISMIC LINES ™3,

£a
. A
AUSTRALIAN ™

South Island 43°S+

PACIFIC
PLATE
L 4554
0 100 200 km
Eastern-Western
Province Boundary 47°5
6" 170°E 4° 178°E

Figure 1.10 The major stratigraphic units of New Zealand. Adapted from Cox and Sutherland
(2007).

43



Chapter 1

The Western Province rocks formed in island arc and passive margin settings between the middle
Cambrian (ca. 509 Ma) and the early Cretaceous (ca. 110 Ma) (Fig. 1.11) (Mortimer, 2004;
Mortimer et al., 2014). The most westerly unit is the Buller Terrane, which is formed of continent-
derived turbidite sandstones and black shales and is inferred to have been deposited in
submarine fans and slope basins on the continental margin of Gondwana (Cooper, 1989). The
Takaka Terrane comprises a Cambrian sedimentary succession rich in volcanic content, thought to
have been deposited in close proximity to an island arc, which is overlain by Ordovician to Silurian
carbonate and siliciclastic sediments, reflecting a transition to passive margin sedimentation
(Cooper, 1989; Mortimer, 2004). The Tuhua Intrusives are a group of batholiths and other igneous
suites within the Western Province (Mortimer et al., 2014). The group includes the Median
Batholith, a subduction related composite cordilleran batholith, which forms the boundary with

the Eastern Province (Mortimer et al., 1999).
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Figure 1.11 Ages of New Zealand terranes, with summarised tectonic history. Adapted from

Mortimer et al. (2014).
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The terranes of the Eastern Province are early Permian (ca. 292 Ma) to middle Cretaceous

(ca. 100 Ma) in age (Fig. 1.11) (Cawood et al., 1999; Kamp, 2000; Mortimer, 2004; Mortimer et al.,
1999, 2014). The Drumduan Terrane is formed from sediments produced by arc volcanism and lies
between the Median Batholith and the Brook Street Terrane (Bradshaw, 1993). The Brook Street
Terrane comprises predominantly ankaramitic and basaltic intrusives, together with basaltic to
andesitic volcanic rocks and volcaniclastic sediments, interpreted to have formed in an intra
oceanic island arc (Houghton and Landis, 1989; Spandler et al., 2005). Clastic and volcanoclastic
sediments, with minor andesitic tuffs, ignimbrite rocks and intrusives in the neighbouring
Murihiku Terrane are thought to have been formed in a forearc or backarc basin (Coombs et al.,
1992; Noda et al., 2004; Roser et al., 2002). The Dun Mountain-Maitai Terrane consists of the
partially serpentinised Dun Mountain Ophiolite Belt, with ophiolite derived and volcaniclasic
sediments unconformably overlying it (Coombs et al., 1976; Howell, 1980; Mortimer, 2004;
Mortimer et al., 2014). The Caples, Waipapa and Torlesse Terranes of the Eastern Province are
interpreted to have been deposited in oceanic trench and turbidite fan settings before being
juxtaposed in an accretionary prism (Fig. 1.12), adjacent to the island arc system (Gray and Foster,
2004; Mortimer, 2004; Pickard et al., 2000). These terranes are dominated by greywackes, which
contain abundant volcanic material in the Caples and Waipapa Terranes but are predominantly
quartzofeldspathic in the Torlesse Terrane (Adams et al., 2009a, 2009b; Mortimer and Roser,
1992). The Torlesse Terrane is commonly sub-divided into three further sub-terranes- the Rakaia,

Kaweka and Pahau (Mortimer et al., 2014).

The basement terranes of New Zealand were accreted together by ca. 110 Ma (Mortimer, 2004).
The mid Cretaceous (110-85 Ma) was marked by an end to convergence at the Gondwana margin
and the onset of rifting (Bradshaw, 1989; Cox and Sutherland, 2007). During this time, deposition
of cover sequences, which lack the deformation present in basement rocks, began (Adams et al.,
2013; Mortimer, 2004). Generation of new crust at ridges in the Tasman Sea and Southern Ocean
initiated before 83 Ma, ceasing at the former by 52 Ma, but continuing at the latter until the
present day (Fig. 1.13) (Cox and Sutherland, 2007). During the Eocene-Miocene (38-23 Ma) the
Pacific-Australian plate boundary developed (Carter and Norris, 1976; Cooper et al., 1987; Cox
and Sutherland, 2007; Kamp, 1986; Molnar et al., 1975). Sea floor spreading began to the south of
New Zealand around 40-38 Ma (Wood et al., 1996). Initially New Zealand experienced only diffuse
continental deformation, which was transtensional in nature, as it lay close to the pole of relative
plate rotation (Cande and Stock, 2004; Cox and Sutherland, 2007; Sutherland et al., 2000;
Walcott, 1998).
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Figure 1.12 Palaeogeographic reconstruction of the possible positions of New Zealand terranes
on the Gondwana margin at ca. 120 Ma, prior to the onset of rifting. Adapted from

Kear and Mortimer (2003) and Mortimer (2004).

During this time passive margins formed to the east and the west of the spreading ridge (Fig. 1.13)
(Sutherland et al., 2000). In the late Oligocene (29-24 Ma) the pole of rotation moved away from
New Zealand to the south-east and plate motion became dominantly strike-slip (Cande and Stock,
2004; Cox and Sutherland, 2007; Sutherland, 1995; Walcott, 1998). As a result, the western
passive margin was translated into the zone of continental deformation in New Zealand, where it
acted as a suitably oriented discontinuity along which displacement could be accommodated,
leading to the formation of the present day plate-bounding structure, the Alpine Fault (Sutherland

et al., 2000). Although displacement on the Alpine Fault was initially largely strike-slip, a change in
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plate vectors at ca. 6 Ma increased convergent motion, resulting in the uplift of the Southern Alps
Mountain belt on the Alpine Fault (Cande and Stock, 2004; Cox and Sutherland, 2007; Sutherland,
1995; Walcott, 1998).

Spreading
ridges

' /)
“N— R

-

Zona of
continental
defarmation

,\,
Australian e ;
plate motion 2¢ -

Passive
\ manging

-
4
i 'l

¥

™
~Spreading Passive
ricige Y margin translated into
zone of continental
deformation

Figure 1.13 Palaeogeographic reconstruction for New Zealand between 150 Ma and 20 Ma. Stars
represent points on either side of the Alpine Fault at Franz Josef (Fig. 1.17), IMA
indicates the changing position of a magnetic anomaly (The Junction Magnetic
Anomaly), WNZ indicates the position of the Western Province, ENZ indicates the
position of Eastern Province and ENI indicates the position of Eastern North Island.

Adapted from Cox and Sutherland (2007).
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1.4 The Southern Alps orogen

14.1 The Alpine Fault

The onshore section of the Alpine Fault runs approximately parallel to the western coast of South
Island for >400 km (Fig. 1.14). At Milford Sound, the fault runs offshore toward the Puysegur
Subduction zone (Sutherland et al., 2006). At its northern end, the fault splays into the
Marlborough Fault System, being obliquely intersected by the Hope Fault near the Taramakau
River (Cox and Sutherland, 2007; Norris and Cooper, 2001). The Marlborough Fault System links
the Alpine Fault with the Hikurangi subduction zone to its north (Sutherland et al., 2006) and its
intersection with the Alpine Fault has migrated southwards over time (Craw et al., 2008). The
extension of the fault north of Lake Rotiti is termed the Wairau Fault (Fig. 1.14), (Sutherland et al.,
2007).

Aerial views of the Alpine Fault show a straight surface trace, which has an average strike of 055,
up to its intersection of the Hope Fault near the Taramakau River (Norris and Cooper, 1995, 2007).
Mylonitic foliations (Sibson et al. 1979), seismic reflection data (Davey et al., 1995) and GPS
observations (Powrie and Beaven, 1999) indicate that at depth the Alpine Fault dips at 40-60° to
the south-east, beneath the Southern Alps, along its central section. Seismic refection profiles
across the central Alpine Fault indicate that it has a listric shape, dipping as steeply as 60° at

15 km depth, before becoming sub-horizontal at ~35 km depth (Fig. 1.15), (Stern et al., 2007). The
southern section of the fault, to the south of the Haast River, shows almost pure strike-slip
displacement and steep easterly to vertical dip (Berryman et al., 1992; Norris and Cooper, 2001;

Sutherland and Norris, 1995).
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Figure 1.14 (Overleaf) a. Map of the southern (predominantly strike-slip), central (dextral
transpression, rapid uplift) and northern (intersection by Marlborough Fault System)
sections of the fault (Norris and Cooper, 2001; Sutherland et al., 2006), with rupture
lengths for the three most recent Alpine Fault earthquakes (Sutherland et al., 2007).
MS- Milford Sound; HR- Haast River; TR- Taramakau River, LR- Lake Rotiti. Bathymetic
image from National Institute of Water and Atmospheric Research (2008). b. Map to
show the uplift rates on the Alpine Fault and the distribution of recent earthquakes
in New Zealand. The central section of the Alpine Fault has the highest uplift rates
but no recent large earthquakes. Earthquake map adapted from Stirling et al. (1998),

with uplift rates adapted from Norris and Cooper (2001).

At the surface, the central section of the Alpine Fault is divided into more northerly striking
oblique thrust segments and more easterly strike-slip dominated segments, which merge into a
single plane at depths of 3-4 km (Norris and Cooper, 1995). Segmentation coincides with
topographic variation, with thrust segments generally located at the north-eastern side of major
valleys and is therefore interpreted to result from differences in stress field (Savage and Swolfs,

1986; Savage et al., 1985) that result from topographic relief (Norris and Cooper, 1995).

The significant proportion of plate motion portioned onto the Alpine Fault is evidenced by a

480 km strike slip offset of the Dun Mountain Ophiolite Belt (Benson, 1952) and the absence of
late Quaternary displacement other than at the Alpine Fault and Marlborough Fault System (Cox
and Sutherland, 2007). Estimates of Late Quaternary slip on the fault, based on offset landforms
and marine deposits, indicate that that from Milford Sound to the Taramakau River, strike slip
rates are near constant, averaging at 23-25 mm-yrt, whereas dip slip rates vary from ~0 mm-yr*
on the southern section of the fault, to >10 mm-yr? in the central section (Norris and Cooper,
2001, 2007; Sutherland et al., 2006). Comparison with plate vectors (DeMets et al., 1994)
indicates that to the south of the Taramakau River, the Alpine Fault takes up 70-75 % of fault
parallel plate motion, meaning that ~25 % of plate motion must be accommodated elsewhere
(Norris and Cooper, 2001, 2007). The zone of plate boundary deformation has reverse faults
approximately parallel to the Alpine Fault at its margins, however these are inferred to have low
slip rates and are therefore unlikely to accommodate a significant amount of this deformation
(Sutherland et al., 2006). Deformation may be taken up by faults within an 80 km region
southeast of the Alpine Fault, although the exact structures responsible have not been identified
(Norris and Cooper, 2001; Sutherland et al., 2006). As variations in dip-slip along the fault are too
large to be explained by changes in plate vector alone, the degree of partitioning of deformation

onto other structures must vary along the fault (Norris and Cooper, 2001). To the north of the
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Taramakau River slip on the Alpine Fault is reduced as strain is portioned across the faults of the

Marlborough Fault System (Berryman et al., 1992; Norris and Cooper, 2001).
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Figure 1.15 Geophysical profiles across the Southern Alps based on data collected as part of the
SIGHT project. a. Stacked and migrated seismic reflection profile corresponding to
SIGHT Line 2w (Fig. 1.10). Also shown are contours for P-wave speed and locations of
earthquakes with local magnitude, M; > 2 from (Leitner et al., 2001), with
interpretations of data regarding the distribution of fluid. Adapted from Stern et al.
(2007). b. Electrical resistivity profiles corresponding SIGHT Line 1w (Fig. 1.10), with a
zone of high conductivity interpreted as representing a region of highly
interconnected fluid associated with metamorphic dewatering. Adapted from

Wannamaker et al. (2002).

Although large earthquakes occur relatively regularly in New Zealand, no large (moment
magnitude, M,, > 7) earthquakes have occurred on the Alpine Fault since European settlement
(Wells et al., 1999), despite evidence for high uplift rates on the fault (Fig. 1.14). Lack of evidence
for displacement of structures that cross the Alpine Fault, such as roads, monitoring walls and
tunnels, as well as recently formed river terraces indicates that significant creep has not occurred
on the surface (<1 km depth) portion of the fault during the last 40 years (Sutherland et al., 2007).
Although low magnitude earthquakes have been recorded near to the Alpine Fault in most seismic
studies, these are less frequent on the central section of the Alpine Fault, where uplift rates are
highest, than elsewhere in New Zealand (Anderson and Webb, 1994; Eberhart-Phillips, 1995;
Evison, 1971; Leitner et al., 2001). This has drawn comparison to the locked Mojave section of the

San Andreas fault, which experiences lower levels of body wave magnitude, M, > 2.5 earthquakes

51



Chapter 1

in comparison to creeping sections of this fault but has failed in two large (M,, > 7) earthquakes
since the start of the 19" century (Eberhart-Phillips, 1995; Leitner et al., 2001). Low level
seismicity on the fault ends at a depth of 8 £ 2 km, and this depth is postulated to define the base
of the brittle crust and the depth to which the fault is thought to be locked (Boese et al., 2012;
Leitner et al., 2001). GPS data also indicate that the fault is locked to a depth of 5-18 km, below
which it creeps (Beavan et al., 1999, 2004; Wallace et al., 2007). Seismic tremor, a low amplitude,
low frequency seismic signal that correlates with slow slip (Obara, 2002; Obara et al., 2004) has
been detected beneath the Southern Alps (Wech et al., 2012). It occurs on a deep section of the
Alpine Fault at 20-30 km depth and is interpreted as resulting from asperities on an otherwise

asiesmically creeping section of the fault (Chamberlain et al., 2014; Ide, 2008).

This evidence, suggesting that the Alpine Fault is locked above 5-18 km implies that failure in large
earthquakes should be expected (Leitner et al., 2001; Sutherland et al., 2007). Evidence for past
ruptures of the Alpine Fault has been obtained from trenching of the Alpine Fault trace (e.g.
Berryman et al., 1998; Yetton, 1998), forest damage (e.g. Norris et al., 1990) landslides (e.g. Wells
et al. 1999) and sediment flux responses to past earthquakes (e.g. Cochran et al., 2017; Howarth
et al., 2012). Recovery of carbon bearing material enables past events to be dated (Wells et al.,
1999). Records from the southern section of the Alpine Fault indicate an average recurrence
interval of 291 + 23 between ruptures (Berryman et al., 2012; Cochran et al., 2017). Studies of the
central and northern sections of the fault indicate slightly lower values, between ~200 years

(Wells et al., 1999) and 260 + 70 years (Howarth et al., 2012).

The most recent of these ruptures was in 1717 A.D. (Wells et al., 1999). As a result, the time
elapsed since the last rupture has exceeded estimates for average recurrence interval, suggesting
that the fault is currently late in its seismic cycle (Cochran et al., 2017). Palaeoseismic records
indicate that during the last earthquake, and the two that preceded it in ca. 1620 A.D. and ca.
1430 A.D., the fault ruptured over length scales from 200-300 km to 350-600 km (Sutherland et
al., 2007) (Fig. 1.14). Displacements up to 8-9 m have been estimated for the two most recent
rupture events (Berryman et al., 1998) and these fit with estimates from plate motions of the
accumulated strain (300 yr x 27 mm-yr! = ~8 m). Based on these dimensions of rupture, it has
been estimated that these most recent rupture events produced earthquakes with M,,, of

7.6 £ 0.3 to 7.9 £ 0.4, suggesting that future ruptures may generate large (M,, > 7) to great

(M,, > 8) earthquakes (Sutherland et al., 2007).

In addition to the damage to buildings and infrastructure that pose a significant hazard associated
with any future Alpine Fault earthquake, past earthquakes are interpreted to have triggered rock

avalanches, which have the potential to inundate large areas and dam or displace large volumes
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of water (Barth, 2014). The consequences of a major Alpine Fault earthquake are unlikely to be
limited to coseismic events. Lacustrine deposits indicate a threefold increase in sediment flux
lasting for ~50 years following Alpine Fault earthquakes, which could hamper reconstruction of

vital infrastructure (Howarth et al., 2012).

14.2 The Southern Alps

The Southern Alps, containing peaks with elevations up to >3700 m above sea level, have been
formed as a result of the rapid uplift of Pacific Plate rocks on the Alpine Fault. Plate motions,
estimated using magnetic anomaly and fracture zone data from the Southeast Indian Ridge,
indicate that the rate of convergence along the Alpine Fault has progressively increased since

20 Ma, with distinct changes in plate kinematics at 11 Ma and 6 Ma, and an earlier onset of
convergence on the northern section of the fault than further south (Cande and Stock, 2004). A
range of thermochronological studies indicate the onset of rapid cooling associated with the uplift
and exposure of rocks in the Southern Alps at 12-5 Ma (Adams and Gabites, 1985; Batt et al.,
1999, 2004; Herman et al., 2009; Kamp et al., 1992; Tippett and Kamp, 1993). This rapid uplift may
not have begun at the same time along the whole of the fault, with fission track and structural
data indicating that high topography may have developed earlier in the south of the orogen

(8 Ma) than in the north (5 Ma) (Craw, 1995; Tippett and Kamp, 1993). Sediments in the Waiho-1
borehole, north-west of the Alpine Fault show rapid increases in sedimentation at ca. 12 Ma and
5 Ma, which correlate with changes in plate kinematics, with the later increase interpreted as
indicating the inception of widespread uplift on the Alpine Fault (Sutherland, 1996). Thus all lines
of evidence indicate that widespread uplift on the Alpine Fault is likely to have begun after

~12 Ma, and possibly younger than 5 Ma. Effective crustal shortening estimates since the onset of
convergence are 43 £ 8 km in the central Southern Alps, 66 + 16 km in the north and 43 £ 8 km in

the south (Lamb et al., 2015).

The orogen has an asymmetrical geometry, with the two sides, known as the inboard and
outboard regions, characterised by significantly different climatic, erosional and topographic
regimes and separated by the highest topography at the Main Divide (Fig. 16, 17) (Cox and
Sutherland, 2007; Koons, 1990). The reason for this is that uplift on the Alpine Fault has produced
a topographic barrier in the form of the Southern Alps, which interacts with the prevailing
westerly air circulation in the Southern Ocean. This results in strong orographic precipitation
concentrated on the north-western inboard side of the orogen, with a rain shadow to the south-
east in the outboard region (Cox and Sutherland, 2007). The resulting high precipitation rates in
the inboard region are up to ~13 m-yr? (Tait et al., 2006). This climatic regime also produces an

asymmetry in erosion rates, which correlate strongly with precipitation rates (Cox and Sutherland,
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2007). Consequently, while topographic elevation increases rapidly between the Alpine Fault and
the Main Divide in the inboard region, the outboard region, where erosion rates are lower,
consists of a broad topographic plateau. This topographic geometry mas been reproduced in
models for deformation by a rigid indentor (the Australian plate) allowing removal of material
(erosion) from the inboard region, which results in the formation of asymmetric inboard and
outboard wedges, uplifted along thrusts with opposing dips rising from a basal decollement, with
the basal inboard thrust representing the Alpine Fault (Koons, 1990). Thermally coupled models
by Batt and Braun (1999) indicate that development of topographic asymmetry may not occur
until several million years after initiation of uplift, as a result of the time required for the effects of

asymmetrical erosion to become significant.
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Figure 1.16 Block diagram showing the climatic and erosional systems acting upon the Southern

Alps. Adapted from Cox and Sutherland (2007).
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Figure 1.17 (a) The inboard region of the central Southern Alps consists of a series of river valleys

containing warm springs, separated by ridges, running between the Main Divide and

the Alpine Fault. The locations of boreholes and tunnels from which hydrogeologic

information has been obtained are also shown. (b) Asymmetrical uplift and erosion

results in two orogenic wedges, an inboard wedge with steeply tapering topography

and an outboard wedge. Adapted from Koons (1990).
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The inboard Southern Alps is characterised by a topographic regime in which a series of parallel
ridges and valleys run between the Alpine Fault and the range of highest topography at the Main
Divide (Fig. 1.17). Rocks adjacent to the fault have the highest metamorphic grade indicating the
greatest total uplift (Fig. 1.16), with lower grade rocks forming the highest peaks at the Main
Divide uplift (Cox and Barrell, 2007). Time-integrated vertical exhumation rates highest rates

(6-9 mm-yr?) are also highest immediately adjacent to the Alpine Fault (Little et al., 2005). This
structure, in which the highest topography does not occur at the region of greatest total uplift has
been shown to be an intrinsic property of mountain belt geometry over a range of uplift rates and

mass transport diffusivities (Koons, 1989).

143 Rocks of the Alpine Fault Zone and Southern Alps

The rocks that have been uplifted to form the Southern Alps are the Haast Schist Group and their
protoliths from the Torlesse, Waipapa and Caples terranes (Cox and Barrell, 2007; Cox and
Sutherland, 2007; Mortimer et al., 2014). The Haast Schist Group rocks in a band running parallel
to the Alpine Fault that have experienced brittle-ductile overprinting during exhumation on the
fault are termed the Alpine Schist (Cox and Sutherland, 2007). Peak metamorphism in the Alpine
Schist, which produced mineral assemblages up to the garnet-oligoclase zone of the amphibolite
facies, occurred at some stage between the Cretaceous and the Miocene and predates the onset
of convergent tectonics in the region (Grapes, 1995; Little et al., 2002). The absence of even
higher-grade metamorphic rocks in the Southern Alps is consistent with the shallowing of the
Alpine Fault at depth (Little et al., 2005). Metamorphic grade decreases away from the Alpine
Fault, with the exposed sequence including an exhumed brittle-ductile transition zone (Fig. 1.18),

(Little et al., 2002).

To the south-east of this transition zone are semi-schists, with ductile fabrics pre-dating uplift on
the Alpine Fault, and greywackes, which form much of the outboard region to the south-east of
the Main Divide (Cox and Barrell, 2007; Cox and Findlay, 1995; Cox and Sutherland, 2007; Cox et
al., 1997). Veins occur across the Southern Alps, from the Main Divide region to the Alpine Fault.
Quartz and calcite are the dominant vein forming minerals with chlorite and adularia also
common (Craw, 1997; Menzies et al., 2014; Teagle et al., 1998; Toy et al., 2010). These were
formed at a range of depths from below the top of the brittle-ductile transition zone (below 6 km
depth) to the shallow subsurface above 3 km depth (Menzies et al., 2014). Veins near to the Main
Divide are enriched in gold and arsenic, reflecting concentration of these elements by fluid flow
(Campbell et al., 2004; Craw and Campbell, 2004; Craw et al., 2009; Pitcairn et al., 2006). Although

arsenic bearing veins are present near to the Alpine Fault near its intersection with the Hope
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Fault, gold bearing veins are absent from the Alpine Fault Zone itself (Campbell et al., 2004; Craw

and Campbell, 2004).

In addition to the original bedding, preserved in rocks with little deformation, Alpine Schist rocks
show evidence for multiple generations of metamorphic fabric (Cox and Barrell, 2007; Little et al.,
2002). A crenulation foliation, inherited from peak metamorphism, has been constructively
reinforced by transpressional deformation to form the steeply dipping dominant foliation in the
Alpine Fault Zone more than ~1 km from the fault (Fig. 1.19), (Little et al., 2002). Ina 1 to 1.5 km
wide mylonite zone adjacent to the fault, the synmetamorphic fabric has been overprinted by
mylonitic foliation with a less steep dip, approximately parallel to the Alpine Fault plane (Little et

al., 2002; Norris and Cooper, 2007; Sibson et al., 1979).

Typical architecture of the mylonite zone varies between thrust and strike slip segments of the
fault, with classic sections of fault architecture describing thrust segments, which are better
exposed (Fig 1.20), (Norris and Cooper, 1995, 2007). In these sections hanging wall rocks are
juxtaposed adjacent to Quaternary sediments and Western Province basement rocks in the Alpine
Fault footwall (Cox and Barrell, 2007; Norris and Cooper, 2007). The base of the hanging wall is
marked by a sharp contact between the footwall rocks and a zone of fault gauge (Norris and
Cooper, 2007). This gouge forms the base of a zone of fault breccia and retrogressively altered
green cataclasites, which is up to ca. 40 m thick in outcrops (Norris and Cooper, 1995; White and
White, 1983). Analysis of the clay-sized fraction from the cataclasites showed the phyllosilicate
components to be chlorite, illite-muscovite, biotite, smectite and vermiculite (Warr and Cox,
2001). Pseudotachylite veins, which are formed as a result of frictional melting in the fault zone,
are most abundant within 200 m of the fault, but are absent from fault gouge (Norris and Cooper,
2007; Sibson et al., 1979). These observations indicate initial alteration by anhydrous cataclasis
and frictional melting, followed by hydrothermal alteration at <320 °C and swelling clay formation
at <120 °C (Warr and Cox, 2001). Above the cataclasites in thrust segments are ultramylonites,
which may be dark in colour where pseudotachylite veins are abundant (Norris and Cooper, 1995,
2007). Within the Alpine Fault Zone ultramylonites, cataclasis is restricted to minor fault and
shear zones, some of which show evidence of hydrothermal alteration (Norris and Cooper, 2007).
With increasing distance from the fault, ultramylonites are replaced by mylonites, which
commonly show imbrication into duplexes (Norris and Cooper, 1995, 2007). Further structurally
above the fault, mylonites grade into protomylonites and then schist (Norris and Cooper, 1995,
2007). Strike-slip segments of the fault have narrow anastomosing zones of fault gouge and
mylonite zones that are not imbricated or absent, with protomylonite up to the fault plane (Norris

and Cooper, 1995).
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Figure 1.18 Map and cross section of the geology of the central Southern Alps. There is a broad
decrease in metamorphic grade away from the fault, with no ductile deformation
associated with uplift to the south-east of the exhumed brittle-ductile transition zone

(BDTZ). Adapted from Cox and Sutherland (2007).
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Fault zone architecture at depth was investigated by boreholes drilled as part of the Deep Fault
Drilling Program (DFDP). The DFDP-1A and B boreholes were drilled at Gault Creek in 2011
(Sutherland et al., 2012) and the DFDP-2B borehole in the Whataroa valley in 2014 (Sutherland et
al., 2017) (Fig. 1.17), during the period of PhD candidature of the author. The DFDP-1A and 1B
boreholes penetrated through ultramylonites and altered cataclasites in the hanging wall of the
fault, showing a fault zone architecture consistent with that exposed in outcrops (Fig. 1.20) (Norris
and Cooper, 2007; Toy et al., 2015). DFDP-1A penetrated through the fault principal slip zone
(PSZ) at 91 m depth, below which were gravels of fluvial origin (Sutherland et al., 2011, 2012).
DFDP-1B encountered a PSZ forming the base of the hanging wall at 150 m depth, below which
was a zone of footwall cataclasites, with a second zone of gouge, termed PSZ-2, below
(Sutherland et al., 2012; Toy et al., 2015). Analysis of mineral assemblages and fabrics in
recovered hanging wall ultramylonites and cataclasites indicates mixing of protoliths of both
hanging wall and footwall origin, consistent with the fault having multiple high strain zones at

depth or temporal variation of the position of a single high strain zone (Toy et al., 2015).

The DFDP-2B borehole in the Whataroa valley reached a depth of 818 m in the Alpine Fault
hanging wall, penetrating through a sedimentary sequence into schist, protomylonite and
mylonite (Sutherland et al., 2017). The 240 m thick sequence of sediments encountered is thicker
than was predicted based seismic surveys, gravity modelling and from projecting the topographic
slope gradients in the region. The sedimentary fill records a range of depositional environments in

the Whataroa valley, and includes glacial, lacustrine and fluvial deposits (Cox et al., 2015).

1.4.4 Thermal structure (existing work)

Following rapid uplift, the Southern Alps are inferred to exist at approximate thermal as well as
topographic steady state (Koons, 1987, 1989, 1990; Little et al., 2002). Allis et al. (1979) modelled
the thermal regime beneath the Southern Alps based on an analytical solution for one-
dimensional uplift of 500 °C rocks from 15 km depth to the surface for a range of vertical uplift
rates from 10 mm-yr? to 20 mm-yr. The models indicated that for these uplift rates, rocks advect
a significant amount of heat, raising temperatures in the shallow part of the orogen. Elevated
temperature gradients were predicted in the areas of rapid uplift based on these results

(Fig. 1.21) (Allis et al., 1979).
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Figure 1.21 Estimated temperatures beneath the Southern Alps based on mineral
thermobaromety and data from veins from (1) Craw (1997); (2) Holm et al. (1989); (3)
Green (1992); (4) Grapes (1995); (5) Cooper (1980); (6) Vry et al. (2004) and (7) Toy et
al. (2010), with model (Allis et al., 1979; Batt and Braun, 1999; Shi et al., 1996) and
inferred (Craw, 1997; Toy et al., 2010) thermal exhumation profiles. The base of the
quartzofeldspathic crust is based on Stern et al. (2007). Adapted from Toy et al.
(2010).

Koons (1987) modelled temporal variation in temperature at a two-dimensional plate boundary
and showed that the brittle-ductile transition beneath the Southern Alps is likely to occur at
shallower depth compared to elsewhere in the region. Following 1.5 Ma of uplift in these models
the brittle-ductile transition was raised from 13 km depth to 5 km and eventually reached a depth
of 3 km (Koons, 1987). The shallowing of the brittle-ductile transition beneath the Southern Alps
has been confirmed by seismic data, which show that the base of seismicity beneath the Southern
Alps is 8 + 2 km near to the Alpine Fault, compared to 10-15 + 2 km elsewhere (Boese et al., 2012;

Leitner et al., 2001). Subsequent 2D numerical models for the thermal consequences of uplift and
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erosion by Shi et al. (1996) predicted that in addition to elevation of isotherms near to the Alpine
Fault, isotherms would be depressed and heat flow reduced to the south-east of the Main Divide
as a result of crustal thickening. A model by Batt and Braun (1999) in which erosion was coupled
to model topography did not show this depression of isotherms. In addition to an uplifted brittle-
ductile transition, this model predicted further structural consequences of the thermal regime,
indicating that thermal weakening is likely to focus deformation along the Alpine Fault and faults
near to the Main Divide (Batt and Braun, 1999). These existing thermal models, which invoke
different assumptions and boundary conditions, predict a range of different temperature
gradients for the orogen (Fig. 1.21). In addition to constraints from seismic data on the depth of
the brittle-ductile transition, modelled temperatures can be tested against palaeo-thermal data
from rock samples and temperature measurements from boreholes. Collated temperature
estimates from fluid inclusions in veins and mineral thermobarometry (Fig. 1.21) indicate an
elevated geothermal gradient above the brittle-ductile transition, with temperatures of >200 °C
persisting to depths of 1-2 km and a shallower gradient of ca. 10 °C-km™* below the brittle-ductile
transition (Toy et al., 2010). Borehole data from across South Island showed reduced heat fluxes
in the distal outboard region and elevated heat fluxes adjacent to the Alpine Fault, consistent with
model predictions (Allis and Shi, 1995; Shi et al., 1996). Observed heat fluxes ranged from

320 mW-m2 at a borehole in the Waiho valley, near to the Alpine Fault to 43 mW-:m in the
outboard region. Heat fluxes adjacent to the Alpine Fault near the Haast River are lower

(90 mW-m) than in the Waiho valley (Allis and Shi, 1995; Shi et al., 1996), consistent with the
transition to principally strike slip motion on the Alpine Fault south of the Haast River (Berryman

et al., 1992; Norris and Cooper, 2001; Sutherland and Norris, 1995).

Published temperature gradients for the central Southern Alps are available from the Waiho
valley borehole (Shi et al., 1996) and from DFDP boreholes (Sutherland et al., 2012, 2017). Like the
Waiho valley borehole, the DFDP-2B borehole is located in a major river valley, the Whataroa
valley. By contrast the DFDP-1B borehole, which lies between these two boreholes, is located in a
minor ravine. Of these boreholes, the highest temperature gradient was measured in DFDP-2B,
with data from an optic fibre along the drilled interval showing a geothermal gradient averaging
125 + 55 °C-km?, following relaxation of perturbations associated with drilling (Sutherland et al.,
2017). A steep temperature gradient was also observed at the Waiho valley borehole, averaging
95 °C-km™ below ~150 m, with decreasing temperature with depth in the near-surface attributed
to the retreat of the Franz Josef glacier in this valley ~25 years prior to drilling (Shi et al. 1996).
The DFDP-1B borehole recorded the shallowest temperature gradient of the three, averaging

62.6 + 2.1 °C-km™ (Sutherland et al., 2012).
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Existing studies have largely focussed on modelling the variations in temperature normal to the
strike of the fault, with some consideration of along-strike variation as resulting from the
changing angle of plate vectors relative to the fault (Batt and Braun, 1999), but with little
consideration of along-strike variations between ridges and valleys. Possible short wavelength
along-strike variations were illustrated by Upton et al. (1995), who hypothesised differences in
isotherms between ridges and valleys on the basis of boiling textures in fluid inclusions. Models
have also focussed largely on the role of deformation, uplift and erosion in controlling thermal
structure (e.g. Batt and Braun, 1999; Koons, 1987; Shi et al., 1996). Although hot springs are found
in numerous valleys across the Southern Alps, the influence of these springs and of groundwater

circulation in general, has been considered negligible (Allis and Shi, 1995).

145 Fluid flow regime (existing work)

The present day fluid flow regime in the Southern Alps produces warm springs, with temperatures
up to 65 °C (Barnes et al., 1978; Reyes et al., 2010). These occur in valleys along the Southern
Alps, but are restricted to the hanging wall side of the Alpine Fault (Fig. 1.17). At Welcome Flat in
the Copland valley (Fig. 1.17), spring water temperature of the Copland spring responds to distal
large earthquakes, which has been interpreted as indicating the influence of stress state on the

apertures of fractures modulating flow at depth (Cox et al., 2015).

Veins and secondary alteration zones in exposed rocks of the Southern Alps provide evidence for
the passage of fluids during the uplift of rocks to the surface (Craw et al., 2009; Menzies et al.,
2014; Norris and Cooper, 1995; Toy et al., 2010; Warr and Cox, 2001). This fluid flow is also key in
concentrating gold and arsenic in the orogen (Campbell et al., 2004; Craw et al., 2009; Pitcairn et
al., 2006). Fluid-rock interaction varies with depth, with gold bearing rocks near to the Main
Divide showing a transition from alteration by fluids near chemical equilibrium with their host
rock at the greatest depths, to alteration in veins and their host rocks by disequilibrium fluids at

intermediate depths, with the shallowest alteration restricted to veins (Craw et al., 2009).

On the basis of the distribution of alteration and mineralisation, fluid flow is inferred to be
controlled by faults and fractures (Campbell et al., 2004; Craw et al., 2009). Evidence of boiling at
shallow depths (~150 m) within veins in some high elevation (>1400 m above sea level) rocks may
reflect transient events of short duration in the flow system, which may be linked to seismicity
(Craw, 1997). The thick zones of hydrothermal alteration directly above the Alpine Fault (Norris
and Cooper, 1995; Sutherland et al., 2012) are consistent with the fault acting as a conduit for
focussed fluid flow along the fault in its hanging wall damage zone (Fig. 1.22), (Menzies et al.,

2016). Slug test permeability measurements in the DFDP-1B borehole indicate reduced
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permeability in the damage zone closest to the fault, which has experienced significant alteration,
relative to more distal parts of the damage zone (Sutherland et al., 2012). This is consistent with
permeability reduction through mineral precipitation associated with fluid flow through the

interseismic period (Sibson, 1990; Sutherland et al., 2012).
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Figure 1.22 Summary of existing knowledge of the fluid flow regime in the Southern Alps.
Estimated values are shown for surface infiltration (Sims et al., 2015), infiltration to
6 km depth (Menzies et al., 2016) and permeability (Cox et al., 2015; Sutherland et
al., 2012). Annual precipitation rate is from Tait et al. (2006). Adapted from (Menzies
et al., 2016).

At DFDP-1B significantly lower fluid pressures were recorded in the fault footwall compared to
the hanging wall, with a 0.53 MPa pressure drop across the fault PSZ (Sutherland et al., 2012).
Laboratory measurements of samples from DFDP-1 cores (Carpenter et al., 2014) and outcrops
(Boulton et al., 2012) show low permeabilities of the order of 10 m? for fault gouge. These
observations suggest that the fault may act as a barrier to fluid flow between the hanging wall

and the footwall, at least at shallow depths. Furthermore 8Sr/2®Sr ratios in warm springs and
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hydrothermal mineral veins from the Alpine Fault Zone show that all have values within range of
hanging wall rocks, indicating that the fault may act as a barrier to flow down to the brittle-ductile

transition (Menzies et al., 2016).

There are few in situ permeability estimates for the Haast Schist Group, with the only published
values, prior to the drilling of DFDP-2B, those from the DFPD-1B borehole (Sutherland et al., 2012)
and from regional hydroelectric engineering reports (collated by Cox et al. (2015)). These show
permeabilities in the range 10"Y” m? to 10"** m?. Observations of water outflow rates at the 19"
century tunnel Tatare Tunnel near Franz Josef provide the only published infiltration estimate for
the Southern Alps, indicating that 0.3% to 20% of precipitation recharges groundwater (Fig. 1.22),

if a measured catchment area (0.54 km?) of is assumed to drain into the tunnel (Sims et al., 2015).

Geophysical and geochemical studies have provided insights into fluid sources and distribution at
depth in the orogen, which are valuable constraints on flow regime. Magnetotelluric surveys have
revealed a u-shaped high electrical conductivity zone in the mid to lower crust (Wannamaker et
al., 2002), coinciding with a region of low seismic velocities (Stern et al., 2001) (Fig.1.15). As there
is no magmatism associated with the orogen, this can be best explained in terms of the presence
of a highly interconnected, saline fluid (Upton et al., 2003; Wannamaker et al., 2002). Studies of
quartz fluid inclusion hydrogen isotopes and vein quartz oxygen isotopes that have experienced
ductile deformation indicate that compositions can be most easily explained in terms of an
originally meteoric fluid, with variable degrees of fluid-rock interaction (Menzies et al., 2014). This
is supported by fluid flux estimations (Fig. 1.22), which suggest that the potential downward flux
of meteoric fluid is at least two orders of magnitude greater than the production of a
metamorphic fluid from depth (Menzies et al., 2016). The steep topography of the Southern Alps
provides a strong driving force for deep meteoric water circulation, with thermally driven
buoyancy also inferred to play a significant role in driving fluid flow in the orogen (Koons and
Craw, 1991). However, additional driving forces are required to explain flow of meteoric water
into the brittle-ductile transition zone. Localised dilation due to lithological variations (McCaig,
1988; Upton et al., 1995) and movement of a dynamic brittle-ductile transition through seismic
cycles, sweeping neutrally buoyant fluids near the transition downwards (Connolly and
Podladchikov, 2004), have been suggested as possible mechanisms for movement of meteoric
fluids into the ductile regime. Although evidence suggests that meteoric water is the dominant
fluid down to the brittle-ductile transition, most groundwater circulation must occur at much
shallower depths, as warm spring geochemistry indicates fluid-rock interaction limited to <150 °C

(Menzies et al., 2014, 2016; Reyes et al., 2010).
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Thus, existing studies show that fluid flow plays a significant role in alteration and mineralisation
in the orogen and that meteoric groundwater is the dominant fluid in the brittle upper crust.
However, what influence groundwater flow has on the Alpine Fault is not well understood, as
uncertainty remains in a number of areas, such as the role of groundwater in transporting heat
and the fluid pressures and flow rates at depth near to the fault. Suitable regional values for key
parameters such as permeability and surface infiltration rate are poorly known, with only a few

estimates from boreholes and tunnels, which may only reflect local conditions.

1.5 Thesis aims and structure

1.5.1 Aims

The overarching aim of this thesis is to better understand the fluid flow system within the
Southern Alps and its potential to influence other orogenic processes. To do so, it sets out to

answer the following questions:

1. What is the permeability structure of the Southern Alps?

Permeability is a key control on fluid flow, which remains poorly constrained for the Southern
Alps. The only existing estimates come either from laboratory measurements, which are unlikely
to reflect larger scale permeability or from a very limited number of borehole and tunnel
hydraulic tests, which may also only sample small volumes of rock. This thesis aims to obtain
estimates for regional-scale permeability/hydraulic conductivity, as well as additional local
estimates of permeability/hydraulic conductivity from borehole data in the Alpine Fault Zone to

complement this.

2. What are the regional infiltration rates at the surface?

Meteoric water infiltration rates at the surface provide an upper bound on the flux of fluid
available for processes such as alteration at depth. Only one estimate currently exists and relies
on an uncertain assumed catchment area (Sims et al., 2015). This thesis aims to provide an

estimate for regional infiltration rate.

3. What are the fluid fluxes to depth?

Although the fluxes of meteoric water at the brittle-ductile transition have been quantified
(Menzies et al., 2016), the variation in fluid flux between the surface and the brittle-ductile
transition has not. This thesis aims to estimate how fluid flux varies at depths shallower than the

brittle-ductile transition.
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4. What are the fluid pressure conditions in the Alpine Fault Zone?

Fluid pressure conditions influence effective confining stress on the Alpine Fault. The deepest
existing fluid pressure measurements from the Alpine Fault Zone are at <150 m depth in DFDP-1B.

This thesis aims to obtain estimates for fluid pressure at greater depths in the Alpine Fault Zone.
5. What are the fluid flow rates (Darcy velocities) in the Alpine Fault Zone?

Flow rates influence rates of reaction and may vary spatially across the orogen. This thesis aims to

provide quantification of Darcy velocities in the Alpine Fault Zone.
6. How significant is the influence of fluid flow on subsurface heat flow and temperature field?

Past thermal models (e.g. Shi et al. 1996) have assumed that fluid flow plays an insignificant role
in heat transport in the orogen. This thesis aims to quantify the significance of fluid flow in

advecting heat in the Southern Alps.

7. How does permeability structure influence the temperature and fluid pressure fields at depth

in the Southern Alps and in particular, near to the Alpine Fault?

The temperature and fluid pressure conditions at depth affect alteration and deformation and are
therefore important for understanding the behaviour of the Alpine Fault. The fluid pressure field

at depth remains poorly constrained and existing models for the temperature field do not account
for the thermal effects of fluid flow. This thesis aims to model the fluid pressure and temperature

field and investigate the influence of permeability structure on these variables.

8. What role does thermal buoyancy play in driving groundwater circulation and how significant

is the temperature dependence of water viscosity?

Topography and thermal buoyancy have been inferred to be important drivers for fluid flow in the
Southern Alps. This thesis aims to investigate the significance of buoyancy-driven fluid flow and

the influence of the temperature dependence of fluid viscosity on the flow regime in the orogen.

1.5.2 Structure overview

In order to answer the questions outlined, the thesis utilises a range of modelling methods and
datasets. Different but complementary lines of investigation are used to study different aspects of
the flow system. Regional numerical models simulate the complexity of the three-dimensional
system. Simplified analytical models are used to provide insights into the fundamental processes
within the orogen, which may not be obvious within the complexity of numerical models.

Estimates of local conditions provide a point of comparison for larger scale simulations of the flow
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system and regionally estimated parameter values, which in turn provide context for more

localised studies.

Chapters 3, 4 and 5 utilise new data collected from the DFDP-2B borehole, drilled in 2014 in the
Whataroa valley, during the period of candidature. The author formed part of the onsite science
team for this drilling, collecting hydraulic data and acting as a custodian of the hydraulic dataset
(including periodic borehole mud level, mud properties and mud pit level observations) following
the project. Thesis Chapters 2-5 are presented as manuscripts intended for journal submission,
one of which is a technical note (Chapter 3). Each addresses a number of the key questions
outlined, with values for permeability being obtained through multiple lines of investigation in
more than one chapter in order to find complementary bulk regional estimates and local

estimates from the Alpine Fault Zone using different approaches.

1.5.3 Chapter 2

(Questions 1, 2 and 3)

The thesis begins by obtaining the first regional-scale estimates for key parameters in the flow
system- surface infiltration rate, hydraulic conductivity (K), permeability (k) and the variation of
fluid flux with depth, in order to obtain a broad understanding of the regional fluid flow regime.
Water level data from boreholes drilled as part of a hydroelectric power project in the Amethyst
Ravine, near the Wanganui valley is used to contain minimum water table positions, against which
analytical and numerical model results are tested, in order to estimate these regional parameter
values. The implications of k based on packer test estimates from these boreholes, k variation
with depth, k anisotropy, k of the Alpine Fault and coupled fluid and heat flow are investigated.
The applicability of analytical models based on the Dupuit assumptions for modelling shallow fluid
flow in the orogen is discussed. The chapter is written as a manuscript for future submission to

Hydrogeology Journal.

154 Chapter 3

(Questions 1 and 4)

Chapter 3 provides an introduction to the DFDP-2B borehole and the datasets collected, as well as
analysing and discussing the hydraulic ‘slug test’ dataset. This dataset is used to provide estimates
of steady state borehole fluid pressures (hydraulic head), which give insights into the fluid
pressure conditions in the Alpine Fault Zone that are greater than have been measured before

and were published as part of a contribution to Nature (Appendix A; Sutherland et al., 2017).
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Further analysis is used to estimate the possible difference between borehole and ambient
hydraulic heads. Idealised slug test models are used to provide basic hydraulic conductivity
estimates for rocks in the Alpine Fault hanging wall, which can be compared to regional-scale bulk
hydraulic conductivity. Insights into hydraulic conditions at the borehole are used to set out
improved strategies for hydraulic data collection during any future Alpine Fault drilling projects or
other scientific drilling in other Southern Alps valleys, in order to obtain the best estimates of
permeability and in situ fluid pressure. Chapter 3 is written as a manuscript for future submission

to the New Zealand Journal of Geology and Geophysics.

1.5.5 Chapter 4

(Questions 1, 5 and 6)

Having considered the hydraulic data obtained from DFDP-2B, temperature data from the
borehole is investigated using one-dimensional analytical thermal models, incorporating rock
advection and groundwater flow. Models provide estimates of Darcy velocity and heat flux, which
are used to quantify the importance of heat transport by groundwater in the shallow Southern
Alps. Local hydrogeological structure is interpreted based on variations of Darcy velocity with
depth. Model Darcy velocities are combined with hydraulic head data to provide estimates of
hydraulic conductivity in Alpine Schist basement rocks and overlying sediments, which
supplement and improve upon estimates obtained in the previous chapter from rates of response
in the slug test dataset. Chapter 4 is written as a manuscript for future submission to Geophysical

Research Letters.

1.5.6 Chapter 5

(Questions 1, 7 and 8)

Having gained insights into the role of fluid flow in heat transport from simple one-dimensional
models in Chapter 4, coupled fluid and heat flow are investigated using three-dimensional
regional models. Numerical models for the Whataroa valley region, incorporating the thermal
effects of rock advection, are used to quantify the effect of permeability structure on temperature
and fluid pressure conditions in the Southern Alps, focussing on conditions at the Alpine Fault.
Common features across modelled permeability structures are identified and the influence of
buoyancy driven flow and thermally coupled viscosity are demonstrated. Results are compared to
temperature and hydraulic measurements from the DFDP-1B and 2B boreholes. The chapter is

written as a manuscript for future submission, with the target journal yet to be agreed. A sub-set
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of the model suite presented in this chapter were provided by the author for a published

contribution to Nature (Appendix A).
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Chapter 2:

Regional groundwater flow in an active orogenic mountain
belt; evidence from the Amethyst Ravine, Southern Alps,

New Zealand

Abstract

Meteoric water penetrates to the brittle-ductile transition in the Southern Alps and can influence
orogenic processes through heat and mass transport and through the influence of pore fluid
pressure on deformation. To understand how meteoric and shallow ground waters affect
deformation, mineralization, and the thermal structure of mountain belts, better knowledge is
required of key parameters such as permeability and infiltration rate. The construction of a
hydroelectric power station on the Amethyst Ravine in the Southern Alps allowed borehole water
level and packer test permeability measurements to be undertaken. Here, borehole water levels
from the Amethyst Ravine are combined with hydrogeological models to determine possible
ranges of regional-scale permeability and infiltration rate. Models consistent with borehole data
require a high elevation water table across the Southern Alps, which is up to 1.4 km above the
adjacent valley floor at interfluves, with widespread seeps on valley sides and some rivers, up to
at least 1750 m elevation, in continuity with groundwater. Regional infiltration must be 20.02 % of
precipitation but is >20 % precipitation if measured hydraulic conductivity values from the
Amethyst Ravine are representative of rocks at similar depths across the region. For investigated
permeability structures, the majority (>70 %) of infiltrating water travels on shallow flow paths
<500 m below ground surface. If treated as a homogeneous, regional parameter, hydraulic
conductivity must be <5 x 107 m-s’* in models to reproduce water levels observed in the Amethyst

boreholes. The corresponding upper bound for intrinsic permeability is ~1013 m2.

2.1 Introduction

The Alpine Fault, New Zealand is a major transpressional plate-bounding fault (Fig. 2.1a),
accommodating the majority of the ~10 mm-yr! convergent and 37-40 mm-yr? dextral strike slip
motion between the Australian and Pacific plates (DeMets et al., 1994; Norris and Cooper, 2001).
Rapid uplift on the Alpine Fault, which is estimated to dip at 40-60° (Sibson et al., 1979; Stern et
al., 2007), has resulted in the formation of the Southern Alps (Little et al., 2005) and elevated

temperatures in the shallow orogen, raising the brittle-ductile transition in the region to 6 - 10 km
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depth (Boese et al., 2012; Koons, 1987; Leitner et al., 2001). Although uplift rates are high, there
have been no large (M,, > 7) earthquakes on the central Alpine Fault since European settlement
ca. 1800 A.D., and there is no evidence for aseismic creep at the surface (Sutherland et al., 2007).
However, studies of landslides, forest damage and palaeoseismic excavations have suggested that
in the past, the Alpine Fault has generated large (M,, > 7) to great (M,, > 8) earthquakes
(Sutherland et al., 2007). Recent statistical analyses suggest average recurrence intervals of

291 + 23 years between these events (Cochran et al., 2017). The last of these was in 1717 A.D.

(Wells et al., 1999), 300 years ago, suggesting that the fault is late in its seismic cycle.

a. 200 km Elevation (m)
AUSTRALIAN T o 32000 - 2999

¥ 31000 - 1999
FER=@V Kol {mm 0 - 999

SN ATy )
O Settlements
— Rivers
A Springs

Boreholes/
Tunnels

= Karangerua

Figure 2.1 a. The tectonic setting. b. The three-dimensional model domain in the context of the
central Southern Alps. River positions are based on the National Institute of Water
and Atmospheric Research (2010) dataset. c. The Amethyst boreholes and profile of

one-dimensional models (A1-A2).

Abundant warm springs in the Southern Alps (Fig. 2.1b) and the common presence of
hydrothermal veins testify to past and ongoing fluid flow within the orogen (Barnes et al., 1978;
Menzies et al., 2016). Furthermore, magnetotelluric surveys have revealed a u-shaped high
electrical conductivity zone in the mid- to lower crust, interpreted as a highly interconnected,
saline fluid (Upton et al., 2003; Wannamaker et al., 2002). Fluids have the potential to influence
the mechanical behaviour of faults. Increased fluid pressures reduce effective confining stress on
a fault, meaning that changes in fluid pressure could influence if and when a fault fails (Hubbert
and Rubey 1959). Furthermore, fluid flow can cause alteration and precipitation of secondary

minerals in fault zone rocks, which can further influence fault strength by modifying the fault’s
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frictional properties and by infilling pore spaces, causing changes in permeability that may play a
crucial role in fluid pressure modulation on or near fault planes (Blanpied et al., 1992; Byerlee,
1993; Sibson, 1992). By modifying heat flow through advection, fluid flow is also able to influence
the thermal structure of collisional mountain belts. The temperature regime controls the depths
at which minerals undergo a transition from brittle to ductile deformational behaviour and also
the interval over which they display velocity weakening frictional behaviour, necessary for
earthquake nucleation (Blanpied et al., 1992; Chester, 1994; Nakatani, 2001; Rice et al., 2001).
Detailed knowledge of groundwater flow in the crust below the Southern Alps would therefore

provide important insights into the mechanical behaviour of the Alpine Fault.

Stable isotopic measurements of fluids and vein minerals and fluid flux estimates indicate that
meteoric fluids penetrate down to the brittle-ductile transition zone and are the dominant fluids
throughout the brittle crust (Menzies et al., 2014). To better understand fluid flow throughout the
brittle crust, down to depths where fluids may influence earthquake nucleation and the behaviour
of the Alpine Fault (>6 km Fagereng and Toy, 2011), knowledge of the shallow (<6 km depth)
groundwater flow regime is required. Of particular interest are infiltration rates, which place an
upper bound on amount of meteoric water available for processes at depth, and permeability
structure, a control on fluid flow at depth. Aqueous fluids can play a key role in metamorphic
reactions and mineral assemblages are commonly used to calculate required fluid fluxes (Ague,
1997; Bickle, 1992; Dipple and Ferry, 1992). Infiltration rate at the surface provides an upper
bound on available meteoric water. Permeability values must be assigned for numerical modelling
of the roles of fluids in mass transport and mineralization (e.g. Garven et al., 1999), heat transport
(e.g. Whipp and Ehlers, 2007) and deformation (e.g. Strayer et al., 2001). Permeability is often not
well constrained (Garven et al., 1999). The scale dependence of permeability estimates from
laboratory tests and some in-situ measurements indicates that these methods often sample too
small a volume to give representative estimates of regional-scale permeability and therefore may
be of limited use (Clauser, 1992; Manning and Ingebritsen, 1999). Furthermore, where the fluid
flow regime of interest is no longer active, permeability may have changed significantly since fluid
processes of interest took place. In studies of metamorphism and mineralization, estimates of
regional permeability in such extinct fluid flow systems are obtained based on the time-integrated

fluid fluxes required for reactions (Dipple and Ferry, 1992).

This study seeks to establish constrained estimates of regional infiltration rate and permeability
structure and to identify characteristics of the active shallow flow system in Southern Alps, using
data from the Amethyst Power Project. To do this, a range of hydrogeological models are tested,
some with permeability calibrated to measurements from Amethyst dataset, against minimum

water table elevations, based on observations from the same dataset. Features of the shallow
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flow regime in models consistent with these data are documented. Both simplified analytical
models and three-dimensional finite element models are used, in order identify the features of

the Southern Alps orogen that are a fundamental in controlling its flow regime.

2.2 Regional setting

The study begins by reviewing the existing knowledge of the system, which will inform decisions in

the modelling process, such as choices of boundary conditions and parameters.

221 Geography and hydrology

The highest average precipitation rates across the Southern Alps are ~13 m-yr? (Tait et al., 2006).
The predominantly westerly winds in the Southern Ocean interact with the Southern Alps to
concentrate rainfall and erosion on the western slopes of the Main Divide, producing a rain
shadow to the east (Cox and Sutherland, 2007). The resulting asymmetry in erosion has resulted
in a two-sided geometry in the orogen, with a steep inboard wedge and an outboard wedge with
a topographic plateau (Koons 1990). In the inboard region (Fig. 2.1b), rapid uplift and erosion has
formed a series of parallel ridges and valleys that trend perpendicular to the Alpine Fault, away
from the Main Divide (Koons, 1989). These valleys contain rivers, some fed by upstream glaciers,
which carry precipitation toward the Alpine Fault and low lying footwall. Hence orogenic
processes have established a topographic drive for groundwater flow that converges into valleys
from interfluves either side, and descends from the Main Divide toward the footwall. Warm
springs, located within valleys and restricted to the hanging wall side of the fault, attest to such
convergence. In addition to outflow at warm springs within valleys, groundwater seeps have been
observed along valley margins at a sub-set of locations in the region during fieldwork by the
author. Regional maps of the positions of these seeps are not currently available, due to the
densely vegetated steep terrain and the need for prolonged dry periods in order to distinguish

seeps from run-off.

2.2.2 Geology

The Alpine Fault exhumes quartzo-feldspathic metamorphic Alpine Schist in its hanging wall,
which is juxtaposed against metasediments and granitoids on the Australian Plate in the footwall
(Cox and Barrell, 2007). The Alpine Schist is part of the Haast Schist Group, which consists of rocks
deformed during the Jurassic-Cretaceous. A near full crustal section is exposed from the Alpine
Fault towards the Main Divide, with garnet-oligoclase-zone amphibolite facies schists exposed at

low altitudes adjacent to the fault and sub-greenschist facies semi-schists and greywackes
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(Mortimer, 2004) forming the highest peaks to the east. Uplift on the Alpine Fault since the
Neogene has resulted in further deformation, with mylonites developed within ~1 km and
cataclasis within 10-100 m of the fault (Norris and Cooper, 2007). As a result, the Alpine Schist
contains multiple generations of foliation, with a transition in the dominant foliation from a dip of
30-50° near to the fault, to sub-vertical at the Main Divide (Little et al. 2002). Alpine Schist rocks
to the west of the Main Divide (Fig. 2.1b) display seismic anisotropy, in contrast to the unfoliated
greywackes to the east which are isotopic (Christensen and Okaya, 2007). Multiple generations of
veins, which have formed along fractures, joints, faults and shears as well as within foliation
boundinage, attest to past fluid flow in hanging wall rocks (Menzies et al., 2014). Cataclastic rocks
in the hanging wall of the Alpine Fault are partially altered to clay minerals, calcite and quartz as a

result of fluid flow (Norris and Cooper, 2007; Sutherland et al., 2012; Warr and Cox, 2001).

223 Hydrogeology

The rocks of the Southern Alps are pervasively fractured (Clarke and Burbank, 2011). Because
primary permeability in metamorphic rocks is typically minimal (Freeze and Cherry, 1979), the
secondary permeability provided by these fractures is inferred to provide the main pathways for
groundwater flow. There is a lack of hydrogeologic data for the orogen, in particular the inboard
region, as a result of a low population density and relative inaccessibility. Data that are available
have been obtained from studies of hot springs, hydrothermal veins and measurements in tunnels

and boreholes.

Copland spring is a warm spring in the Copland valley near Karangarua (Fig. 2.1b). Spring
temperature has been observed to show responses to large earthquakes (Cox et al., 2015). It was
inferred that these changes reflect changes in fracture apertures associated with stress field

variations.

Tatare Tunnel was excavated during the 19 century in the Tatare Gorge near Franz Josef
township (Fig. 2.1b). Rapid responses to major rainfall events observed in tunnel water discharge
are consistent with flow through highly fractured rocks (Maréchal and Etcheverry, 2003; Sims et
al., 2015). Outflow data from the tunnel provides the only known published infiltration estimate
for the Southern Alps. This gives values of 0.3 % to 20 % of precipitation, based on an assumed
catchment area for the tunnels of 0.54 km? (Sims et al., 2015). However, a reliable estimate of the
catchment area is hard to make, given the lack of understanding of the groundwater flow system

in the vicinity of the tunnel.

The DFDP-1A and B boreholes (Fig. 2.1b) were drilled <200 m from the Alpine Fault trace,

penetrating the fault at depths of 91 m and 128 m respectively (Sutherland et al., 2011). Slug tests
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were carried out in these boreholes, yielding permeability, k, estimates of the order 10 m?
(hydraulic conductivity, K = 108 m-s*to 107 m-s* at 0.01-10 °C, 1 atm). Significantly lower fluid
pressures were recorded in the fault footwall compared to the hanging wall in the DFDP-1B
borehole, with a 0.53 MPa pressure drop across fault core, suggesting that the fault may act as a
barrier to fluid flow, at least at shallow depths (Sutherland et al., 2012). This is supported by
laboratory measurements of samples from DFDP-1 cores (Carpenter et al., 2014) and outcrops
(Boulton et al., 2012) that indicate permeabilities of the order of 102° m? (K = 10 m-s? at
0.01-10 °C, 1 atm) for the fault gouge. A series of further permeability estimates in unpublished
engineering reports from across the Southern Alps were collated by Cox et al. (2015). These
include data from the Amethyst Ravine, discussed in this study, as well as from a number of
studies near the Main Divide. Estimated K in these studies ranges from 10° m-sto 10* m-s?

(k=10" m? to 10t m? at 0.01-10 °C, 1 atm).

Geochemical studies of hydrothermal vein minerals and spring water provide insights into the
flow regime on a regional scale. Spring waters and veins from the Alpine Fault Zone all have
87Sr/88Sr ratios within the range of hanging wall rocks, which suggests that fluids circulating on the
hanging wall side of the Alpine Fault have not interacted with highly radiogenic rocks of the
Australian plate footwall (Menzies et al., 2016), consistent with the fault acting as a barrier to flow
down to the brittle-ductile transition. Estimates from geochemical tracer transport modelling,
based on oxygen and hydrogen stable isotopic compositions of quartz veins and fluid inclusions,
suggest 0.02 % to 0.05 % of precipitation penetrates to the top of the brittle-ductile transition

zone at ~6 km depth (Menzies et al., 2016).

2.3 The Amethyst Ravine

The Amethyst Ravine lies approximately 1 km south-east of the Alpine Fault (Fig. 2.1b-c.),
adjacent to the Wanganui valley. This valley runs for approximately 14 km between the Main
Divide and the Alpine Fault and has a span of approximately 2.5 km at its widest point. Elevation
increases from <100 m where the valley meets the fault to peaks of >2500 m at the Main Divide
to the south-east of the valley. All elevations given in this study are relative to reference ellipsoid
GRS80 (for further information on the NZGD2000 geodetic datum see Land Information New

Zealand, 2008).
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Table 2.1

Continued overleaf.

Hydrogeological data used in hydrogeological modelling of the Amethyst Ravine region. Grid references are in the New Zealand 1949 Geodetic Datum.

CONSTRAINT

DATA

SOURCE

Borehole name

Grid reference

Borehole plunge, length (m)

Surface elevation at borehole

Waikukupa River

1.16 x10°t01.71 x 107

(NZ 1949 GD) above mean sea level (m)
BH1 N5778850, E2318710 12°,200.0 525 (15) Geotech Consulting Ltd.
Borehole information
BH2 N5779081, E2318620 90°, 180.1 684 (+5) (2006)
BH3 N5779446, E2318445 90°, 309.1 725 (£9)
BH4 N5779756, E2318265 0°,201.5 322 (5)
Depth of base of packer | Elevation of base of packer,
Location Hydraulic Conductivity, K (m-s?)
from surface (m) above mean sea level (m)
BH2 165 519 (45) 4.89 x 10°°
Geotech Consulting Ltd.
Hydraulic conductivity, K BH3 232 493 (+9) 1.50 x 10°
(2006)
BH3 232 493 (19) 1.50 x 10°
BH3 301.6 423.4 (£9) 1.40 x 10°
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CONSTRAINT (CONT.) DATA (CONT.) SOURCE (CONT.)
Borehole water levels Observed water level, above mean sea level (m)
Location
Minimum Maximum Geotech Consulting Ltd.
BH2 552.98 (5) 556.21 (45) (2006)
BH1 Water flowing out of hole at 40 to 60 m borehole length
Location Seeps locations

Seeps

Whataroa and

Wanganui valleys

Seeps observed at the foot of ridges in both river valleys

Field observations by the

author

Amethyst tunnel

observations

Location

Observations

Amethyst tunnel

Most of the flow into the tunnel occurs in the eastern 1/3 of the tunnel.

S. Cox pers. comm.
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CONSTRAINT (CONT.)

DATA (CONT.)

SOURCE (CONT.)

Rainfall

Location

Minimum Average

Annual Rainfall (m-yr?)

Maximum Average Annual

Rainfall (m-yr?)

Dataset

New Zealand wide

Estimated mean annual rainfall for

the period 1960-2004, derived

Tait et al. (2006)

data 2.571 12.6081
using thin plate smoothing spline
interpolation method.
Alpine Fault gouge Location Permeability, k (m?)
permeability DFDP-1 1.62 x 10720 Carpenter et al. (2014)
Gaunt Creek 7.45 x 1070 Boulton et al. (2012)
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During 2005-2006 four boreholes (BH1, BH2, BH3 and BH4) were drilled and measurements taken

(Fig. 2.2), as part of a project to redirect the Amethyst river to a hydroelectric power station

(Geotech Consulting Ltd., 2006). All boreholes were left uncased and open to flow along their
entire length. Packer test measurements of K were taken at BH2 and BH3 and these range from
49x%x10°%m-sto 2.7 x 10° m-s’ (Table 2.1; see also supplementary information from Cox et al.,
2015). Borehole water level data was recorded at BH1 and BH2. At BH2, the water levels were

monitored using a piezometer for several months following borehole drilling. The water level

recorded was 49 m to 52 m above the base of the borehole at 504 + 5 m elevation throughout the

measurement period. Water levels in BH1 were not monitored, but artesian flow occurred when

the borehole reached 40 to 60 m length (517-513 £+ 5 m above sea level).

Northwest Southeast
Height above sea level Topographic surface
— 800m
I~ Minimum
B level of water
— 700m BH2 table
- Fixed
C water
— 600m table, h,
- T
L 500m o BH1 i
o T T T st TUnEE Amethyst River! i
Predicted see ethyS: .- !
P ,Am (in Amethyst | |
Fixed - """ Water-rock medium with Ravine) -
water \/,/--/""’ hydraulic conductivity, K x=0
table, h, e
7 BH4 Distance from Amethyst River, x:
i Distance between fixed water table locations, L, ,
I i
i iJust-right Creek
t=- om 100m 200m 300m  400m 500m
x=L, )
11 A
0.8f 1
os6f ]
0-4¢ A1 ]
0.2 .
0
Figure 2.2 Cross section through the drilled region at the Amethyst Ravine. Positions of

boreholes BH1-BH4 are indicated, together with minimum water table levels where
appropriate. Two one-dimensional analytical solutions, based on Dupuit’s
assumptions for the position of the water table are plotted, with infiltration to
hydraulic conductivity ratio (w/K) adjusted to cause the simulated head to intersect
the observed minimum position of the water table, based on borehole
measurements. Model Al has a constant w/K, Model A2 has a stepped w/K, as

might be produced by greater infiltration on the southeast hill slope.
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2.3.1 Water table location

Since the boreholes at Amethyst were open to flow along their entire length during drilling and
observation, water levels do not precisely record the position of the water table, nor the hydraulic
head at a specified depth, unless there is no head gradient along the drilled interval. If one
considers a system in only two dimensions, for topography-controlled flow from a ridge to a valley
in a medium of uniform permeability, the hydraulic head decreases vertically beneath the central
portion of the ridge (Hubbert, 1940; Toth, 1962). If it is assumed that this is true beneath the
south-eastern section of the Amethyst ridge, near to where BH2 was drilled, the hydraulic head
will decrease down the borehole. Thus, the water level in the borehole will be lower than the
water table would be at that point in the absence of the borehole. This is because the open
borehole provides a pathway for water to move downwards, to the lower hydraulic heads at
depth. Based on this assumption, the lowest measured water level in BH2, 553 £ 5 m above mean
sea level, is taken to represent the minimum position of the water table at BH2, against which
models are tested (Fig. 2.2). Consistency of three-dimensional model results with these

assumptions is considered further in the discussion of results of these models.

The observation of water flowing out of the near horizontal (12° plunge) BH1 once borehole
length reached 40-60 m, provides an estimate of the minimum depth of the water table in that
location. Due to the low angle of this borehole, flow is likely to result from a lateral head gradient,
rather than reflecting a vertical increase in hydraulic head along the borehole. Irrespective of
hydraulic gradients, it is assumed that the water table cannot be lower than the elevation of the
tunnel when water began flowing (i.e. at 40-60 m along the borehole). A minimum of 513 +5m

for the water table at 60 m down BH1 is therefore adopted for testing models.

2.4 Modelling approaches

Two types of model were used to study the Amethyst Ravine region. Analytical models, in which
hydraulic head varies in one dimension, allow for an initial simplified analysis of the key
parameters that may control the regional hydrology. Finite element models are then used to give
a fuller three-dimensional study of the region. Given that spatial variability in infiltration and
permeability may both feasibly span orders of magnitude and given that the water level data
gives minimum, rather than exact water levels, the study does not seek to find a particular
optimum permeability structure or infiltration distribution. Rather, a range of pre-defined
permeability and infiltration scenarios are investigated in order to explore the effects that
different permeability structures and infiltration values have on the flow regime and to eliminate

those that are inconsistent with data.
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The study utilises models that assume homogeneous water properties and those where water
density, p and viscosity, i are state dependent. Both p and i have the potential to influence
Darcian flow, which is given by:

k
== (Vp + pg) 21

Where q is the Darcy velocity vector, k is the intrinsic permeability tensor, p is the pressure, g is
the acceleration due to gravity and 7i is a unit vector oriented vertically upward. The assumption
of homogeneous water properties allows for straightforward insights into the system, which are
then built upon using the results of more the complex models with inhomogeneous fluid
properties. In addition to intrinsic permeability, k, it proves useful to consider models assuming
homogeneous fluid properties in terms of hydraulic conductivity, K, which also describes p and u
of the fluid flowing. K is defined as kpg/u and is the parameter estimated in most borehole
hydraulic tests to characterise permeability (e.g. Hvorslev, 1951; Bouwer and Rice, 1976),

including the packer tests carried out in the Amethyst boreholes (Houlsby, 1976).

2.5 One-dimensional analytical modelling

One-dimensional models of the profile containing the boreholes (Fig. 2.1c) interpolate the
position of the water table in the locality and can be calibrated based on the borehole
measurements. The models use the Dupuit assumptions for flow of a homogeneous fluid between
two fixed heads in an unconfined aquifer, which are that flow is horizontal, with vertical
equipotentials, that the gradient of the water table is small and that the hydraulic head gradient is
proportional to the slope of the water table. These models are described here as ‘one-
dimensional’ because although they have a vertical dimension, in which the elevation of the water
table is expressed, hydraulic head only varies in one dimension, which is horizontal. The first
model, Model A1, assumes constant hydraulic conductivity and infiltration rate. For this case, the

phreatic surface is described by the equation:

] (ha? — hy?)x (2.2)

h= |h? L

+ 2 (Ly = x)
K h X)X

Where h is the elevation of the water table at x; h; and h, are the fixed water table elevations at
either end of the model; Ly, is the distance between h; and h,; x is the distance from fixed head
hq; w is the infiltration rate; and K is the hydraulic conductivity. Fixed heads equal to the surface
elevation were assumed at the Amethyst River (x = 0) and at Just Right Creek (x = L), (Fig. 2.2).
The validity of this assumption is evaluated further in the Discussion. w/K, the ratio of infiltration
to hydraulic conductivity, is the unknown parameter in Eq. 2.2 and was varied to find which

conditions produce a water table compatible with the borehole water levels. As well as constant
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w/K, a model with a spatial step in w/K simulating higher infiltration on the south-eastern side
of the ridge was investigated (Model A2). This is based on observations of greater inflow to the
Amethyst hydroelectric tunnel (Fig. 2.2) in this location by S. Cox. In this model, there is a
transition in w/K at Dy, where Dy, is the distance from the Amethyst River (x = 0) to the peak of

the ridge, such that:

Forx < Dp: (2.3)
W wy
K K,

For x > Dy: (2.4)
woowy
K K,

In this case:
Forx < Dy: (2.5)

Forx > Dp: (2.6)

Where:
W2 W (2.7)
C;=C3—-2D (— — —)
1 3 h KZ Kl
CZ = hlz (2'8)
C =i(h2+ﬁL2—c) (29)
3 L, 2 K, h 4
w, Ww
C.=h Z_DZ(_Z__1> (2.10)
4 1 "\k, " K,
251 Results and discussion from one-dimensional analytical modelling

For Model A1, the minimum w/K ratio required to produce a water table consistent with the
lower bounds from Amethyst borehole measurements was 0.29. Because the head exceeds the
ground elevation, a seep is predicted on the north-western hillside of the model (Fig. 2.2). Setting
w/K =0.29 and using K = 4.9 x 10°® m-s!, the minimum hydraulic conductivity measured during
borehole packer tests, requires w = 44 m-yr! (1.4 x 10 m-s’!). However, the highest average
precipitation rates across the Southern Alps are ~13 m-yr? (Tait et al., 2006). As no glaciers are
present within 5 km of the Amethyst boreholes or in the vicinity of the sources of the Amethyst
River or Just Right Creek, glacial meltwater would seem unlikely to produce the major additional

contribution to infiltration required.
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For Model A2, with Ky , =4.9 x 10° m-s™ and infiltration on the western slope set to the
maximum precipitation rate, w, =13 m-yr?, an infiltration rate of 62 m-yr?, greatly in excess of

the precipitation rate, is still required on the south-eastern slope.

Although Model A2 does not offer a clear solution to the incompatibility between observed K and
water table constraints, it does demonstrate the capacity for variations in permeability structure
and infiltration rate to influence the shape and elevation of the water table. Thus, there are three

possible explanations for the unrealistically high w required by models Al and A2:

1) Packer test measurements overestimate K at the ridge. This could result from damage

during drilling. K < 1.4 x 107 m-s is required for infiltration <100 % precipitation.
2) w/K variation is significant and more complex than considered in these simple models.
3) The Dupuit assumptions break down and are not useful for this setting.

Three-dimensional finite element modelling allows for further investigation of points 2) and 3) as
these models are not constrained by the Dupuit assumptions and w and K may be varied with

greater complexity.

2.6 Finite element modelling

Three-dimensional finite element models (Fig. 2.3) were built using the groundwater simulation
software FEFLOW (Diersch, 2014). Five sets of models were created. Model sets have different k
features, to investigate the effect that each feature would have on flow in the region (Table 2.2),
with the absolute values assigned for k and w varied within models of the set. Four sets of models
constructed (B1 to B4) assume homogeneous water properties. As such, these models can be
described in terms of K. However, to allow comparison with other model sets in which water
properties are not homogeneous, a corresponding k is also defined. A set of minimum
temperature reference surface conditions (0.01 °C, 1 atm) are used to define k in these models,
which give k =2 x 10N m? for K =1 x 10" m-s*. Changes in water p and u between 0.01 °C to

10 °C at 1 atm are relatively minor, meaning that corresponding k values are not heavily
dependent (varying by a factor <1.4) on the exact choice of reference temperature within this
range. The conditions chosen provide a low temperature baseline against which a fifth, thermally
coupled model set (B5) can be compared. B5 models have k assigned to equal values in
equivalent uncoupled models and simulate coupled fluid and heat flow, with water properties

that are temperature and pressure dependent (Table 2.2).
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Table 2.2 Features of three-dimensional model sets. IAF = Impermeable Alpine Fault, VK = Variable k with depth, A = Anisotropic k, TC = Thermal coupling.
Model Set IAF | VD | A | TC K (m-s?) k (m?) w
B1 5x10Mand 1 x 10" 9x10Mand 2 x 10"
No | No | No | No
‘Homogeneous k’ forintegers N=-6 to -11 for integers N =-13 to -18 . .
Spatially variable:
B2 5x10Mand 1 x 10"
Yes No No No 9 x 10Nand 2 x 10N 1x 10N% and 2 x 10N%
B3 ‘Variable k Depth < 301.6 m: 1 x 10°5; Depth > 301.6 m:| Depth < 301.6 m: 2 x 10°%3; Depth >301.6 m:| N =-3to 3 (all sets);
Yes | Yes | No | No No No
with depth’ 1 x 10" for integers N = -6, -7, -8, and -10 |2 x 10" for integers N = -13, -14, -15, and -16 [1-5 X 10" % and 3 x 10" %
precipitation for integers
k, =10k, = 1.3 x 10"for integers N =-6, -7, k;, =10 kj, = 2.4 x 10" for integers N = -13,
) N =0to 1(B5 only)
B4 -8 (calibrated to equal BH2 water table | -14, -15 (calibrated to equal BH2 water table
Yes | No | Yes | No
‘Anisotropic k’ elevation in B2 for w=1 %, 10 % and 100 %| elevation in B2 for w = 1 %, 10 % and 100 %
S L Homogeneous:
precipitation) precipitation)
Calibrated to 1 s.f. (B1
B5 ‘Thermally and B2 only)
Yes | No | No |Yes* N/A 9x107%, 2x10% and 9 x 10°%°
coupled’

*In B5 models the groundwater flow equation includes variable density and viscosity as a function of temperature, T, and pressure, p, making the Boussinesq

approximation. The equations of state for water density p(T, p) and viscosity u(T) are estimated using the approximations given by Magri et al. (2009) and

Mercer and Pinder (1974) respectively, which are valid for conditions in the range 0 °C< T <300 °C; 0.1 MPa < p <100 MPa.
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Figure 2.3 (Opposite) a. Top down view on the large-scale FEFLOW model, showing the location
of the Amethyst boreholes within the model domain. b. Three-dimensional view of
the FEFLOW model illustrating the model Alpine Fault, which is impermeable in some
models. On the top slice of the model a fixed-head condition is automatically applied
where the water table reaches the surface. All other boundaries are no-flow with
respect to fluid, apart from the downstream boundary of the model, where a fixed
head condition at surface elevation is applied in order to allow outflow along this
boundary. At the base of the model (below -6 km) is a low permeability zone
(k=2x102m?% K = 103 m-s!) with a no-fluid flow boundary at its base. This zone
was deactivated in model sets B1-B4 and only activated in set B5 during a set-up
phase of simulation, to establish fixed temperatures at the -6 km. Thus for final flow

simulation, the top of this zone was a no-fluid flow boundary for all model sets.

The top boundary of the model domain is the ground surface. The presence of abundant warm
springs in river valleys in the Southern Alps, the evidence for groundwater seeps from fieldwork
and the water tables rising above surface elevation produced by models Al and A2 all suggest
that up-flow of groundwater into rivers and out of seeps may be significant. In order to allow
models to simulate this, a fixed head (Dirichlet) boundary condition at surface elevation is
automatically applied to any model node where the water table reaches the surface, thereby
simulating the location of a seep or river. Infiltration rate is set as a fixed fluid flux (Neumann)
boundary condition on the top slice of the model. Both spatially constant infiltration and
infiltration as a fixed percentage of spatially variable precipitation rate (Tait et al., 2006) are
investigated. Spatially variable precipitation rate averaged across the model domain equates to a
rate of 6 m-yrl. It is assumed that flow through the unsaturated zone does not limit infiltration

rates.

The model domain has lateral no-fluid flow boundaries set along the drainage divides of the
Wanganui River catchment, which are assumed to correspond to groundwater divides, and a
downstream fixed head boundary, set at the ground surface elevation above each boundary
node. Meshing density is increased for the immediate region surrounding the Amethyst Ravine, to

improve the accuracy of the solution in this region.

The basal boundary is horizontal at -12 km elevation, however, it is assumed that the shallow
topographically driven groundwater flow system ends at the top of brittle-ductile transition zone,
set at -6 km elevation in models, and allocate a relatively low permeability (k =2 x 102° m?; i.e.

K =10 m-sl) to the region below. This lower portion of the model domain is activated only in
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thermally coupled models (B5), for an initial set-up phase. Thus for final flow simulation, all

models have a no-fluid flow boundary at -6 km.

For the thermally coupled model set B5, a fixed temperature (Dirichlet) boundary condition of

10 °Cis applied to the surface of the model. The thermal effects of rock advection are
implemented though application of a rock advection velocity field to represent rock movement
throughout the model domain, with a conductive heat flux field applied to the base of the model,
with no conductive heat flow across lateral boundaries. Values used for this simulation of rock
advection are generated by the FLAC model described by Sutherland et al. (2017), assuming a
convergence rate of 12 mm-yr* and are applied to the FEFLOW model using the same method as
employed in that study (see Chapter 5, section 5.11.1, for a full outline of this method). For
consistency with this FLAC model, a homogeneous porosity of 0.1 is assumed for the purposes of
calculating thermal conductivity and volumetric heat capacity of bulk water-rock medium (Table
2.3). Although fracture porosity is commonly much smaller than this (<1073%) and is also expected
to vary with depth (Freeze and Cherry, 1979; Ingebritsen and Manning, 2003; Snow, 1968), the
uncertainty associated with this choice of porosity (rather than a much lower value) is small
compared to the possible range in these parameters, based on measured rock properties
(Eppelbaum et al., 2014). The exact contribution of rock advection to groundwater movement is,
however, heavily dependent on porosity. Because of this, the simple model employed to simulate
the thermal effects of rock advection is not also employed to simulate transport of fluid by rock
advection (i.e. the mass flux field is implemented only for the purposes of heat flow simulation).
Rather, it is assumed that groundwater average linear velocities are sufficiently high that the
contribution of rock advection to movement of water is negligible in comparison. This assumption
is reasonable for models of the Southern Alps, as geochemical evidence for penetration of
meteoric water to beneath the brittle-ductile transition suggests that the groundwater movement
in the brittle crust is not dominated by uplift (Menzies et al., 2014, 2016). Model flow rates, which

are discussed subsequently, also prove to be consistent with this assumption.

To establish thermal structure, B5 models are initially run with the lower portion of the model (to
-12 km) activated. During this set-up phase, hydraulic head is fixed at the surface, to avoid
excessively long convergence timescales. Following this phase, temperature is fixed at -6 km,
based on simulated values. The lower portion of the model is deactivated and the fixed head
condition at the model surface replaced by a recharge condition for the main phase of flow

simulation.

The Alpine Fault is modelled as a plane with a strike of 052, dipping at 50° to the south-east.

Elements to the north-west of this plane were designated the model footwall. For fully
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homogeneous models (set B1) these elements were undifferentiated from the rest of the model.
The effect of a regionally extensive impermeable Alpine Fault is investigated by deactivating
hanging wall elements, making the fault a no-flow boundary to the model hanging wall. For B5
models footwall elements are assigned relatively low permeability (k =2 x 102° m?; i.e.

K =10 m-s?) for initial heat flow simulation and are then deactivated for the main phase of flow

simulation, similar to the deep zone below -6 km.

Table 2.3  Thermal parameter values used for simulating heat flow in B5 models, based on the

convective form of the energy conservation equation.

Parameter Value
Rock advection rate (dip slip) 12 mm-yr?
Thermal conductivity (water) 0.6 W-mK?
Thermal conductivity (rock) 2.0 W-mtK?
Volumetric heat capacity (water) 4.2 MJ-m3.K1
Volumetric heat capacity (rock) 2.7 MJ-m3K?
Porosity 0.1

B1 and B2 models were simulated for w set at 1 x 10" % precipitation and 2 x 10" % for integers N
=-3 to 3 and for homogeneous k =9 x 108 m? and 2 x 10" m? for integers N = -13 to -18 (i.e.

K =5x10"m-stand 1 x 10" m-s™ for integers N = -6 to -11). These k values are applied to the
entire model domain above -6 km in fully homogeneous B1, but restricted to the hanging wall in
B2. The position of the water table was recorded to find the minimum K and equivalent k value
able to reproduce a water table consistent with that observed at the Amethyst boreholes for
these spatially variable infiltration rates. To allow for comparison of B1 and B2 models with model
A1, a model with k =9 x 10®m? (K =5 x 10¥m-s!) was also run with spatially constant w,

calibrated to find the minimum w/K required to produce a consistent water table.
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Figure 2.4 (Opposite) a. Overview of model structure in the vicinity of the Amethyst boreholes.
b. Hydraulic head and water table cross section for B1 model with k =9 x 10> m?
(K =5%x10®m-s?) and w = 10 % of precipitation. c. Cross section for B2 model with
k=9%10"m? (K =5x 10%m-s!) and w = 10 % of precipitation. d. Cross section for
B3 model. In the upper zone k =2 x 10* m? (K = 1 x 10®° m-s’!) and in the lower zone
k=2x10"m?(K =1x107 m-s?), w =100 % of precipitation. e. Effect of changing
lower zone k in B3 models. f. Cross section for B4 model with kp =2.4x10%m?
ky=2.4x10"m?(K,=1.3x10" m's*, K, =1.3 x 10® m-s*) and w = 10 % of
precipitation. g. Cross section for B5 model with k =9 x 10®* m?> and w = 15 % of

precipitation.

Model set B3 has k varied with depth. Models have an upper high k zone and a lower low k zone
(Fig. 2.4a), with k in the upper zone based on measured K values in the Amethyst boreholes. This
set aims to test whether models with near-surface k based on these measured values could
produce a water table consistent with measured levels, without requiring unrealistically high w
values (w > 100 % precipitation). In order to place a constraint on the minimum w required to
produce a consistent water table, the extent of the upper zone is limited to the depth of the
deepest packer test measurement (301.6 m), with k set at 2 x 10* m? (K =1 x 10® m-s?), based
on the lower bound of measured values (K = 4.9 x 10°® m-s?). An additional slice is added to the
model at 301.6 m to define the boundary between upper and lower zones. The k of the lower
zone beneath is varied between 2 x 1033 m? (K = 1 x 10 m-s1), equal to k in the upper zone, and

2x107 m? (K =1x 10 m-s?). B3 Models were run for w = 20 % and w = 100 % of precipitation.

The effect of anisotropy in the presence of an impermeable Alpine Fault is investigated in Set B4,
on the basis of the seismic anisotropy observed in foliated rocks in the Southern Alps (Christensen
and Okaya, 2007). Foliated rocks typically have a higher k parallel to their foliation than normal to
it (Singhal and Gupta, 2010). In set B4, the effect of introducing a 10 x anisotropy to models for
the Amethyst Ravine is investigated by assuming a simplified regional foliation parallel to the dip
and strike of the model Alpine Fault. k normal to this foliation (k,,) is modelled as 10 x smaller
than k parallel to it (k). To allow comparison, k in these models is calibrated to give the same

water level at BH2 as Set B2 models, with the same w applied.

Model set B5 represent thermally coupled equivalents of set B2, focusing on a sub-set of k values
(Table 2.2). For some B5 models, the w values used in B1 and B2 models were found to either
produce too low a water table or invoke surface infiltration exceeding the limit of w/K < 1 for

infiltration under gravity, for K based on model surface conditions (Nimmo, 2005; Nimmo et al.,
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2005). Therefore additional recharge values of 1.5 x 10" % precipitation and 3 x 10" % were also

simulated for this set.

2.6.1 Results from finite element modelling

For B1 models, with w = 100% precipitation, k <9 x 10 m-s* (K <5 x 107 m-s!) is required to
produce a water table consistent with the water level data. Maximum k decreases by a factor of
ten when w is decreased by this amount, such that for w = 10 % precipitation, k <9 x 10> m-s?
(K £5%x10®%m-s?)is required (Fig. 2.4b). Fork <2 x 103 m-s? (K €1 x 10® m-st), which
represents a lower bound of Amethyst measurements (K >4.9 x 10® m-s), w = 200 %
precipitation is required. When infiltration is simplified to a spatially constant value, w/K > 0.3 is
required to produce a consistent water table. Thus the combinations of w and K or k that give a

water table consistent with data can be mapped (Fig. 2.5).

The introduction of an impermeable Alpine Fault in set B2 does not change the maximum k values
for a given w from those in set B1, with k €9 x 10 m-s* (K <5 x 107 m-s?) required for
w = 100 % precipitation and similar scaling of K and k with w (Fig. 2.4c). Calculated minimum

w/K based on constant infiltration is also unchanged (Fig. 2.5).

In set B3, the w required for near-surface k =2 x 10* m-s* (K = 1 x 10 m-s?) is reduced from

w =200 %, when rocks at depth also have k =2 x 10 m-s?, tow = 100 % when k =2 x 10 m-s*
(K =1x107 m-s?) in rocks at depth (Fig. 2.4d). Further reduction in minimum w cannot be
achieved by further decreases in lower zone k and changes in water table position minimal

beyond k =2 x 10 m-s? (K = 1 x 10® m-s?) (Fig. 2.4e).

Anisotropic models (set B4) require a maximum of k, =2.4 x 10 m?, k,, = 2.4 x 10" m?
(Kp =13%x107 m-s?, K;, = 1.3 x 10® m-s™) for w = 10 % precipitation (Fig. 2.4f), with reductions in

w by a factor of 10 reducing maximum k,, by the same factor, similar to those in isotropic models.

116



Chapter 2

Compiled k estimates for brittle crust /

I
[
I
I

10000 Maximum i 1 50
-E- theoretical w) | [
o (from | I '
8 precipitation)| | I
o 0 p=———— r——=|— === === == ——— === 5 =
S "
@ | I I >
o 1 ] I E
- -
o 1 [ . , 1 =
o 1 Possible wiK 0.05 .
= I [ o I £
‘; | | combinations | _g
e [ i ' o
k- I I =
m 0.0 | i I 0005 £
=
= | I !
= < | I Measured k for Southern I
. ; I
0.0001 Hl : : Alpine rocks : . 0.00005
Inboard Only
CI'D | 1 - :_l
Sx10°"3 Sx10°M sx107 Sx10°7 5x10°F

Hydraulic Conductivity, K (m-s™)

1{)-20 1‘:'-19 1 0-16 1 D-'T 9 c,-1ﬁ 1 0-15 -10-1-1 1‘:'-13 1 D-‘.? .“}-11 1 D—1'ZI

Permeability, k {m™)

Figure 2.5 Log-log plot showing minimum w/K combinations that produce a water table
consistent with Amethyst borehole water level constraints for models sets B1 and B2,
for w as a percentage of spatially variable precipitation and as a homogeneous value.
Corresponding w/k values based on low temperature reference conditions (0.01 °C,
1 atm) also represent an absolute minimum, as higher temperatures in models
incorporating heat flow and coupled fluid properties act to slightly increase the
minimum w required for a given k. The possible range of w/K and w/k values can be
narrowed based on the maximum infiltration rate (100 % precipitation), the
estimated range of large scale k in the brittle crust (Ingebritsen and Manning, 2010;
Manning and Ingebritsen, 1999) and by limit of w/K < 1 based on the assumption of
Darcian flow in the unsaturated zone under a unity head gradient. This range is
further limited based on k estimates for rocks from the Southern Alps (Cox et al.,

2015; Sutherland et al., 2012).

Models incorporating temperature and pressure dependent water properties (set B5), produce
lower water table elevations for a given w and k than their thermally uncoupled counterparts in
set B2 (Fig. 2.6a). Taking k and the average density and viscosity for water in the domain of flow,
an effective average K for these models can be calculated. This is higher than the specified K in
equivalent B2 models for all B5 models (Fig. 2.6b), reflecting the reduction in water viscosity with

temperature relative to the low temperature reference conditions. For Darcian flow (Eq. 2.1),
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reduced viscosity increases the flow rate under a given pressure gradient, increasing the w
required to sustain a given water table. Buoyancy effects also have the potential to increase flow
rates, increasing the required w. Changes in water table elevation relative to B2 models with the
same w are greatest in the B5 models with the lowest k, as in these models average temperatures

are highest, due to reduced advective cooling of the system by groundwater circulation (Fig. 2.6).
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Figure 2.6 a. Water level at BH2 is lower in B5 models relative to equivalent B2 models and does
not remain constant for fixed w/k. b. Average temperature above -6 km in B5
models and effective average K for these models, based on average water properties
in the model domain. Effective average K becomes progressively larger with
decreasing k compared to equivalent K under reference conditions (0.01 °C, 1 atm)

assumed for uncoupled models.

As a result of these lowered water tables, the minimum w is slightly increased for B5 models
relative to B2 counterpart models. For example, in the B2 model with k =9 x 10> m-s™*
(K =5x%x10®%m-s?), w =10 % produces a sufficiently high water table, but in the B5 model with

equivalent k, the same w value produces too low a water table. As for some B5 models an
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increase in w to the next highest value in the range used by B1 and B2 models requires
unrealistically high infiltration in areas of the model (w/K > 1, based on surface K), B5 models
simulated w that was 1.5 x higher than minimum values in corresponding B2 models (e.g.

w =15 % for k =9 x 10"® m-s?). These w values produce a sufficiently high water table in all B5

models, while maintaining w/K < 1.

Three-dimensional simulations for all sets (B1-B5) that are consistent with borehole water table
constraints also predict seeps at the base of many of the ridges (Fig. 2.7), similar to predictions
from analytical models. Seeps are also predicted beneath streams, to over 1750 m elevation, with
seepage across almost the entire surface below ~250 m elevation. There is little variation in the
hanging wall seep distribution between B1, B2 and B5 models. Anisotropy (B4) has the effect of
altering the shape of the water table to reduce the area of seepage relative to isotropic models

(Fig. 2.7c¢).

The hydraulic heads beneath the Amethyst ridge vary between model sets (Fig. 2.4, 2.8). Set B1
models, which are differentiated from other models sets by the absence of an impermeable
Alpine Fault, show lower heads at the fault than equivalent models (B2) with an impermeable
Alpine Fault (Fig. 2.8a-b.). Anisotropic (B3) models predict lower heads at depth than their
isotropic equivalent, B2. The effect of coupled water properties in B5 is to produce a slight
decrease in heads at depth, relative to B2. However, these differences in head between model

sets do not persist into the shallow region penetrated by the Amethyst borehole (Fig. 2.7a.).
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Figure 2.7 (Opposite) Comparison of spatial distribution of seeps (blue area) generated by
models from set B1 (a., b.), B2 (c.), B4 (d.) and B5 (e.) models. w = 10 % of
precipitation for B1, B2 and B4. w = 15 % of precipitation for B5. For isotropic models
(B1,B2,B5),k=9x 10 m?(K =5 x 10® m-s in uncoupled models) and for
anisotropic B4, k, =2.4x 107 m?, k;,, = 2.4 x 10° m* (K,, =1 x 10" m-s,

K, =1x10° m-s?). All models shown produce a sufficiently high water table position
at the Amethyst boreholes to fit borehole observations and models B1, B2 and B3

have the same water table elevation at borehole BH2.

Downward vertical volumetric flow rates (flow throughout the model domain) and equivalent
fluxes (flow per unit area) of water are reported though a surface at 500 m depth and through
surfaces at -3 km and -5 km elevation. Where the Alpine Fault is a barrier to flow (B2-B5), the area
across which flow is distributed decreases with depth, and as a result fluxes as a percentage of the
average infiltration flux are slightly higher than flow rates as a percentage of the infiltration flow
rate. The water fluxes scale with w and show little variation (<1 % infiltration) between model
sets B1, B2, indicating a flux equivalent to <30 % of the average infiltration flux at 500 m depth
(Table 2.4) and much lower fluxes at -3 km and -5 km. Anisotropy in model set B4 has the effect of
slightly increasing these fluxes relative to isotropic B1 and B2 models, whereas decreasing k with
depth in model set B3 decreases the fluxes (Table 2.5). In the B5 model set, fluxes as a percentage
of precipitation are similar to those in the corresponding B2 model for k =9 x 10 m-s’!

(K =5x10®m-stin B2), but become progressively larger as k is decreased (Table 2.4). The higher
percentages of infiltrating water reaching the investigated model surfaces with decreasing k can
be understood in light of the increases in average temperature that also occur with decreasing k
(Fig. 2.6a.). Higher average temperatures relative to the fixed temperature model surface indicate
steeper average temperature gradients and result in greater reductions in water viscosity with
depth. Decreasing viscosity promotes higher flow rates and therefore reduces the fall in

groundwater fluxes with depth.

In interpreting average linear velocities corresponding to these fluxes, porosity of <5 x 107 is
assumed for rocks at 500 m depth, based on compiled fracture porosity estimates for rocks below
~60 m depth (Snow, 1968). For rocks at -3 km and -5 km elevation, porosities of <3 x 10™ and

<1 x 107 respectively are assumed, based on the porosity depth relationship of Ingebritsen and
Manning (2003) for fractured rocks. Based on these porosities, spatially averaged linear velocities
corresponding to fluxes across the 500 m depth, -3 km and -5 km surfaces are more than an order
of magnitude (and in most cases multiple orders of magnitude) greater than the maximum model
uplift velocity. This is the case for all models presented and thus model fluxes support the

assumption of a negligible contribution to groundwater movement from rock advection.
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Figure 2.8

a-b. Head vs elevation profiles at BH2 (a.) and beneath the Wanganui valley (b.,

location inset) for model sets B1, B2, B4 and B5. w = 10 % of precipitation for

uncoupled models (B1, B2 and B4), 15 % of precipitation for B5. For isotropic models

(B1,B2,B5),k=9x10® m?(K =5 x 10® m-s in uncoupled models) and for

anisotropic B4, k, =2.4x 107 m?, k, =2.4x10®m? (K, =1x107 m-s?,

K, =1x10°m-s?). C-D. Profiles at BH2 (c.) and beneath the Wanganui valley (d.) for

model sets B2 with K =5 x 10® m-s™* for w = 2 %, 10 % and 20 % of precipitation.
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Downward groundwater volumetric flow rates and fluxes through surfaces at 500 m depth (i.e. parallel to the topographic surface), -3000 m elevation

Table 2.4
and -5000 m elevation compared to infiltration for a range of models (all with water tables consistent with borehole data).
Model Set B1 B2 B2 B4 B5 B5 B5
K (m-s?) 5x 10 5x 108 5x 107 1.3x 107 (Kp) N/A
k (m?) 9x 10 9x 10 9x10% 2.4x 10" (kp) 9x 101 2x10% 9x 10
w (% precipitation) 10 100 10 10 1.5 3 15
Volumetric Flow Rate (m3-s) [Volumetric flow rate as a percentage of infiltration flow rate in square brackets]
Infiltration 9.8 [100] 8.4 [100] 84 [100] 8.4 [100] 1.3 [100] 2.5[100] 13 [100]
500 m depth 2.1[22] 1.8 [21] 18 [21] 2.4 [28] 0.3 [25] 0.6 [23] 3 [20]
-3000 m 0.3 [3] 0.2 [2] 2[2] 0.3 [3] <0.1[7] <0.1 [5] <1[3]
-5000 m <0.1[1] <0.1 [<1] <1 [<1] <0.1 [<1] <0.1 [3] <0.1[2] <1 [1]
Flux (x10® m-s?) [Flux as a percentage of average infiltration flux in square brackets]
Infiltration 2.1[100] 2.3[100] 23 [100] 2.3[100] 0.34 [100] 0.68 [100] 3.4 [100]
500 m depth 0.5 [22] 0.5 [21] 5[21] 0.6 [28] 0.09 [25] 0.15 [23] 0.7 [20]
-3000 m 0.1 (3] 0.1 [3] 1[3] 0.1 3] 0.03 [8] 0.04 [6] 0.1 [3]
-5000 m <0.1[1] <0.1[1] <1[1] <0.1[1] 0.01 [4] 0.02 [3] <0.1[1]

¢ J9xdeyd
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Table 2.5

Downward volumetric flow rates and fluxes through surfaces at 500 m depth, -3000 m elevation and -5000 m elevation for B3 models with a range of

k values for the lower zone (>301.6 m depth). Fluxes decrease with decreasing k. A lower zone with k =2 x 103 m? (K =1 x 10°m-s?) produces too

low a water table to be consistent with Amethyst borehole water levels, in contrast to other models for which fluxes are presented.

Model Set B3
Lower zone K (m-s) 1x10° 1x107 1x10%
Lower zone k (m?) 2x101 2x101 2 x 1015
100

w (% precipitation)

Volumetric Flow Rate (m3:s) [Volumetric flow rate as a percentage of infiltration flow rate in square brackets]

Infiltration 84 [100] 84 [100] 84 [100]
500 m depth 29 [35] 4 [5] <1 [<1]
-3000 m 4 [5] <1 [<1] <1 [<1]
-5000 m 1[1] <1 [<1] <1 [<1]
Flux (x10® m-s?) [Flux as a percentage of average infiltration flux in square brackets]
Infiltration 23 [100] 23 [100] 23 [100]
500 m depth 8 [35] 1[5] <1[1]
-3000 m 1[5] <1[1] <1 [<1]
-5000 m <1[2] <1 [<1] <1 [<1]
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2.7 Discussion

2.7.1 Infiltration, hydraulic conductivity and permeability values

B1, B2 and B5 models are discussed first, in order to consider appropriate values for regional bulk
K and k. B1 and B2 models show a dependence of water table elevation on w and K similar to
that in analytical (A1) models, as changes in K can be accommodated by changes in w to maintain
a water table consistent with observations (Fig. 2.5). As such, the conditions required to produce
a sufficiently high water table can be described in terms of a minimum w/K or corresponding
minimum w/k. Values for k in coupled B5 models, which simulate the thermal structure of the
Southern Alps, correspond to k in B1 and B2 models, assuming uniform low temperature
reference conditions (0.01 °C, 1 atm) in these uncoupled model sets. The higher temperatures in
B5 models, compared to those assumed for uncoupled models, result in higher groundwater flow
rates due to decreased water viscosities and increased buoyancy effects, which act to increase the
minimum w required to sustain a given high water table elevation. This means that the elevation
of the water table in B5 models does not remain unchanged for constant w/k, as temperatures
are also dependent on k. Consequently a minimum w/k cannot be defined based on B5 models.
However, because the effect of increased temperature in B5 models is to increase the minimum
w, the straightforward minimum for w/k in uncoupled B1 and B2 models (based on the lower
bound for w/K under minimum temperature reference conditions), provides a suitable absolute

lower bound.

For the minimum w/K and w/k ratios indicated by these models, the range of possible w and K
or k combinations can be narrowed down based on other constraints on these parameters (Fig.
2.5). The limit of w/K < 1 for infiltration under gravity at the surface provides a straightforward
bound on w/K (Nimmo, 2005; Nimmo et al., 2005). Additionally, w cannot be greater than 100 %
precipitation, in the absence of significant alternative sources of infiltration. If 25 % of the entire
53.3 km3 volume of glaciers in the Southern Alps (Chinn, 1989) melted in just one year, >20 % of
the melt water would need to drain into the Wanganui valley, to produce an input equal to 100 %
of precipitation. Thus although locally glacial melt may contribute to infiltration at the southerly
end of the Wanganui valley, the total glacial input into the area encompassed by the finite
element model domain is likely to be orders of magnitude less than 100 % precipitation. Losing
streams are not likely to be a major source, not only because the positions of many streams
correspond to the positions of seeps in three-dimensional models, suggesting they are gaining,

but also because water in losing streams will be predominantly sourced from precipitation in the
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catchment. This means that although they may cause localised redistribution of infiltration, they

are unlikely to increase it regionally.

The percentage of precipitation infiltrating is likely to vary laterally with greater complexity than
modelled in this study. The amount and type of vegetation, soil and snow cover, the slope of the
ground surface and the angle of rock fabric with respect to the ground surface may all cause
spatial variation in w and could cause it to exceed 100 % precipitation in limited, localised areas.
However, the conclusions drawn from B1 and B2 models with spatially variable w are the same as
those drawn from those with homogeneous w — that models with homogeneous k > 9 x 10* m?
(K 25 x 107 m-s?), require w greater than can be supplied by precipitation in the catchment. This
suggests that conclusions drawn are unlikely to be significantly improved by modelling more

complex spatial variations in w.

Based on compiled estimates of large-scale k for the brittle crust (Ingebritsen and Manning, 2010;
Manning and Ingebritsen, 1999), which show k > 10 m? (K > 5 x 102 m-s™ for uncoupled model
reference conditions), w must be 0.001 to 100 % of precipitation in homogeneous models (Fig.
2.5). This range narrows to 0.02 to 100 % of precipitation for k values for the unaltered Haast
Schist Group rocks (Sutherland et al., 2012; Cox et al., 2015). The range is further reduced to 10 to
100 % if only values from the inboard region of the Southern Alps, north-west of the Main Divide
are included, although this permeability range is based on data from the Amethyst and DFDP-1
boreholes alone. For models with k =2 x 10 m-s? (K =1 x 10® m-s?), as a lower bound for
measured values at the Amethyst boreholes, w = 200 % rainfall is required in B1 and B2 models.
This may be because measured values represent rocks damaged during the drilling process, with k
raised above undisturbed values. Alternatively, measured values may represent a local high in k.
Packer tests were carried out at only two boreholes, over a narrow depth interval and may have
only sampled a small volume of rock, meaning that there is significant scope for spatial variability.
B3 models show that limiting the vertical extent of this high k does significantly reduce the
infiltration required, producing a water table consistent with borehole data for w = 100 %, but not
for w = 20 % precipitation. The insensitivity of water table elevations in B3 models to decreases in
k in the lower zone beyond values two orders of magnitude less than the value in the upper zone
suggests that water table position is largely controlled by the k of rocks nearer the surface.
Because of this and because the upper zone was restricted to the minimum depth extent possible
based on borehole measurements, with k corresponding to the minimum measured K, it seems
unlikely that any other k-depth relationship could produce a significantly greater reduction in the
infiltration required. Therefore if the K values measured at the Amethyst Ravine are
representative of the properties of near-surface rocks across the region, w must be in the

range >20 % to 100 % of precipitation. Consequently, although this study indicates a possible a
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range in w based on based on k in Haast Schist Group rocks (0.02-100 % precipitation) which is
broadly consistent with the range estimated by Sims et al. (2015) (0.3-20 % precipitation), it
shows that w values slightly above this existing estimated range (i.e. >20 % precipitation) are a

realistic possibility.

There are numerous ways in which k may vary laterally. k is likely to vary spatially around the
Alpine Fault and around other local faults, with increased k where fracturing is greater and
reduced k where fluid flow has caused mineral precipitation and reduced porosity (Sutherland et
al., 2012). The variation of k with stress state modelled for the Manapouri region of Fiordland,
New Zealand (Upton and Sutherland, 2014), indicated that the highest k is beneath mountains
and ridges, with lower values beneath valleys, and these findings may also be applicable to the

Amethyst region.

2.7.2 Regional water table

Three-dimensional models predict a bulging water table beneath the Amethyst Ridge, producing
seeps on its northwest flank, similar to those predicted by models Al to A2. Regionally, three-
dimensional models predict water table elevations of up to 1.4 km above the adjacent valley floor
in some ridges with seepage over a large area. The presence of seeps at the sites of all streams
below 250 m suggests that streams below this elevation are in hydraulic continuity with
groundwater, receiving water from the saturated zone (‘gaining’). Seeps are also present along
many streams above this elevation too, including the Amethyst River and Just Right Creek.
Anisotropy has a strong influence on seep distribution, with B3 models showing significantly less
extensive seepage than other model sets. The variation in the extent of seepage in analytical
models (A1-A2) also highlights the potential for lateral variations in k to locally alter the

distribution of seeps.

2.7.3 Hydraulic heads at depth

The high water table has important consequences for vertical hydraulic head gradients beneath
valleys in the region. Models (e.g., B1) show increasing vertical hydraulic head gradients at depth
with increasing water table elevation (Fig. 2.8c-d.). The high elevation water table required to be
consistent with the Amethyst borehole water levels generates high heads at depth, with rapid
increases in head beneath valleys (Fig. 2.8b). Significant artesian flow within valleys in the
Southern Alps predicted by these models was observed during drilling of DFPD-2B boreholes in
the adjacent Whataroa valley (Chapter 3, this thesis; Sutherland et al., 2017). The head values

reached are dependent on k structure, with the presence of an impermeable Alpine Fault acting
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to increase heads at depth in the hanging wall of the fault and the presence of anisotropy parallel
to the fault acting to reduce them. Decreasing heads with depth beneath BH2 in all three-
dimensional model sets (Fig. 2.4, 2.8) are consistent with the assumptions made in considering

borehole water levels as minimum water table elevations.

274 Applicability of analytical models

The presence of seeps at the Amethyst River and Just Right Creek in finite element models
supports the assumption made by analytical models that these watercourses are in hydraulic
continuity with groundwater. The similar w/K values required by homogeneous B1 and B2
models (0.3) to the value predicted by model Al (0.29) and their similar predictions for the shape
of the water table and presence of seeps suggests that this type of simple analytical model, based
on the Dupuit assumptions can provide straightforward insights into the position on the water
table and regional w and K values, in spite of the presence of significant vertical head gradients
(Fig. 2.8). However, the presence of vertical head gradients within models B1-B5 does indicate
that models based on the Dupuit assumptions are not suitable for every modelling application
within the Southern Alps. For example, by neglecting vertical flow, calculated Darcy velocity

vectors are likely to be inaccurate for much of the orogen.

2.7.5 Water fluxes to depth

With the exception of model set B3, three-dimensional models in this study do not simulate any
decrease in k with depth. The anticipated effect of decreasing k with depth is to reduce flow rates
at depth. This is supported by decreasing fluxes in set B3 models as k in the lower zone is reduced
(Table 2.5). As such, fluxes from model set B1, B2, B4 and B5 provide upper bounds on fluxes of
water to depth. Anisotropy in model set B4 acts to increase the percentage of infiltrating water
flowing to depth, relative to corresponding isotropic models (B2). Fluxes in B5 models reflect the
influence of temperature, with increasing average temperature gradients acting to minimise the
decreases in groundwater flux with depth that occur in all models, through decreases in water

viscosity, which promote higher flow rates.

Models that produce water tables consistent with Amethyst borehole water levels show that fluid
flow penetrating beyond 500 m depth represents <30 % of the average infiltration flux at the
surface (and equivalently <30 % of the total infiltrating volume per unit time). The majority

(>70 %) of infiltrating water must travel on relatively short, shallow flow paths before leaving the
groundwater system through seeps. The decrease in infiltration beyond 500 m depth associated

with just an order of magnitude decrease in k at depth in model set B3 is much greater than
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changes associated with anisotropy or temperature regime. Therefore ~30 % of the average
surface infiltration would appear to be an appropriate upper limit for the fluid flux beyond 500 m

depth.

Models from this study show fluxes equivalent to <8 % of the average infiltration flux

reaching -3 km elevation and <4 % of the average infiltration flux reaching -5 km. These fluxes,
given as percentages of the average flux of water infiltrating into the groundwater system, may
also be expressed in terms of the average precipitation rate, which includes both water that
infiltrates to the saturated zone and water that does not. Where w is of the order of 1 % of
precipitation or greater, the predicted maximum flux at -5 km of 4 % of the average infiltration
flux represents at least 0.04 % of the average precipitation rate. In this case (w = 1 %
precipitation), results from this study are consistent with geochemical tracer modelling, which
indicates a fluid flux at ~6 km depth equivalent to 0.02-0.05 % of the precipitation rate (Menzies
et al., 2016).

Because the drop in fluid fluxes with depth is reduced under higher temperature gradients in B5
models, high uplift rates in the Southern Alps, which have increased temperature gradients in the
shallow orogen, may facilitate flow of increased fluxes of meteoric water to the base of the brittle
crust than would occur under lower temperature gradient conditions in the absence of uplift. A
scenario in which uplift velocities were large enough to overwhelm downward penetration of fluid
within the brittle crust would represent an exception to this. However, evidence for meteoric
fluids penetrating beneath the brittle-ductile transition (Menzies et al., 2014, 2016), as well as
average linear velocities in models (based on likely porosity values) that are sufficiently high that

uplift velocities are negligible in comparison, suggest that this is not the case in the Southern Alps.

2.8 Conclusions

The shallow flow regime in the Amethyst region of the Southern Alps is characterised by a high
elevation water table in the interfluves, which is up to 1.4 km above the adjacent valley floor, with
widespread seeps on valley sides. The majority of infiltrating water (>70 % for modelled k
structures) travels on shallow flow paths (<500 m below ground level) before leaving the
groundwater system (Fig. 2.9). Mapped rivers in the inboard Southern Alps are in hydraulic
continuity with groundwater below 250 m elevation in all cases. In some locations, this continues

to >1750 m elevation.

The infiltration flux to the groundwater table, w for the region must be 20.02 % of precipitation,
but is >20 % precipitation if packer test estimates for K from the Amethyst Ravine are

representative of rocks at similar depths across the inboard Southern Alps. Regional w > 100 %
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precipitation is not possible as other sources of infiltration such as glacial melt are minor

compared to the contribution from precipitation.

NW SE

>20 % precipitation

— . infiltrates to recharge
Prevailing wind
groundwater
>70 % travels on
shallow flow paths, | | | |
leaving the system A A A4

at seeps

High water table results in
widespread seeps and
gaining streams

Figure 2.9 Vertically exaggerated cross section to illustrate shallow flow in the Southern Alps,
which is characterised by a high water table and widespread seeps, with >70 % of
infiltrating waters seeping out without reaching depths greater than 500 m.
Estimated down-flow beyond -5000 m is equivalent to a maximum of 4 % of the
average infiltration flux. For w of the order 1 % precipitation or greater, this
represents at least 0.04 % of the average precipitation rate and is consistent with
geochemical tracer modelling, which indicates a fluid flux at the brittle-ductile
transition (~6 km depth) equivalent to 0.02-0.05 % of the precipitation rate (Menzies
et al., 2016).

Decreases in fluid fluxes with depth are less significant under higher temperature gradients in

models. Increased temperature gradients in the shallow Southern Alps resulting from rapid uplift

130



Chapter 2

may therefore promote flow of greater fluxes of meteoric water to the base of the brittle crust

than under lower temperature gradient conditions.

If treated as a homogeneous regional parameter for the brittle crust, K must be of the order

5x 107 m-st or less, based on the requirement that w < 100 % precipitation. The corresponding
upper bound for k is 9 x 10 m? = 101> m? and is established by assuming uniform low
temperature conditions, as higher temperatures in thermally coupled models act to increase the
minimum w required. K values measured in boreholes at the Amethyst Ravine

(K >24.9 x 10 m-s?) are therefore inferred to characterise local conditions, restricted to the

shallowest rocks and potentially those in fault damage zones.
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Chapter 3:

Estimating fluid pressure and permeability conditions in
the Alpine Fault Zone, New Zealand: insights from the

DFDP-2B borehole

Abstract

The DFDP-2B borehole was drilled in 2014, to investigate conditions at depth on the Alpine Fault,
the right-lateral transpressional boundary between the Pacific and Australian plates that runs
through the South Island of New Zealand. The borehole penetrated to a vertical depth of 818 m
through 240 m of valley sediments and Alpine Fault Zone basement rocks below. During borehole
construction, drilling mud levels were monitored. Exponential models presented here provide
insights into fluid pressure conditions in the Alpine Fault Zone by estimating steady state borehole
hydraulic head based on observed changes in mud level (slug tests) in DFDP-2B. Borehole head
increases from a relatively low value of approximately 2 m at 35 m below the base of the
sediments to >60 m head in the full depth borehole. The small increase in head across the
sediments is consistent with these units having a higher permeability than the basement below.
Finite element models are used to provide estimates of the possible ambient head field that could
produce the borehole heads. Ambient head profiles, fitted to estimated borehole heads using
these models, show that ambient head may be >120 m at the base of the borehole. Application of
Bouwer and Rice and Hvorslev slug test models to the data yields hydraulic conductivity estimates
in the range 10° m-s* to 107 m-s’%. Although conditions are likely to have deviated from the
idealised scenarios assumed by conventional slug test models and the long open interval of the
borehole prevents retrieval of information on permeability variations with depth, the bulk
estimates obtained are consistent with values obtained based on modelling of borehole
temperature data. To obtain better estimates in the future, fault zone drilling projects in the
Southern Alps should aim to limit the hydraulic perturbations caused by drilling and the presence
of the borehole. In particular, the uncased interval of the borehole should be minimised for
periods of hydraulic testing, for example through regular insertion of casing and packer test

permeability estimates also obtained.
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3.1 Introduction

Fluid flow has the potential to play important roles in fault zone processes. Changes in fluid
pressure can influence if and when a fault fails, as effective confining stress is a function of pore
fluid pressure (Hubbert and Rubey, 1959). Thermal pressurisation, in which frictional heating and
expansion of fluids during fault movement reduces the effective confining stress on the fault as it
moves, may contribute to seismogenic velocity weakening behaviour (Blanpied et al., 1992;
Sibson, 1973; Wibberley and Shimamoto, 2005). Fluids transfer heat and mass within fault zones
and therefore have the potential to modify the frictional properties of fault rocks (Blanpied et al.,
1992; Byerlee, 1993). Mineralisation associated with fluid flow may facilitate development of high
pore pressures by reducing porosity and permeability near to a fault zone (Sibson, 1992). Fault
zone drilling allows conditions at depth of fault zones to be investigated (Ando, 2001; Tanaka et
al., 2002; Zoback et al., 2010). This study presents analyses of new hydraulic measurements from

within the hanging wall of an active plate bounding fault, the Alpine Fault.

3.1.1 The Alpine Fault

The Alpine Fault (Fig. 3.1a) accommodates ~10 mm-yr? convergent and 23-25 mm-yr? strike slip
displacement, representing approximately 75 % of the relative motion between the Pacific and
Australian Plates in South Island, New Zealand (Norris and Cooper, 2001, 2007; Sutherland et al.,
2006). The convergent component of motion on the fault has resulted in the formation of the
Southern Alps mountain belt, as well as exhuming fault zone rocks from depth in its hanging wall
and uplifting the regional brittle-ductile transition to a depth of 8 £ 2 km (Koons, 1987; Leitner et
al., 2001). In the past, the Alpine Fault has failed in large (M,, > 7) to great (M,, > 8) earthquakes
every 291 + 23 years (Berryman et al., 2012; Cochran et al., 2017; Howarth et al., 2016;
Sutherland et al., 2007). The last such event was in 1717 A.D. (Wells et al., 1999), meaning the

fault is currently late in its seismic cycle, allowing its pre-rupture state to be investigated.

The convergent component of motion on the fault means that it has exhumed its own fault zone
rocks from depth. The fault zone rocks of the Alpine Fault hanging wall are the Alpine Schists,
which are mylonitised in a ~1 km wide zone adjacent to the fault (Norris and Cooper, 2007).
Hydrothermally altered calaclasites are present within ~40 m of the fault. Granitoids and
metasediments in its footwall show little deformation associated with displacement on the Alpine

Fault (Cox and Barrell, 2007; Norris and Cooper, 2007; Sutherland et al., 2012).
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Figure 3.1 a. The tectonic setting of the Alpine Fault. b. The location of the DFDP-1A, 1B and 2B
boreholes in the central Southern Alps. c. The setting of the DFDP-2B drill site and
borehole within the Whataroa valley, with 1 m LIDAR contours, adapted from

Sutherland et al. (2015).

Hydraulic conditions in the fault zone at shallow depth were investigated by the Deep Fault
Drilling Project (DFDP) 1A and 1B boreholes (Fig. 3.1b), which intersected the fault at 91 m and
128 m respectively. Slug tests, involving the monitoring of borehole fluid level recovery following
a perturbation, yielded permeability estimates of the order 107** m? (Sutherland et al., 2012).
These estimates were interpreted to reflect permeability in fractured ultramylonites at 34-53 m
depth. In DFDP-1B a fluid pressure difference of 0.53 MPa was measured across the fault,
indicating that the Alpine Fault may act as a regional barrier to flow (Sutherland et al. 2012). This
is supported by the distribution and chemistry of warm springs in the orogen, which are restricted
to the hanging-wall side of the fault (Barnes et al., 1978) and show no isotopic evidence of

interaction with high #Sr/%Sr footwall rocks (Menzies et al., 2016).

3.1.2 DFDP-2B

The DFDP-2B borehole (Fig. 3.1b, c) was drilled in the Whataroa valley between August and
December 2014 using rotary drilling, with the aim of studying the Alpine Fault Zone at greater
depth than in the DFDP-1 boreholes. The first phase of DFDP-2B drilling penetrated to a drilled

depth of 263 m, with a 10” diameter casing advanced to this depth (Fig. 3.2). A second phase of
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drilling to form an 8.5” diameter open hole then continued to a drilled depth of 893 m. On
completion of this second period of drilling, a 5.5” casing and an optical fibre (for temperature
monitoring) were inserted to the bottom of the hole and cemented in place. A break in the 5.5”
casing meant that cement filled the borehole interior, in addition to securing the casing. Cement
within the casing was subsequently drilled out to a drilled depth of 400 m (Sutherland et al. 2017).
The geometry of the borehole is not purely vertical, but instead deviates toward the Alpine Fault.
As such drilled depths have been adjusted to vertical depths (Fig. 3.2) using wireline inclination
data. The base of the borehole is at a vertical depth of 818 m. Depths given in this study are

vertical depths, unless stated otherwise.

The lithology of the drilled interval was determined from the recovered rock cuttings. The upper
240 m of the borehole penetrates a sedimentary sequence of Pleistocene and Holocene gravels,
sands, silts and diamictites, reflecting changing depositional environments in the Whataroa valley.
Below this the borehole penetrated Alpine Schist basement rocks including schists,

protomylonites and mylonites (Fig. 3.2).

The borehole (with the exception of upper 77 m) was drilled using a mud drilling system. As part
of this drilling process, water-based drilling mud, with a greater density and viscosity than water,
was pumped into the borehole during construction, in order to remove rock cut away by the drill
bit and to suppress hydrogeological fluid up-flow in the borehole. When drilling was actively
taking place, the mud in the borehole was circulated, so that mud continuously flowed into and
out of the borehole. During breaks in drilling, wireline data such as temperature profiles were
collected. Drilling encountered high temperatures, resulting in heating of the mud to >80 °C
during some periods of drilling (Fig. 3.3). Differing degrees of heating of the borehole mud and of
thermal perturbation of the surrounding formation by mud circulation resulted in significant
variability in wireline temperature profiles. The optical fibre was used to measure downhole
temperatures following the completion of the borehole. Measurements were collected over a
period of months, to obtain a steady state temperature profile. This showed a steep average

temperature gradient of 125 + 55 °C-km™ (Sutherland et al., 2017).
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Figure 3.3 Temperature profiles from the DFDP-2B borehole. Wireline logging profiles were
obtained during construction of the borehole. The optical fibre was cemented in
place once the borehole had reach its full depth and was used to obtain temperature

profiles following drilling. Adapted from Sutherland et al. (2015).

3.13 Study aims and structure

DFDP-2B data represent a rare opportunity to characterise conditions in the Alpine Fault hanging
wall at a depths much greater than previously investigated. This study focusses on hydraulic data
from the borehole, considering in particular the monitored mud levels. It aims to find out what
this dataset can reveal about fluid pressures and permeability or hydraulic conductivity at depth,
as well as to provide insights into the hydraulics of the DFDP-2B borehole, which can be used to
inform planning of future fault zone drilling. Following an outline of the borehole mud system and
data collection methods, estimates for steady state borehole hydraulic heads are obtained, to
provide an initial indication of fluid pressure conditions across the drilled interval. These borehole
head estimates were contributed by the author to combined drilling results presented by
Sutherland et al. (2017) (although here additional estimates, including data originally excluded
from analyses are also presented). Here the full methods used in obtaining these values are
documented and results receive further discussion. Further modelling is carried out to investigate
the relationship between borehole hydraulic heads (representing fluid pressure conditions at the
base of the borehole at a particular depth) and ambient hydraulic heads (representing fluid
pressure conditions in the undisturbed rock formation at a particular depth, in the absence of any

drilling-related hydraulic perturbations) in the Alpine Fault hanging wall at DFDP-2B. Estimates for
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permeability and hydraulic conductivity of rocks penetrated are obtained and discussed. Finally

the implications of the findings of the study for future drilling are discussed.

3.2 Borehole hydraulic processes and data collection

Mud circulation maintained a constant mud level during drilling (Fig. 3.4). Mud was pumped into
the borehole from the Suction pit and flowed out of the hole down an Overflow pipe into the
Returns pit. These pits were linked by overflow pipes from one another and to an Overflow pit.
Borehole mud density was controlled through addition of new mud batches, with the aim of
maintaining a fluid pressure in the borehole that was slightly ‘overbalanced’, that is, in excess of
formation fluid pressure (Azar and Samuel, 2007), such that the borehole experiences a net
outflow of fluid. Maintaining an overbalance prevents net inflow into a borehole from the
surrounding formation, which could become difficult to arrest and result in borehole collapse.
Ensuring that the overbalance is not too large means that the amount of fluid injected into the

formation is minimised.

a b.
—I_To outflow into
Constant mud _rs}“rns pit
level during ---------1 [ oop Overflow Pipe
circulation 0.13m Overflow pit
_______ Ground
Surface
Mud level, Pumping into

M, allowed to Steady state borehole
relaxtoward § [T mud level, M, ~ Connecting pipe
steady state

during breaks in
circulation Overflow
from
Base of |5renole
sediments \

Sediments (240m)
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~ “Base of
casing
(263 m)

Returns pit

Figure 3.4 a. Flow out of an overflow maintained a constant mud level during mud circulation.
Mud level was allowed to move toward a steady state level when mud was not being
pumped into the borehole. b. Set-up of the mud pit system that supplied and

received borehole mud.
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When circulation was taking place, a range of properties of the inflowing and outflowing mud
were measured. The procedure was to monitor outflowing mud at least hourly, although in
practice, sampling intervals were sometimes slightly longer than this for operational reasons.
When significant changes in the mud properties were observed and during pump-outs of mud
that had remained in the borehole for significant periods during hiatuses in circulation, sampling
was much more frequent, with intervals of a little as 1 minute. Inflowing mud properties (outlined
below) were measured at least every 24 hours during circulation, often more frequently. In
particular, inflowing mud was measured when a new batch of mud was mixed, or when

circulation resumed after a hiatus.

Drilling mud density, p; (kg:m™), was measured using a mud balance. The mud was also passed
through a marsh funnel viscometer. The time taken for a US quart (946 mL) of mud to empty from
the funnel, ¢, (s), was recorded. The following empirical formula (Pitt, 2000) was used to obtain

effective mud viscosity, i (mPa-s) from this data:

p
Ha = 1_613,(% - 25) 3.1)

A digital sensor was also used to measure the conductivity and temperature of the mud. During
measurements of mud properties the relative heights of the suction, returns and overflow mud

pits were also noted, in order to monitor when mud loss and gain occurred.

During hiatuses in drilling and mud circulation, the mud level was allowed to adjust toward a
steady state level, through fluid flow into or out of the borehole from the surrounding formation.
The borehole was periodically topped up with mud, resulting in a number of distinct periods of
mud level decay. Mud level was recorded using a measurement tape with inbuilt water sensor
(Solinist Water Level Meter, Model 101). This was lowered down the borehole until its sensor
reached the mud level, at which time the sensor gives an audible signal. Measurements were
taken relative to the drill table of the drilling rig or the top of the borehole casing, when the drill
rig was not in place. The elevations of these reference points relative to the ground surface at the
drill site were measured and all mud levels corrected to be relative to the ground surface at the

drill site.

In total 29 decay curves, described here as slug tests, were collected prior to cementation,
numbered sequentially from slug test 1 (ST1) to slug test 29 (ST29) (Fig. 3.5). Two of these tests,
ST14 and ST15, taken during activities to prevent borehole overflow were not used f or analysis
on the basis of significant uncertainty in borehole mud density during the measurement period.
All of the tests were carried out after the insertion of the 10” borehole casing to 263 m and prior
to the insertion of the 5.5” casing to the bottom of the hole. The first test was carried when the

vertical borehole depth was 275 m and the last when it was at 818 m, with tests carried out at 6
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other borehole depths in between. Therefore slug tests investigate borehole conditions over a

range of depth intervals.

33 Borehole hydraulic head

3.3.1 Modelling method

Steady state borehole head, H,, based on fresh water with density p,,= 1000 kg-m, was
calculated using estimates for steady state mud level, M, obtained from slug test curves, together
with SG4, the specific gravity of mud with density p; relative to water with density p,, and the

vertical depth of the borehole at the time of the test, D.

Hy = SG4(D + My) — D (3.2)
sc, =2 (3.3)
w

All mud levels and heads presented represent an elevation relative to the ground surface at the

drill site, such that values below the ground surface are negative.

Exponential curves were found to give a good fit (R220.93) to slug test mud data. In order to
estimate steady state mud level, each slug test curve was fitted using an exponential of the form:
M = M, + Ae™Bt (3.4)
Where M is the mud level relative to ground level at time t, A is a constant representing the initial
upward displacement of the mud level from steady state at t=0 and B is a decay constant. A
number of slug test curves show a transition from falling mud level to rising mud level (Fig. 3.6).
Application of a basic correction of thermal expansion (see 3.9 Supporting Information), treating
the borehole as a one dimensional heat sink during circulation suggests that thermal expansion is
only a minor contributor to these rises. They are therefore inferred to be caused by settling of
drilling mud solids, resulting in significantly reduced density in sections of the borehole. Where a
transition from falling to rising mud level was present, the exponential function (Eq. 3.4) was only

fitted to the falling section of the curve.

A number of mud level measurements were taken while wireline logging equipment was present
in the borehole. These measurements were excluded for the original modelling to produce results
presented by Sutherland et al. (2017), due to concerns that the presence of this equipment may
have resulted in upward displacement of the borehole mud level. Here these are included, with

comparison of results showing little change in estimated borehole heads (Fig. 3.7).
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For quantification of uncertainty in My, slug tests were divided into sets of tests carried out at the
same borehole depth, with no circulation occurring between the tests. Sequential tests at the
same borehole depth where circulation had taken place between tests cannot be grouped with
respect to uncertainty in M, as they do not share a common value for p4, which itself would
cause deviation in M, between these tests. Standard deviation, SD, in M, estimates was
calculated for all sets. For slug tests within sets, uncertainty, § M), was set as two standard
deviations, 25D. For slug tests that did not form part of a repeated set, § M, was specified based

on the value of 25D for the set incorporating the largest number of tests.

A set of 3 approaches for estimating p; during each test were defined (Table 3.1), as the data
available varied between tests, not allowing any one approach to work for all tests. For the “first
approach’, p; was calculated as the average of measurements from mud flowing out of the
borehole during the 2.5 hours before the end of circulation preceding the test. 2.5 hours was
chosen, rather than 2 hours as it ensured that hourly measurements that took place slightly early
(e.g. 2 hours 1 minute before the end of circulation) were not excluded. Maximum and minimum
pa measurements from this period were combined with an estimation of the measurement error
(#5 kg-m3), based on the precision of the mud balance, to set maximum and minimum mud
densities for the purposes of uncertainty calculation. If no measurements of p; were recorded
within 2.5 hours of the end of circulation or a newly mixed batch of mud was added during this
2.5 hour period, which was not within error (+5 kg-m) of the range of p; measurements prior to

addition (e.g., dense ‘kill mud’ was added), a second approach was applied.

The second approach was based on mud density measurements during pumping of mud out of
the borehole following a test. The time for the borehole mud to be completely pumped out
following a slug test was calculated based on the pumping rate and borehole volume. The average
measured mud density during this pump-out period was used as the estimate for p; during the
preceding slug test. Maximum and minimum p; measurements from this the pump-out period

were combined with the term for measurement error (5 kg-m) to give the uncertainty in p,;.

A third approach was applied where new mud of significantly different density (>5 kg:m
difference) to the mud already in borehole (‘old mud’) was added prior to the slug test and where
there were no p; measurements from a borehole pump-out following the test. In this approach,
estimated p; was based on a volume weighted average of the measured density of the old mud
and the new mud. The density of the old mud was calculated based on mud flowing out of the
borehole in the 2.5 hours before the end of circulation. Density of the new mud was measured
from a sample of the new batch of mud added. The volume of new mud added was recorded prior

to addition. The volume of remaining old mud was calculated based on the borehole volume, with
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the volume of new mud subtracted. Uncertainty was based on the maximum and minimum of all
pa values (including old mud flowing prior to the test and the new mud) and also incorporates 5

kg-m= measurement error.

Table 3.1  Methods used for estimation of p; values.

Pm €stimation
Methodology summary Tests using method
method

Based on average of mud flowing out of the
First approach ST1-2,ST21-29
borehole prior to the test

Based on average of mud pumped out of the
Second approach ST19-20
borehole following the test

Volume weighted average based on mud
Third approach |flowing out of borehole and new mud added ST3-13,ST16-18

prior to the test

Uncertainties in the vertical depth of the borehole were based on an estimated measurement
error of 0.05 m. This represents a conservative estimate, as borehole vertical depths are

constrained to within ~0.01 m (M. Linh Doan, pers. comm.).

Uncertainty in borehole head, 6H02 was calculated for individual tests based on the following

rules (Taylor, 1997):

If,
a=b+c (3.5)

Then uncertainty in a is calculated as:
Sa? = 6b? + 5c? (3.6)
And if,
a = bc (3.7)

Then uncertainty in a is calculated as:
Sa\®>  (8b\* 8¢\’ (3.8)
&) -G 6
a b c
Applying these rules to Eq. 3.2 gives:

§Hy® = 6D + (SGaD)? [@Said)z " (%D)Z] + (SGaMo)? [@Said)z " (SIVIZO)Z] -

Estimates of borehole head for each borehole depth were calculated based on the mean of head

estimates for all tests carried out at that borehole depth. For each, § H, was based on 25D for
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borehole depths with multiple tests. For borehole depths with only one test, uncertainty was set

at the maximum of +8H, and —&H, calculated for the individual test.

3.3.2 Results and discussion

The exponential model was found to give a good fit to mud level decay curves (R? > 0.93 for all
tests) (Table 3.2). Borehole heads calculated based on modelled M, values broadly increase with
borehole depth, consistent with the hole experiencing increasing ambient heads with depth
associated with fluid up-flow (Fig. 3.7). Because of the long uncased interval of the borehole,
these borehole heads do not represent ambient head at a particular depth. In the presence of an
ambient vertical head gradient, a borehole will act as a high transmissivity pathway for fluid flow
from higher ambient head regions at depth to lower ambient head regions nearer the surface,
resulting a perturbation of the steady state flow regime for pre-drilling conditions. Borehole
heads therefore represent a value somewhere between the highest and lowest ambient heads
across the uncased interval of the borehole. Further analysis, performed in the next section of this

study, is required to obtain better estimates of ambient heads.

Borehole heads do, however, provide some indication of the relative permeability of the
sediments penetrated by DFDP-2B compared to the basement rocks below. If the water table is
assumed to correspond to the ground surface at DFDP-2B, theoretical borehole head would be
0 m at a borehole depth of 0 m. Thus the borehole head of ~¥2 m at 275 m borehole depth
represents only a small increase in head across the upper portion of the borehole, which
penetrates through sediments to 240 m depth, relative to the increases in borehole head in the
basement below this depth. Assuming that changes in fluid properties can be neglected for the

purposes of local consideration of the drilled interval, Darcy’s Law gives:

dh (3.10)
q=-K—-
k
x = krg (3.11)
u

Where q is vertical Darcy velocity, K is hydraulic conductivity, which is a function of fluid density,
p, fluid viscosity, i and the acceleration due to gravity, g and dh/dz is the vertical head gradient.
If vertical g is assumed to remain approximately constant in the surrounding formation, the
shallower borehole head gradient across the sediments relative to the basement implies that the
sediments have a higher hydraulic conductivity and permeability, assuming that the borehole
head gradients reflect the relative ambient head gradients of these units. This apparent higher
permeability across the upper section of the borehole suggests that sediment units which might

be expected to have a low permeability (e.g. lacustrine silts) may be of limited lateral extent.
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Estimated borehole heads for DFDP-2B using fitted exponential curves. Original

estimates (Sutherland et al., 2017) excluding data collected while wireline logging

equipment was present in the borehole during some tests lie within the uncertainty

interval of revised estimates presented here, based on models that include this data.

Rock type column from Sutherland et al. (2017).
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Table 3.2 Borehole heads for individual slug tests and averaged values for each investigated borehole depth. §D = 0.05 m for all tests. Continued opposite.
Individual Tests Borehole Depths
Slug Test L A B R? M, +6M, SG; | +65G,; | —6SG, H, +6H, | —6H, L H, | +6H,

(m) (m) (s) (m) (m) (-) (-) (-) (m) (m) (m) (m) (m) (m)

STO1 275 1.9 |4.8x10°| >0.99 -3.0 6.7 1.02 0.005 0.005 2.4 7.0 7.0 275 2.4 7.0

ST02 287 3.7 [2.2x10%| >0.99 -3.4 6.7 1.071 0.005 0.005 16.6 7.4 7.4 287 16.6 7.4

ST03 8.2 |4.1x10°%| >0.99 -8.2 18.2 11.0 11.6

ST04 6.5 [4.3x10°| >0.99 -8.4 18.0 11.0 11.6

STO5* 58 [1.1x10*| 0.98 -7.8 18.6 11.0 11.6

ST06 53 |[1.3x10*| 0.98 -5.7 20.9 11.0 11.6

ST07 3.7 |43x10°| >0.99 -4.1 22.5 11.0 11.6

ST08 -2.6 |[3.0x10°| 0.96 -3.4 6.7 1.068 0.021 0.023 23.4 11.0 11.6

ST09 -2.3 |9.5x10°| >0.99 1.2 28.2 11.0 11.6

ST10 396 0.9 |[5.6x10°| 0.94 -2.6 24.2 11.0 11.6

ST11 1.4 [22x10°%| 099 | -1.0 25.9 11.0 ne | | P

ST12 0.6 [1.3x10*| >0.99 -0.6 26.3 11.0 11.6

ST13 1.0 |3.5x10°| 0.93 -0.9 25.9 11.0 11.6

ST16 0.7 [5.0x10*| >0.99 -0.7 21.0 15.9 15.9

ST17 -0.90 |5.4x10%| >0.99 0.0 07 1.055 0.04 0.04 21.7 15.9 15.9

ST18 -2.7 |5.4x10%| >0.99 -0.1 21.7 15.9 15.9

ST19 2.2 |5.3x10°| >0.99 -2.7 3.8 21.5 5.2 6.2

ST20 50 [8.8x10%| 098 | -5.4 1062 1 0008 | 0012 5.2 6.2
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Individual Tests (cont.) Borehole Depths (cont.)
Slug Test L A B R? M, +6M, SG; | +65G,; | —6SG, H, +6H, | —6H, L H, | +6H,
(m) (m) (s) (m) (m) (-) (-) (-) (m) (m) (m) (m) (m) (m)
ST21 19.5 |[8.6x10°| >0.99 -19.5 15.5 14.9 14.9
ST22 486 2.8 1.8x103| 0.97 -6.6 13.7 1.075 0.005 0.005 29.4 14.9 14.9 486 23.9 8.5
ST23 10.2 [1.2x10°| >0.99 -9.1 26.7 14.9 14.9
ST24 520 9.6 8.2x10°| 0.96 -10.2 6.7 1.068 0.005 0.005 24.2 7.6 7.65 520 24.2 7.6
ST25 540 7.2 9.6x10°| >0.99 -7.3 6.7 1.058 0.005 0.005 233 7.6 7.6 540 233 7.6
ST26 -0.6 |4.4x10*| 0.99 -18.6 49.7 8.0 8.0
ST27 770 13.9 |[2.7x10°| >0.99 -13.9 6.4 1.091 0.005 0.005 54.9 8.0 8.0 770 50.9 4.0
ST28 20.0 [1.5x10°| >0.99 -19.9 48.2 8.0 8.0
ST29 818 17.1 [1.7x10°| >0.99 -17.3 6.7 1.098 0.005 0.005 60.7 8.4 8.4 818 60.7 8.4

*The first measured mud level during this test was above overflow pipe level and is therefore not included in analyses.
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3.4 Ambient hydraulic head

34.1 Modelling method

The borehole head estimates from exponential models are built upon using a finite element
model, to obtain an estimate of the possible relationship between borehole heads and the
ambient head in the Alpine Fault hanging wall. Steady state Darcian finite element models for the
DFDP-2B borehole were built using COMSOL. These are radially symmetric about the borehole,
which was treated as vertical for the purposes of this modelling (Fig. 3.8). All model elevations are
relative to the ground surface at the drill site, set at 0 m. A no-flow basal boundary was set

at -1200 m elevation, representing the approximate depth of the Alpine Fault, which acts as a
barrier to flow (Menzies et al., 2016; Sutherland et al., 2012). Models were split into a basement
region below -240 m and a sediment region above this, as well as incorporating the borehole and
its casing. A constant basement permeability, k;, = 10®* m? was assumed. The permeability of the
sediments, k, was also assumed to be constant and higher than that of the basement, based on
the shallower borehole head gradient across the upper section of the borehole and was set as
10%k;,. Borehole permeability, k;;, was set as 10%;, and casing permeability, k. was set as 10°k;,.

These values give changes in head along the length of the model borehole of <0.1 m.

A fixed head boundary was applied at 120 m radius, where hydraulic head within the rock
formation was assumed to be unperturbed from ambient conditions by the borehole. Head along
this outer boundary of the models was fixed using a piecewise-linear function. The use of a
significantly greater outer radius is inappropriate, as the borehole is <200 m from the ridge at the
valley margin, where ambient heads may be significantly different. The sensitivity of results to this

and other parameter choices was investigated.

For Model A, the outer head function was set to have two sections- one corresponding to the
model region above the sediment-basement boundary at -240 m, the other to the region below.
Model B had five equal 240 m sections of linearly increasing head. Using COBYLA optimisation,
coefficients for head gradient in the outer head function were altered from initial values (0.05 in
the sediments and 0.5 in the basement) to minimise the difference between borehole head
simulated in these models and estimated H,, values in the previous section of the study. These
models are not thermally coupled as, due to the thermal perturbations associated with drilling
and mud circulation highlighted by wireline logs, the temperature regime in the surrounding

formation during slug tests, and in many cases also in the borehole, is not well constrained.
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Figure 3.8 Geometry (not to scale) of the radially symmetric borehole model.
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3.4.2 Results and discussion

Model borehole heads are unaffected by the choice of absolute permeability and are also
relatively insensitive to doubling or halving of model outer radius, reduction in model depth to
900 m and to moderate changes in the relative permeabilities of components (Table 3.3, 3.4).
Model A borehole heads lie within the uncertainty range of H, values for three of the eight
borehole depths (Fig. 3.9a). Model B gives an improved fit to Hy values, lying within the

uncertainty range of H,, for all but one (396 m) borehole depth.

An improved fit to estimated borehole heads may be possible through use of an alternative form
of function for model fixed head or by simulating a more complex heterogeneity in permeability
structure. Therefore neither Model A nor Model B is presented as a unique best representation of
ambient heads, but rather these models are used to provide an approximate indication of the
ambient head field that could produce the borehole heads observed, which would otherwise
remain unknown. Both models indicate ambient heads at the base of the borehole that are >30 m
higher than the borehole head estimated for the full depth borehole. For Model B this ambient
head is more than double the borehole head value. No interpretations are made based on
modelled ambient head below the extent of DFDP-2B (-818 m), as although models simulate
ambient heads to an elevation of -1200 m, in an attempt to accurately represent the flow regime,

measurements used to inform these models are restricted to the drilled interval.

In addition to allowing possible ambient head conditions to be investigated, these models provide
an indication of variation of fluid flow rates along the borehole (Fig. 3.10). Due to the vertical

head gradient, steady state borehole fluid levels represent a state of dynamic equilibrium, with
flow into the borehole at depth and outflow from the borehole nearer the surface. The magnitude
of flow rates between the borehole and surrounding rock formation increases toward to top and
bottom of the uncased interval, with no flow at the transition between inflow and outflow. The
transition from inflow to outflow corresponds approximately to the depth at which borehole head
is equal to model outer ambient head. The variation in flow rates along the borehole has
implications for hydraulic conductivity estimates based on DFDP-2B slug test data, discussed in

the next section.
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a. Borehole Hydraulic Head (m) b. Ambient Hydraulic Head (m)
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Figure 3.9 a. Borehole heads simulated by radial borehole Models A and B, compared to H,
estimates obtained from DFDP-2B slug tests. b. Fitted ambient heads in Model A and
B.
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Table 3.3  Sensitivity of borehole heads simulated by Model B to changes in permeability and fluid density and viscosity.
Borehole | Model B Sensitivity
vertical borehole k; (Basement) kg (Sediment) kp;, (Borehole) k. (Casing) Fluid viscosity Fluid density
depth head (m?) (m?) (m?) (mPa-s) (kg:m?)

(m) (m) 10 1018 =k, | =10°%, | =10%k, | =10k, | =10%k, | =10k, | 0.1 10 10000 | 100
275 8.8 8.8 8.8 11.7 8.8 8.8 8.8 8.8 8.8 8.8 8.8 8.8 8.8
287 9.6 9.6 9.6 12.2 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6
396 16.8 16.8 16.8 18.1 16.8 16.8 16.8 16.8 16.8 16.8 16.8 16.8 16.8
486 233 233 233 24.1 23.2 23.2 233 233 233 23.3 233 233 23.3
520 26.0 26.0 26.0 26.8 26.0 26.0 26.0 26.0 26.0 26.0 26.0 26.0 26.0
540 27.7 27.7 27.7 28.5 27.7 27.7 27.7 27.7 27.7 27.7 27.7 27.7 27.7
770 524 52.4 52.4 52.9 524 52.1 52.4 52.4 52.4 52.4 52.4 52.4 52.4
818 58.2 58.2 58.2 58.7 58.2 57.8 58.2 58.2 58.2 58.2 58.2 58.2 58.2
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Table 3.4  Sensitivity of borehole heads simulated by Model B to changes in model geometric parameter values.

Borehole | Model B Sensitivity
vertical | borehole | Distance of outer boundary from centre of
Elevation of top of borehole (m) Elevation of base of model (m)
depth head model (m)

(m) (m) 60 240 480 0 60 240 -1100 -1000 -900
275 8.8 9.5 8.4 9.0 8.8 8.8 8.8 8.8 8.8 8.8
287 9.6 10.2 9.3 10.1 9.6 9.6 9.6 9.6 9.6 9.6
396 16.8 16.8 17.8 20.1 16.8 16.8 16.8 16.8 16.8 16.8
486 23.3 22.6 25.3 28.5 23.3 23.3 23.3 23.3 23.3 23.3
520 26.0 25.2 28.3 31.7 26.0 26.0 26.0 26.0 26.0 26.0
540 27.7 26.9 30.1 33.6 27.7 27.7 27.7 27.7 27.7 27.7
770 52.4 51.7 54.5 56.3 52.4 524 52.4 524 524 52.2
818 58.2 57.6 60.1 61.1 58.2 58.2 58.2 58.2 58.2 57.8
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Figure 3.10 Variation in heads and radial flow rates with depth along the open section of the full
818 m long borehole in Model B, with the transition from inflow to outflow
corresponding approximately to the point at which borehole head falls below
ambient head. Flow rates are shown are at from within the model basement rocks, at

1 m from the borehole-rock interface.
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3.5 Hydraulic conductivity and permeability

3.5.1 Modelling method

The slug test analysis methods of Bouwer and Rice (1976) and Hvorslev (1951) are commonly used
to estimate hydraulic conductivity, which may be converted to an equivalent permeability, if fluid
density and viscosity are known. These methods were used to estimate permeability at the DFDP-
1 boreholes (Sutherland et al., 2012) and in this study were applied to DFDP-2B slug test data to
estimate hydraulic conductivity and permeability. Both methods assume steady state radial flow,
with negligible variation in fluid properties, into a borehole following an instantaneous
perturbation in borehole fluid level. The applicability of these assumptions to DFDP-2B slug test

dataset is discussed subsequently.

For the Bouwer and Rice method, hydraulic conductivity is calculated as:

_ 12In(Re /1)1 Yi (3.12)
K=———g ¢ (y(t))

Where 1, is the radius of the borehole casing, R, is an effective radius, over which fluid level
perturbation is dissipated (calculated using electrical analogues), 7, is the radius of the borehole
or well, d is the length of the borehole which is uncased and open to fluid flow, t is the time
elapsed since the initiation of the slug test, y; is the change in borehole fluid level relative to its
unperturbed level at the initiation of the test and y is the borehole fluid level relative to its

unperturbed level at time t.

Using the Hvorslev method for partially penetrating wells, isotropic hydraulic conductivity is

calculated as:

K = r2In(d/2r,) + 1+ (d/2r,)?%1 (2 (3.13)
- 2d t n(y(t))

As all parameters in these equations are commonly assumed constant for a particular slug test,

with the exception of y and ¢, data obeying these relations should plot as a straight line on a
graph of In(y(t)) against t allowing estimation of In (%) /t based on the gradient of this line

(Bouwer, 1989). Commonly, slug test datasets plot as a straight line during the early part of the

test only (Fig. 3.10a) (Bouwer and Rice, 1976).
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Figure 3.11 a. Example of fitting of slug test data for gradient, adapted from Bouwer and Rice

(1976). b. Fitting of the initial straight section of ST7 data from DFDP-2B.

DFDP-2B slug tests used for head calculation were analysed using both Bouwer and Rice and

Hvorslev methods, with y; and y calculated based on M, values from exponential curve fitting

and In (2 /t estimates obtained based on fitting initial straight line sections of these tests (Fig.
y(6)

3.11b). For tests in which borehole geometry fell outside the range for which R, values were

obtained by Bouwer and Rice (1976), estimates were obtained using only the Hvorselv method.

3.5.2 Results and discussion

Hydraulic conductivity estimates from both Bouwer and Rice and Hvorslev methods fall in the
range 10° m-sto 107 m-s, with estimates spanning this range obtained by multiple tests at a
single borehole depth (396 m) and no clear systematic change with depth (Fig. 3.11). As the
borehole was filled with drilling mud of different density and viscosity to water, the appropriate
fluid properties for permeability calculations remain uncertain. Fluid flowing into the lower
section of the borehole may have been water, whereas fluid flowing out of the top of the
borehole is likely to have been mud or a mud filtrate with some mud solids lost. If fluid properties

based on water are adopted, these hydraulic conductivities correspond to permeabilities of
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10%* m? to 10 m? for water at surface conditions (0.01-10 °C, 1 atm) or 10'** m? to 10"Y” m? for
water at the bottom of the hole (100 °C, 1-10 MPa). If estimated mud properties for each test are

used to calculate permeability, the range is 10* m? to 10> m2.

DFDP-2B was uncased along much of its length during slug tests. Thus fluid exchange between the
borehole and the surrounding formation was not restricted to a small depth interval but is likely
to have occurred across the full open length of the borehole. This makes recovery of any hydraulic
conductivity or permeability-depth relationship extremely challenging. No such relationships

should be interpreted based on the simple slug test analyses presented here.

The significant vertical component of flow in rocks surrounding DFDP-2B, indicated by the steep
increases in head along the borehole, means that slug tests deviate from the assumption of radial
flow made by Bouwer and Rice and Hvorslev methods. This may result in errors in hydraulic
conductivity estimates based on these methods. Furthermore, vertical flow may also contribute
to scatter in data. Because flow rates between the formation and the borehole vary across the
uncased interval, the influence of permeability of rocks at different depths on changes in fluid
level will be not be the same. For example, a highly permeable fractured zone will have minimal
influence on fluid level change if it is near the transition between fluid inflow into the borehole
and outflow from it. In contrast, if it is near the top or bottom of the open interval, a highly
permeable zone will have significant potential to influence mud level changes. The distribution of
flow rates along the borehole is inferred to have varied both between and within tests, as a
function of changing borehole head (Fig. 3.13). Flow rates are also inferred to have changed
between tests with increasing borehole depth. Thus the influence of permeability at a particular
depth on slug test curves will have varied between tests, potentially resulting in variability of
permeability estimates based on these curves. Consideration of this effect further highlights the

unsuitability of DFDP-2B slug test data for obtaining any permeability-depth relationship.

DFDP-2B slug test data also deviate from idealised slug test assumptions in that hydraulic
conditions are unlikely to have been in a steady state prior to the initiation of tests. Many of the
DFDP-2B slug tests were carried out shortly after drilling and mud circulation or previous slug
tests. Following initiation of ST25, mud level continued to fall for over 2 days, highlighting the
potential persistence of hydraulic perturbations over timescales much greater than the breaks
between the end of circulation and the initiation of slug tests, and between sequential slug tests.
These existing temporal perturbations are likely to cause errors in hydraulic conductivity
estimates. Furthermore as the hydraulic history of the borehole prior to each test is different, the
degree of existing perturbation is expected to have varied between tests. This, therefore may

contribute to scatter within estimated hydraulic conductivities.
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Figure 3.12 Hydraulic conductivity estimates based on application of Bouwer and Rice and

Hvorslev models to DFDP-2B slug tests. 1, = 4.25"; 1, =5”; d = (D — 263)m, based on
the total depth of the borehole and the depth at which the borehole casing ended,
with R, based on values from Bouwer and Rice (1976). For tests at borehole depths
of 2486 m only Hvorslev model estimates are presented, as borehole geometry lies
outside the range considered by Bouwer and Rice (1976) for these tests. Rock type

column from Sutherland et al. (2017).

166



Chapter 3

D II\- | | 1 :5.[ T | | T T | | I_
X =4
s 2§ 8
o §—
wolz2 |2 3| Sa ]
= o (=2 10 =
@ 9‘ o Nl
= ® ™ N
= [ 3l §2
20018 |7 @ =& ]
j= -g
300 | :
.+ Change in borehole
head during slug tests
400 - ' .
copees
' Depth of transition from
'E‘ 500 - ' inflow to outflow varies |
— . between slug tests
: L
el "
o "y Depth of transition from
@ 600 - : inflow to outflow varies T
.§ ' during tests
T .
= 700 - ' .
800 - ' -
900 ~ .
1000 .
1100 .
1200 O 1 1 L L L 1 1 1 1 1 1 1]
0 20 40 60 80 100 120 140 160 180 200 220 240
Hydraulic Head (m)

Figure 3.13 lllustration of the changing depth at which borehole head becomes lower than
ambient head both between and within slug tests, using Model B steady state
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illustrated.
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Clogging of fractures and pores by drilling mud solids and thermal expansion of drilling mud may
also have influenced hydraulic conductivity estimates and contributed to scatter in data. Both
these processes and the degree of existing hydraulic perturbation may be expected to vary as a
function of the duration of prior periods of circulation and the time elapsed since the circulation.
However, simple plots of hydraulic conductivity estimates against timescales for the duration of
fluid circulation prior to the slug test and against the time elapsed since the end of the last period
of circulation do not show obvious correlations (Fig. 13.3), suggesting that any straightforward

calculation on the basis of these timescales is unlikely to be possible.

True variations in hydraulic conductivity between tests may have resulted from differing
properties of the fluid flowing, as it is a function of fluid viscosity and density. These properties
are expected to differ between tests as a result of mud composition in the borehole (Table 3.2) as
well as the properties of the fluid in the surrounding rock, which may have consisted of both
groundwater and infiltrated drilling fluid. The density and viscosity of the water based mud, like
those of water are assumed to be temperature dependent (Lemmon et al., 2017). Therefore
variation between and within tests is also inferred to have occurred as a result of changing
temperature conditions within the borehole. Changes in viscosity have particular potential to be
significant for many of the tests, as mud viscosities vary by approximately an order of magnitude
(2 mPa-s to 20 mPa-s) and are also very different from that of water (approx. 0.3 mPa-s to

2 mPa-s). However, plots of estimated fluid density and viscosity during slug tests (Fig. 13.3)
against hydraulic conductivity estimates do not show obvious correlations, suggesting that

changes in mud viscosity are not the single predominant cause of variation.

In addition to the factors outlined above, results may be influenced by density driven flow, not
considered by idealised slug test models, the deviation of the borehole, and damage during
drilling. Thus, there are multiple variables that may have caused scatter and error in these basic
hydraulic conductivity estimates. However, despite these qualifications, the range of estimated
hydraulic conductivity values is consistent with independent estimates obtained by using steady
state temperature profiles and head gradient, which indicate hydraulic conductivity of 2108 m-s?
within the sediments and 10° m-s™ within the basement (Chapter 4). They are also consistent
with estimates for bulk regional hydraulic conductivity of <5 x 107 m-s* (Chapter 2). Further
analysis beyond that presented here may require multiple corrections as there is no clear
evidence for a single process being the cause of scatter. Each correction would in itself carry
significant uncertainties. Therefore it appears unlikely that additional analysis would provide
further significant insights into hydraulic conductivity and permeability at DFDP-2B. Consequently,
a more sophisticated analysis of hydraulic conductivity using DFDP-2B slug test curves is not

pursued.
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a. Duration of circulation prior to slug test

b. Time elapsed since circulation prior to slug test
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Figure 3.14 Estimated hydraulic conductivity for each slug test using the Hvorslev method plotted

against a. the duration of mud circulation prior to the slug test, b. the time elapsed
between the end of circulation and the start of the slug test, c. the estimated mud
density in the borehole during the slug test, d. the estimated mud viscosity in the

borehole during the slug test.

3.6 Future investigation

Given the potential importance of fluids in fault zone processes and the rare opportunity that
fault zone drilling provides to investigate fluid pressures and permeability structure at depth,

strategies to obtain data that can provide the most information about hydraulic conditions at

depth should form a key part of the planning of any fault zone drilling.

The steep vertical head gradients beneath the Whataroa valley indicated by models in this study

highlight the need for consideration of the effects of vertical fluid flow in any future hydraulic

investigation at the DFDP-2B site. As similar steep head gradients are likely to exist in other valleys

within the Southern Alps as a result of the regional topographic flow regime, or indeed in other

mountainous fault zones, the hydraulic testing strategy suggested here is also applicable to

drilling at other sites within the orogen or similar settings elsewhere in the world.

Even if mud density is perfectly balanced to maintain a steady state borehole fluid level,

boreholes with uncased sections through regions of vertical fluid flow will experience a dynamic

equilibrium with inflow at depth and outflow nearer the surface. As a result, the fluid flow regime
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surrounding the borehole will be perturbed from its original state, even when temporal
perturbations associated with injection of drilling mud have decayed away. This makes estimation
of ambient heads from borehole mud levels significantly more challenging. In order to allow the
most accurate estimation of ambient heads, it is important that the borehole should be cased to
leave only a minimal open interval prior to collection of data to be used to estimate hydraulic

head.

Regular insertion of casing would also minimise temporal perturbations associated with injection
of overbalanced mud into the surrounding rocks during mud circulation. This has the advantage of
reducing existing temporal perturbations prior to initiation of any hydraulic tests, which could
influence permeability estimates obtained from these tests. Although control of mud density
cannot be used to avoid perturbation of steady state conditions around the borehole, this too will
act to minimise temporal perturbations. Maintenance of a minimal mud overbalance is therefore
particularly important where constraints of finance, logistics or other scientific goals prevent
regular casing. Estimated heads from the study can be used as a guide in calculation of

appropriate mud density.

The transition from falling to rising heads in a number of DFDP-2B slug tests indicates that
delaying of hydraulic tests to estimate permeability until after temporal perturbations have
decayed away is unlikely to prove a successful strategy. This is because models suggest that these
rises are unlikely to result from thermal expansion alone, with a probable cause being the loss of
mud solids through settling and to clogging in the surrounding formation, resulting in reduced
mud density. If this is the case, rather than reaching a steady state, mud level rises will continue

until borehole overflow, which may prove difficult to arrest (Azar and Samuel, 2007).

In order to derive a meaningful permeability-depth relationship, sections of the borehole must be
isolated for testing. This too can be achieved by regular casing, leaving a small uncased section
open at the base of the hole. The permeability of this section can be estimated using slug or other

hydraulic tests, minimising the influence of permeability away from the tested section.

If the borehole is uncased across a large interval during the period for hydraulic testing,
permeability should be assessed using packer tests, which will allow individual sections of the
borehole to be isolated and tested. This would also allow a permeability-depth relationship to be
obtained and has the advantage that particular zones of interest can be investigated. Packer
testing following wireline logging would allow a period for perturbations resulting from drilling to
relax and zones of interest, for example zones of particularly high fracture density, to be identified

and hydraulically tested. The viscosity and density of fluids injected during the packer test could
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be measured prior to injection to avoid the uncertainties in conversion of hydraulic conductivity

estimates to permeabilities.

Given the likelihood of significant vertical flow and superimposed effects of multiple hydraulic
perturbation, which produce conditions that deviate from the assumptions of radial flow and
initial steady state conditions made by common models for borehole slug and pumping tests used
for determining permeability (e.g. Bouwer and Rice, 1976; Hvorslev, 1951; Theis, 1935; Thiem,
1906), alternative methods for permeability estimation that do not require fluid injection should
also be considered. Vertical fluid flow rates can be calculated based on modelling of a steady state
temperature profile (Bredehoeft and Papadopulos, 1965). If head data is obtained from the
borehole, the vertical head gradient and fluid flow rates can be used to estimate hydraulic
conductivity using Darcy’s Law (Chapter 4). This alternative method of permeability estimation

can be used to complement permeability estimates obtained from standard slug test modelling.

3.7 Conclusions

A simple exponential model provides a good fit (R? > 0.93) to slug test curves from the DFDP-2B
borehole. Steady state mud level estimates obtained from these models allow estimation of
borehole heads, which increase to >60 m above ground level at the base of the borehole. Due to
the long open interval of DFDP-2B, borehole heads do not represent ambient heads at a specific
depth, but are rather the product of a dynamic equilibrium, with inflow into the lower section of
the borehole and outflow from the upper section. Finite element models of the borehole show
that ambient heads may reach >120 m at the base of the DFDP-2B borehole. Although the exact
ambient head values are not well constrained, modelled heads indicate that fluid pressures in the

drilled section (<1000 m) Alpine Fault Zone are significantly above hydrostatic.

Simple models of thermal expansion of borehole mud suggest that transitions from rising to
falling head during the latter parts of some slug tests cannot be explained by thermal expansion
alone and are therefore inferred to result from reductions in borehole mud density as a result of
loss of mud solids through settling or transport into the surrounding formation. Such rises are
expected to continue until borehole overflow occurs, unless remedial action such as injection of

fresh mud is taken.

Hydraulic conductivity and permeability estimations for the surrounding host rock formations,
based on the DFDP-2B slug test data are hampered by the presence of steep vertical head
gradients and the long open interval of the borehole. As flow occurs over a long interval of the
borehole and variation of flow rates with depth may vary between tests, the data is unsuitable for

the determination of a permeability-depth relationship. Estimates of bulk permeability based on
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idealised Bouwer and Rice (1976) and Hvorslev (1951) slug test models indicate hydraulic
conductivity in the range 10° m-s* to 107 m-s’, corresponding to a permeability of 10> m? to
10" m2. Although the potential influence of existing hydraulic perturbations, significant vertical
flow, thermal expansion, clogging of flow pathways, rock damage during drilling and variations in
fluid properties, reduce the precision and accuracy of these estimates, they are consistent with
other independent permeability estimates from DFDP-2B and for the Southern Alps (Chapter 2,
Chapter 4).

The impact of significant ambient vertical flow on hydraulic testing, which is particularly
important when large sections of a borehole are uncased, should be considered in the planning of
future drilling and hydraulic investigation at the DFDP-2B site or in other Southern Alps locations.
To facilitate accurate estimation of heads, casing of the borehole, followed by mud level
monitoring should occur at regular intervals as drilling progresses. Packer tests or slug tests
carried out over a range of borehole depths, with only a short interval of the borehole uncased
during each test may allow information regarding variations in permeability with depth to be
obtained. Minimisation of temporal hydraulic perturbations from flow of drilling mud into the
surrounding formation may allow for more precise hydraulic conductivity and permeability
estimates. Temporal hydraulic perturbations resulting from flow of drilling mud into the
surrounding formation, which have the potential to influence subsequent slug tests results, may
be minimised by using head estimates from this study to maintain a small pressure overbalance in
the borehole. Installation of equipment to allow measurement of the temperature profile along
the borehole is also important, as this can also be used to estimate hydraulic conductivity if heads

have also been estimated (Chapter 4).
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3.9 Supporting information

3.9.1 Thermal expansion modelling

Thermal expansion of drilling mud also has the potential to produce a transition to rising mud
levels. Simple thermal models were used to investigate whether thermal expansion alone could
explain these rises. Models were based on Carslaw’s equation for radial conductive heat flow to

an infinite linear heat sink was employed (Carslaw and Jaeger, 1959):

_Qy 12C, (3.14)
To TW_47TAeW 44,t

Where T is the initial formation temperature, T,, is the temperature at the formation-borehole
boundary at time at time t; Q,, is the rate of heat extraction from the borehole; A, is the effective
thermal conductivity of the surrounding formation (assumed isotropic); W is the well function
(Theis, 1935); r;,, is the well radius and C, is the effective volumetric heat capacity of the

surrounding formation.

Thermal diffusivity, k, is equal to A/C and is calculated for rocks in the drilled interval as

~1.6 x 10° m-s’? based on the volume weighted geometric mean of mineral proportions
(Sutherland et al., 2017). Assuming a porosity of 0.1 and a typical water thermal diffusivity of

1.5x 107 m-s’, (Lemmon et al., 2017), this gives an effective thermal diffusivity of 1.46 x 10°® m-s’!
(also using a volume weighted geometric mean). Adopting this value of thermal diffusivity and
setting C, as 2.5 J-m3-K?, based on the arithmetic mean (Eppelbaum et al., 2014) of values for
water at 50 °C of 4.1x 10° J-m3-K'! (Lemmon et al., 2017) and typical values for schist of

2.3 x 10°J-m3.K! (Eppelbaum et al., 2014) required that A,is set at 3.7 W-m™-K* (which is

consistent the range of reported values for schists, see Eppelbaum et al. (2014)).

An approximate rate of heat extraction was calculated based on the wireline temperature profile
measured following the longest period of circulation, 613080 seconds (~7 days). The depth
integrated average temperature for this profile is 10 °C cooler than the steady state temperature
profile. Models indicate that the heat extraction rate required to produce a 10 °C temperature
drawdown at the end of 613080 seconds of circulation is 146 W. Average temperature recovery
was modelled for each slug test, assuming this heat extraction rate. On the basis of these
temperature recovery curves, thermal expansion curves were calculated, assuming a coefficient

of thermal expansion of 4.57 x 10 °C?, based on the value for water at 50 °C.

Application of a correction to remove the modelled effect of thermal expansion from slug test
curves does not remove the transition to rising mud levels seen in some tests. Therefore,

although thermal expansion will have made some contribution, rising mud levels are interpreted
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as resulting predominantly from changes in borehole mud density. For all tests, modelled

expansion is equivalent to <0.3 % of the total borehole mud volume at the initiation of the test

and associated changes in mud level are <1 m (Table 3.5).

Table 3.5 Modelled volumetric thermal expansion for all slug tests at the time of the final mud

level measurement, expressed as a percentage of the mud volume at the time of the

first mud level measurement. Modelled rises in mud level associated with these

volume changes are also given.

Slug Test Expansion (% of initial mud volume) Associated mud level change (m)
ST1 0.21 0.57
ST2 0.21 0.59
ST3 0.23 0.84
ST4 0.03 0.11
STS5 0.01 0.05
ST6 0.01 0.03
ST7 0.01 0.04
ST8 <0.01 <0.01
ST9 <0.01 0.01
ST10 <0.01 0.01
ST11 <0.01 0.01
ST12 <0.01 0.01
ST13 <0.01 <0.01
ST16 0.02 0.07
ST17 <0.01 <0.01
ST18 <0.01 <0.01
ST19 0.01 0.04
ST20 <0.01 <0.01
ST21 0.07 0.29
ST22 0.02 0.07
ST23 0.08 0.34
ST24 0.07 0.32
ST25 0.18 0.84
ST26 0.02 0.10
ST27 0.10 0.63
ST28 0.11 0.69
ST29 0.13 0.87
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Chapter 4:

The significance of heat transport by shallow fluid flow at

an active plate boundary; the Southern Alps, New Zealand

Abstract

Fluid flow can influence the nature and timing of failure on faults. This study quantifies the role of
groundwater heat advection in establishing the thermal structure of the Alpine Fault, a major
tectonic boundary in southern New Zealand that accommodates most of the motion between the
Australian and Pacific Plates. Convergence on the Alpine Fault has rapidly uplifted the Southern
Alps, resulting in high geothermal gradients and a thin seismogenic zone. A new equilibrium
temperature profile from the 818 m-deep Deep Fault Drilling Project 2B (DFDP-2B) borehole has
been interrogated using one-dimensional analytical models of fluid and rock advection. Models
indicate a heat flux approximating to 720 mW-m results from groundwater flow with Darcy
velocities of ~¥10° m-s, which advects significantly more heat than rock advection in the shallow

orogen (<6 km depth) and must act as a major control on the subsurface temperature field.

4.1 Introduction

Fluid flow can influence the nature and timing of failure on faults by changing temperatures and
pore-fluid pressures, and by modifying the mechanical properties of fault materials through
chemical alteration and mineralization (Hubbert and Rubey, 1959; Kohlstedt et al., 1995; Sibson,
1973, 1990). Here the role of fluids in advecting heat and controlling thermal structure of an
active fault zone is quantified. The Alpine Fault is a major plate-bounding fault accommodating
~75 % of the ~10 mm-yr?! convergent and ~36 mm-yr? dextral strike slip motion between the
Australian and Pacific plates in South Island, New Zealand (Fig. 4.1a), (DeMets et al., 1994; Norris
and Cooper, 2001, 2007). Although the relative plate motions are high there have been no large
(M,, > 7) earthquakes on the central Alpine Fault since European settlement ca. 1800 A.D., and
there is no evidence for aseismic creep at the surface (Sutherland et al., 2007). However,
palaeoseismic records indicate that the Alpine Fault has ruptured in multiple large (M,, > 7) to
great (M,, > 8) earthquakes every 291 + 23 years with the most recent event in 1717 A.D.
(Berryman et al., 2012; Cochran et al., 2017; Cox and Sutherland, 2007; Howarth et al., 2016;
Wells et al., 1999). Consequently, the Alpine Fault appears to be late in its seismic cycle.

Convergence on the Alpine Fault has resulted in rapid uplift of the >3500 m Southern Alps and
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earlier models, backed up by micro-seismicity observations, have predicted high shallow
geothermal gradients, the uplift of the brittle-ductile transition and consequent thinning of the
seismogenic crust (Allis et al., 1979; Koons, 1987; Leitner et al., 2001; Townend et al., 2012). Here
a new equilibrium temperature profile (Sutherland et al., 2017) from the 818 m-deep
International Continental Scientific Drilling Program (ICDP) Deep Fault Drilling Project 2B
(DFDP-2B) borehole is interrogated, to quantify the relative roles of heat conduction, heat
transfer by rock advection and heat transfer by fluid flow in establishing the local, near-surface
geothermal profile of an orogen-bounding, major continental strike-slip fault. Rock advection is
defined here as movement of rock, along with entrained pore water relative to a fixed reference

frame and fluid flow defined as movement of water relative to rock.

The ~45 degree-dipping Alpine Fault has uplifted and juxtaposed amphibolite facies
guartzofeldspathic rocks of the Alpine Schist against Cretaceous granitoids and Palaeozoic
metasediments in its footwall (Cox and Barrell, 2007). Heavy orographic precipitation (~10 m-yr?)
on the western side of the Southern Alps results in high rates of physical erosion and has
produced a quasi-steady state topographic regime in which the range of the highest topography,
the Main Divide, runs parallel to but 15-20 km offset from the Alpine Fault, connected by a series
of valleys and 1000 to 1500 m high ridges running normal to the fault (Fig. 4.1b) (Koons, 1990,
1989).

A >50 m thick zone of intense hydrothermal alteration in the hanging wall of the Alpine Fault Zone
(Cooper and Norris, 1994; Sutherland et al., 2012; Warr and Cox, 2001) and numerous warm

(<60 °C) geothermal springs in the Southern Alps (Fig. 4.1b) (Barnes et al., 1978; Menzies et al.,
2014) issuing meteoric water attest to significant fluid flow penetrating to depth that may
influence orogenic processes. The topographic geometry of the Southern Alps drives two
significant components of groundwater flow in the mountain belt (Fig. 4.1c). One component is
groundwater flow from ridges into the valleys that they bound. This convergence of flow from
ridges on either side produces a relatively large upward vertical component to flow beneath
valleys. The other component of flow is parallel to the ridges and valleys, down the topographic
gradient from the Main Divide at ~3500 m to the near sea-level Alpine Fault trace and the
footwall plain. Perched hydrological heads in the DFDP-1 boreholes (Sutherland et al., 2012),
isotopic measurements (Menzies et al., 2016), and very low permeabilities measured for the
principal slip zone materials (Boulton et al., 2012; Carpenter et al., 2014) indicate that the Alpine
Fault is a barrier throughout the brittle crust to lateral flow from the Southern Alps to the footwall
plain. As a result, the down-valley component is driven upward upon reaching the fault at the

mouths of the valleys, further contributing to the vertical component of flow due to cross-valley
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convergence. Thermal buoyancy-driven flow may also play a role in this system, but will be

explored in future contributions.
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Figure 4.1

a. The Alpine Fault accommodates relative plate motion between the Pacific and
Australian plates in South Island, New Zealand (DeMets et al., 1994; Norris and
Cooper, 2001, 2007). b. The Whataroa valley is one of a series of valleys that run
perpendicular to the Alpine Fault in the central Southern Alps, bounded by the
highest topography at the Main Divide. Many contain warm springs (Barnes et al.,
1978). The DFDP-2 boreholes are located at the mouth of the Whataroa valley, with
boreholes drilled as part of the first phase of the project, DFDP-1, in nearby Gaunt
Creek. c. Topographic flow from ridges bounding valleys and from the highest
topography at the Main Divide, driven up along the impermeable Alpine Fault
contribute to up-flow at valley mouths. d. Illustration of the rock sequence
penetrated by the DFDP-2B borehole and the sections into which the drilled interval
is split for modelling in this study. Projection of unit boundaries away from the drill
site is intended only to illustrate the geological setting. For further detail of unit

lithologies, geometries and relationships, please see Toy et al. (2017).
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The DFDP-2B borehole is located near the mouth of the Whataroa valley (Fig. 4.1c). The rock
sequence penetrated by the borehole from bottom to top, the direction of regional fluid flow,
consists of Alpine Schist derived protomylonites and mylonites (Layer A), overlain by riverine and
lacustrine sediments (Layer B) and alluvial gravels (Layer C, Fig. 4.1d, 4.2). The borehole has a
curvature toward the fault, with most deflection occurring below ~400 m depth and therefore
represents a pseudo-vertical profile. A steady state temperature profile of the DFDP-2B borehole,
with measurements at 1 m intervals, was obtained using an optical fiber down the length of the
borehole, following repeated measurements during relaxation of the drilling induced perturbation
(Sutherland et al., 2017). The profile has an average geothermal gradient of 125 * 55 °C-km™
(Sutherland et al., 2017), with three distinct discontinuities in gradient separating the profile into
four sections (Fig. 4.2). The shallower two of these three discontinuities correlate with changes
from Alpine Schist rocks to valley-filling sediments and from riverine and lacustrine sediments to
alluvial gravels. The third lower discontinuity corresponds to a spike in measured radon gas during
drilling but no discernible change in rock type. As the borehole was closed to flow by cemented
casing along its entire length and was cement filled below 400 m during collection of this
temperature data, it is assumed that observations, following re-equilibration of perturbations
from drilling, are representative of undisturbed steady state conditions. In the absence of creep
strain on the Alpine Fault (Sutherland et al., 2007), observation points are considered as fixed in
space. The conditions proximal to the borehole are of significant vertical fluid flow as result of
both components of the regional groundwater flow regime, convergence into the valley and with
the fault. This was confirmed by rapid increases in borehole hydraulic head with depth, rising

to >60 m head at 818 m (Chapter 3, this thesis; Sutherland et al., 2017).
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Figure 4.2 DFDP-2B stratigraphy, borehole head and temperature data (Chapter 3, this thesis;

Sutherland et al., 2017) with basic model temperature profiles for comparison.

Model OA is a single section model based on typical continental conductive heat flow.

Model OB is a single section model based on heat flow associated with one-

dimensional rock advection.
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4.2 One-dimensional thermal modelling and analysis

This study builds on the work of earlier thermal models (Allis et al., 1979; Allis and Shi, 1995; Batt
and Braun, 1999; Koons, 1987), which considered only the effect of conduction and rock
advection, by obtaining estimates for fluid and heat fluxes at depth and quantifying the
importance of fluid flow as a means of heat transfer in the shallow Alpine Fault Zone. To obtain
insights into the fundamental hydrothermal processes influencing the Alpine Fault, the DFDP-2B
temperature profile is fitted using the simplest suitable models. On the basis of a priori
knowledge of the system, which indicates regional converging fluid flow beneath DFDP-2B, it is
assumed that large-scale fluid and heat flow is on average vertical for the measured profile, with
discrete kink points within the data representing locations where lateral flow pathways are
significant in modifying the fluid and heat flow up the profile. Implicit in the assumption that heat
flow approximates to vertical is that temperature variations associated with borehole curvature

are negligible.

On the basis of this conceptual model, one-dimensional models for fluid and associated heat flow
are presented, to enable simple assessment of geological scenarios. The approach employed is
similar to that used by Bredehoeft and Papadopulos (1965) for estimating fluid flow rates, and
that used by Allis et al. (1979)) for modelling the thermal consequences of rapid rock uplift, but
incorporates both processes. A two phase rock-fluid system is assumed. The rock phase, with void
space equivalent to porosity, ¢, is uplifted at a spatially constant vertical rock advection velocity,
v, relative to a fixed coordinate axis. The fluid phase saturates the void space and is uplifted with
the rock, but also flows relative to the rock with vertical Darcy velocity, g. These velocities
combine to give an effective vertical advection velocity, v,. The combined fluid-rock medium has
effective volumetric heat capacity, C, and effective thermal diffusivity, k.. Models in this study
are based on the equation for steady state heat flux, Q, in one dimension, z, representing depth
below the surface:

dT 4.1
Q = Cev,T — CeKeE 4.1)

A vertical profile comprising 1 to 4 sections is assumed, with constant v, and Q within each
section. Sections represent intervals over which g and Q are constant, intersected at their
boundaries by flow paths that transfer fluid laterally into or out of the model profile. Material
properties, including k., are fixed at constant values (Fig. 4.3, see 4.7 Supporting information for
further discussion). v, is assumed constant at 8 mm-yr (Little et al., 2005). A best fit solution
(minimum root mean square error, RMSE) is calculated with g and Q as fitted parameters for each

section. Model errors are 95 % confidence intervals from model regression, and also include the
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uncertainties in the fixed parameters k., C¢, Cs, ¢ and v,,. Heat fluxes are quoted relative to

model surface temperature, T(z = 0).

As a starting point for comparison, two baseline models for a single homogeneous layer that
simulate conditions of no fluid advection of heat are considered. Model 0A simulates conduction
only by setting v, = 0, with Q set to a typical continental background value of 70 mW-m2 (Davies
and Davies, 2010; Stein, 1995); and Model 0B that simulates rock advection and conductive heat
exchange only (q = 0 and Q =358 mW-m™ based on uplift of rock and water at 500 °C above
surface temperature from 15 km depth (Allis et al. 1979). Both models poorly represent the
measured data (R? = 0.22 and 0.80 respectively) indicating that both fluid flow and rock advection
are important and must be included. In comparison, Model 1 of this study, which comprises a
single homogeneous section with constant g and Q along the entire profile, gives a good fit to

data (R? > 0.99), although it diverges at three distinct discontinuities in gradient (Fig. 4.2).

To investigate these divergences the model domain is split into four sections in Models 2 and 3.
Section boundaries are positioned at the three major discontinuities in temperature gradient, two
of which correspond to changes in rock type. As such model sections (A1, A2, B, C) correspond to
Layers A (deformed Alpine Schist), B (riverine and lacustrine sediments) and C (alluvial gravels),
with Layer A further split into A1 and A2 sections at 691 m depth, based on the change in
geothermal gradient at this depth. Vertical Darcy velocity (q) is allowed to vary between sections
in Model 2, with Q in each section dependent on q. Hence, changes in g represent fluid sources or
sinks at the same temperature as the profile at the section boundary depth. Model 2 gives a
strong fit (R? > 0.99) but is also able to reproduce the discontinuities in gradient that Model 1
cannot. In Model 3, steady state vertical heat flux (Q) is allowed to vary between sections,
independent of q. This model can therefore represent fluid in and outflow associated with
sources and sinks not necessarily at the temperature of the section boundary depth. Model 3, also
with R? > 0.99, produces a tighter fit to discontinuities than Model 2, but at the expense of

increased model complexity with three additional parameters to be fitted.

At the boundary between Al and A2, Model 2 predicts fluid outflow (Fig. 4.2). Model 3 predicts
inflow from a hotter source at this boundary, although confidence intervals for this complex
model are large and encompass both inflow and outflow at all boundaries. Both models predict
inflow at the boundary between A2 and B, with Model 3 indicating a source cooler than the
profile at this depth. At the boundary between B and C both models predict outflow, with Model

3 indicating sink cooler than the profile at this depth.

187



Chapter 4

4.3 Results

First, generalised large-scale insights into heat transport near the Alpine Fault from all models are
considered. The poor match of models neglecting fluid flow (Models OA and 0B) to the thermal
profile of the DFDP-2B borehole highlights the importance of fluid heat transport (Fig 2). Although
Models 0A and 0B could provide a better fit if Q was set to a much higher value, there is no

obvious physical basis for this in the context of only considering conduction and rock advection.

Upward Darcy velocities for Models 1 to 3 range from 5.3 x 10 m-s to 2.8 x 10® m-s* (Fig. 4.3).
Total model heat flux across the observed interval is approximately 720 mW-m=2 (Model 1),
significantly higher than background continental values of ~70 mW-m2 (Davies and Davies, 2010;
Stein, 1995). The value is higher than values for other boreholes in South Island published by Shi
et al. (1996), with the closest heat flux a value of 320 mW-m= measured in the Waiho valley, near
Franz Josef. In addition to exceeding the heat flux that can be produced by simplified one-
dimensional rock advection (Model 0B), this Model 1 heat flux value is also significantly greater
than values predicted by more sophisticated rock advection models, which are <300 mW-m2 (Shi
et al., 1996; Upton et al., 2011). The heat flux associated with fluid flow is more than three times
larger than that associated with rock advection, for all model best-fit values (Fig. 4.2). Péclet
number for the modelled interval, based on heat advection by fluid flow alone is:

_1Ceq (4.2)
77 Cexe

Where [ is the model section length. Model 1 has Pr = 1, indicating that heat transport by fluid

flow is of comparable significance to conduction over the length of the borehole.

The visibly good fit of Model 1 indicates that the assumption of constant g across the drilled
interval is suitable for thermal modelling at this scale. Models 2 and 3 improve this fit, by allowing
for variations in Darcy velocity, which show no trend with depth and are thus likely to be due to

localised features.
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Figure 4.3 (Overleaf) Model configurations and results. Models produced as part of this study
have a sectionalised configuration- Model 1 has one section, Model 2 and 3 have four
sections. As z coordinates represent vertical depth, upward heat and water flow is
represented by negative Q and q respectively. For Model 2 heat flux changes as a
function of fluid flow such that 4Q,, = C,(Veyn, — Ven-1)T(205). For Model 3 Darcy
velocity and heat flux vary independently from one another, such that 4Q,, = C.G,

where G, is a fitted constant.

Models 2 and 3 offer insights into how fluid and heat flow is modified by local geological
structures. Section A1l corresponds to the deeper part of the metamorphic basement, where
thermal gradient is shallowest (~31 °C-km™ between ends of the section). Geothermal gradient
increases to ~139 °C-km™ in section A2. The best-fit Model 2 infers a fluid sink between the model
sections Al and A2 to explain the change in gradient. Model 3 indicates that a similar modelled
temperature profile can be produced by a heat source at this same depth. A highly fractured zone,
intersecting the observed profile at this depth, could laterally remove up-flowing fluids from the
observed profile. It could also act as a heat source, transporting hotter fluids to the model profile.
Intersection with a barrier to flow, such as the slip plane of a minor fault could also divert up-
flowing fluids laterally. Given the sharpness of the gradient discontinuity at this boundary and the
orientation of the borehole at this depth, which is approximately normal to mylonitic foliation,
any fracture or fault zone is likely to be perpendicular to the borehole and therefore near parallel

to foliation and the Alpine Fault.

The geothermal gradient in section B, ~184 °C-km, is slightly higher than in section A2. Best fit
values from Models 2 and 3 give slightly higher upward q of 1.5 x 10° m-s to 4.0 x 10° m-stin
section B compared 5.3 x 10° m-s1t0 6.2 x 10"2° m-s? in section A2. Applying Darcy’s Law to
hydraulic gradient data (Fig. 4.2) and Darcy velocities from Models 2 and 3 gives hydraulic
conductivity under in situ conditions, K > 10® m-s™* for section B and K = 10° m-s™ for section A2.
A profile elsewhere in valley, where up-flow rates in the basement are higher could act as a
source. In this interpretation, fluids reaching the more permeable sediments flow laterally, down
a hydraulic gradient to the observed profile. Lateral inflow of fluid on shallow flow paths into the
sediments at the flanks of the valley could also act as a source. Model 3 results infer fluids from a
source cooler than the model profile, consistent with the latter, hypothesised valley flank source
providing the major or only contribution to increased up-flow. However, due to the large
confidence interval associated with Model 3, great significance is not attributed to this result in

interpreting the source of in-flowing fluids.
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Section C has a geothermal gradient of ~73 °C-km, significantly lower than section B below.
Model 2 and 3 infer downward fluid and associated heat flow in section C to fit this. The alluvial
gravels and sands of section C are likely to be have a high K, 107 m-s* to 102 m-s™* (Domenico and
Schwartz, 1990) and downward fluid fluxes can be understood as resulting from locally recharged
shallow water moving toward the center of the valley. These down-flowing fluids converge with
up-flowing fluids from below at this depth meaning that both must travel laterally before reaching

the surface.

4.4 Discussion

One-dimensional models of the DFDP-2B equilibrium temperature profile estimate a total heat
flux of >700 mW-m2. This is greatly in excess of that which can be generated by invoking rock
advection alone and requires vertical fluid flow with Darcy velocities up to the order of 108 m-s™.
Previous models for heat flow have discounted the role of groundwater flow in heat transport, on
the basis of the small heat contributions associated with the few known warm springs that are
only localised features within a regional groundwater circulation (Allis and Shi, 1995). However,
most basement fluid upwelling is obscured by thick recent sediment fills of the valley, and
inflections in the temperature profile indicate fluid flow and heat advection around the
basement-sediment boundary. Model Darcy velocities from this study represent a site away from
known warm springs and are greater in magnitude than time-integrated uplift (vertical rock
advection) rates 2.8 x 10° ms? (<9 mm-yr?) (Little et al., 2005) across the entire observed
interval. This, combined with the higher volumetric heat capacity of water relative to the
combined water-rock mass means that for the study interval, fluid flow transports more than
three times the heat transported by rock advection. A Péclet number of ~1 for advection by fluid
flow indicates it is also of comparable significance to conduction across the observed interval. This
indicates that heat advection by fluid flow, rather than being negligible, is likely to act as a major
control on temperature distribution in the shallow crust, where high Darcy velocities persist and is

key to understanding the elevated heat flux at DFDP-2B.

The Alpine Fault extends to ~35 km (Stern et al., 2007) and rock is being advected from deep in
the ductile crust. Reduction in fluid fluxes with depth (Menzies et al., 2016; Sims et al., 2015)
means that although heat advected by fluid flow is much greater than that advected by rock
advection at DFDP-2B, at some point much shallower than 35 km, heat transfer by fluid flow is
likely to become negligible. Thus rock advection supplies heat to the base of a shallow
groundwater circulation system, where fluid flow rates are high enough to advect a greater
amount of heat than rock advection (Fig. 4.4). In this regional groundwater circulation system,

heat is transported from ridges to valleys. Water up-flow increases upward heat flux beneath
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valleys, in excess of that supplied by rock advection and water down-flow decreases it beneath
ridges. Thus the high heat flux at DFDP-2B indicated by models is dependent on both fluid flow

and rock advection.

The depth at which fluid flow ceases to be significant in heat transport will vary spatially. Although
there is no evidence of a systematic decrease in Darcy velocity across the observed in Models 2
and 3, extrapolation of high Darcy velocities at DFDP-2B is limited at the deepest to the Alpine
Fault, which is £1.5 km deep this site. Further south-east, beneath the upstream sections of
valleys, where the Alpine Fault is deeper, there is the potential that high upward Darcy velocities
could persist deeper than at DFDP-2B. Based on the heat capacities of water and rock, fluid flow
will remain the dominant mode of vertical heat transfer where vertical Darcy velocity

is >2 x 10° m-s™. Estimated meteoric fluid fluxes at the brittle-ductile transition at ~6 km are of
the order 10! ms™ to 10 m-s (Menzies et al., 2016), indicating that significant heat transport

by fluid flow is likely to be restricted to <6 km depth.

4.5 Conclusions

This study has shown that for a single section model (Model 1), an upwards Darcy velocity,

q =7.8 x 10 m-s provides a good approximation to the measured temperatures at DFDP-2B.
Discontinuities in measured temperature gradient can be understood in terms of variable fluid up-
flow, resulting from flow into and out of the observed interval at major fracture zones and at the
interfaces between sedimentary units. Modelled Darcy velocities, away from known warm
springs, have magnitudes 5.3 x 101 m-s’?, which are sufficiently high that heat advection by
groundwater is of comparable significance to conduction and more than three times greater than
heat advection by rock advection across the DFDP-2B interval. The total heat flux at DFDP-2B
approximates to ~720 mW-m. This is significantly greater than typical continental conductive
heat fluxes of ~70 mW-m (Davies and Davies, 2010; Stein, 1995) and is also greater than that
predicted by models incorporating only conduction and rock advection (<400 mW-m2). The high
heat flux is interpreted as resulting for the regional groundwater flow system that is strongly
influenced by the ridge-valley topography developed perpendicular to the Alpine Fault. This
enhances the high upward heat flux from rapid rock advection beneath valleys, and reduces heat
flux beneath ridges. Thus, it is inferred that groundwater flow is a major control on the
temperature field in the shallow (<6 km depth) Southern Alps. Groundwater-driven heat flow will
also influence the temperature-dependent mechanical properties of near-surface fault rocks

(Kohlstedt et al., 1995), such as in the Alpine Fault of this study.
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Figure 4.4 lllustration of the role of groundwater flow in heat transport in the Southern Alps.

Rock advection results in high heat fluxes to a shallow region, where groundwater
flow rates are sufficiently high to advect significant amounts of heat. Water flow
from ridges to valleys increases upward heat flux beneath valleys in this shallow

region, decreasing it beneath ridges.
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4.7 Supporting information

This supporting information outlines the method used for one-dimensional modelling of DFDP-2B
temperature profiles in the above article. It is assumed that the measured interval can be treated
as consisting of a solid rock phase with total porosity, ¢ and a fluid phase of liquid water that
saturates the pore space. It is also assumed that total and kinematic porosity are equal. Effective
volumetric heat capacity, C, is calculated based on weighted arithmetic mean (Buntebarth and
Schopper, 1998; Scharli and Rybach, 2001):

Ce= (1= 9)Cs+ @Cf (4.3)

Where (g and Cr are the volumetric heat capacity of the solid and fluid phases respectively.

The thermal diffusivity of rocks in the measured interval, i, has been calculated based on the
geometric mean of the thermal diffusivity for mineral grains in rock cuttings (Sutherland et al.,
2017). The effective thermal diffusivity of the medium in the z direction, k., is assumed to be the
geometric mean of the thermal diffusivity of rock inferred from analysis of rock cuttings, k, and
of water, Kp:

Ke = ks Pus? (4.4)

It is assumed that thermal dispersion due to mechanical mixing is negligible.

The rock and fluid phases are uplifted at a spatially constant vertical velocity, v, relative to
stationary observation points. The fluid phase also moves relative to the rock with vertical
average linear velocity, vy. Here z represents the vertical depth from the surface, meaning that

upward heat and mass flow are represented by negative parameter values.

The equation for steady state vertical heat transport in this case, assuming an absence of

significant radiogenic heat generation is:

Q = (1= Q)C,T + 9y (v + v)T — Corcy 2 2
Since the vertical Darcy velocity, g, is equal to,
q = Qvy (4.6)
and an effective velocity can be defined as,
_ Cevy +Crq (4.7)

Ve
Ce

then (4.5) can be re-expressed more succinctly, using (4.6, 4.7), as,
dr (4.8)
Q=Cv,T— CeKeE

(4.8) can also be written as,
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ke dT(¢) (4.9)
v.T(¢) — Ted_g =f
which has the solution,
T(¢) =—+—efs (4.10)
e e
where,
_ e (4.11)
= .
Q (4.12)
f==
e
l=2z—2z (4.13)
zZ—z
¢ = l 0 (4.14)

P is the Péclet number, f and F are heat flux parameters, with the latter calculated based on
boundary conditions, [l is the thickness of the vertical section of interest, z, is the depth of the
upper boundary of the section, z; is the depth of the basal boundary of the section and ¢ is a

dimensionless parameter.

For a model with n sections (4.10) applies to each section, as,

E, 4.15
Tn(Sn) = LI S (4.15)
en Ven
Where subscript n denotes properties of the nth section.
F; is a function of the upper boundary temperature, T, (0):
Fy =v,T1(0) — f1 (4.16)

Section boundaries are considered as the locations of hydraulic features, such as fractures, which
may act as fluid sources or sinks, allowing for variation in g between sections. Fixed flux changes,
Af, are applied at section boundaries to reflect changes in heat flux due to these fluid sources and

sinks:
fa = fa1 H A (4.17)
Temperature is kept continuous between sections, such that T,,(0) = T,,_1 (1). On this basis F,

forn > 1is given by

v,
Fn = = (fn—l + Fn—lepn_l) - fn—l - Afn (4.18)
Ven-1

Three different models are proposed based on this general approach.
e Model 1is a single-section model (n = 1). g, Q and T(0) are independent fitted

paramaters, whilst material properties (i.e. k., Cs, Cf, @) and v, are fixed.
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e Models 2 and 3 both have four sections (n = 4). Section C corresponds ton = 1, section

Bton = 2, section A2 ton = 3 and section Al ton = 4. g;_4, @1 and T;(0) are

independent fitted paramaters, whilst material properties (i.e. k., Cs, Cf, @) and v, are

each fixed at a constant value across all sections.

e For Models 2 and 3, changes in g across section boundaries are assumed to be due to in-

or out- flow of fluid from a source or sink.

For Model 2, changes in g across section boundaries are assumed to be due to in-
or out- flow of fluid from a source or sink at the same temperature as the profile

at the section boundary depth. Thus, the change in heat flux for each section is:

Afp = Wen = Ven-1)Tn(0) (4.19)
As a result, Q,_,4 are not independent.
For Model 3, the assumption that fluid sources or sinks are at the same
temperature as the profile at the section boundary depth is not made. Thus Af,, is
an independent parameter set equal to a fitted constant, G,;:
Af, = Gy (4.20)

In this case Q,_4 are independent fitted parameters.

The model configuration and parameters used in Models 1 to 3 is summarised in Table 4.1. The

best fit parameters for each model are shown in Tables 4.2 and 4.3. Uncertainty rages for fixed

parameters and 95 % confidence intervals from model regression are used for calculation of

model error. Variation in k, between sections with constant g was investigated as an alternative

modelling approach but requires variation in k, in excess of the natural variation of k. in silicate

rocks in order to fit the data.

For T in Kelvin, Q = @, an absolute heat flux. Heat fluxes presented are relative to surface

temperature, Q:

Qs,n = Qa,n - Ceve,nTl(O) (4.21)

Table 4.1  (Overleaf) Summary of the conditions and parameters used in Model 1 to 3. As z is

defined as the depth below the ground surface, upward flow is represented by

negative Q and v. Uncertainty ranges for parameters are based on the maximum and

minimum plausible values, with kg values based on values from Sutherland et al.

(2017); k¢ and Cr values based on data presented by Lemmon et al. (2017); C, values

based on data presented by Eppelbaum et al. (2014) and v, values based on work by

Little et al. (2005).
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Table 4.1  Caption overleaf.

Model| Number Independent
Section |Section boundary conditions| Number Number Uncertainty range for Fitted
of parameters Fixed parameters
boundaries (BC) of BC of IP fixed parameters parameters
sections (IP)
Ks=13x10%m:s?
1 1 N/A N/A 0 f,ve/xe, T(0) 3 Q,q,T,(0)
t0 1.7 x10° m-s?
fl; Ve l/Ke 1s Kf =1.5x10" m-s*
f2=/fi+ We2 — Ve 1)T2(0) Ve,2/Ke,2s t01.6x107 m-s™
Ks = 1.6x 10—6 mz.s—l er q1, 92, 43,
2 4 f3 = fz + (ve,3 - velz)T3 (O) 3 ve,3/K€,3l 6 CS = 16 X 106 J-m'3-°C'1
Kr=15x107 m-s* q4, T1(0)
z1=71m | fu = f3+ (Vo4 — Ve 3)T4(0) Vea/Ke to 4.4 x 10°J-m*-°C*
Cs; =2.5x10°)-m3.°C?
7, =212m T(0) Cr=4.0x10°)m3°C?
Cr=4.2x 108 )-m3.°C?
Z;3=691m to 4.4 x 10°J-m3-°C*?
Vo1 /Kox, =01
Z1,=814m fus Ve Kea ©=0t00.2
Ve Z/Ke 2, Uy = 2.5 x 10_10 m'S_l
f2=hH+G, ' , v, =1.9x10°ms* | g, Q,, Qs
17(3,3/Ke,3r
3 4 fz=fa+0G3 3 9 (6 mm-yr) Q4, 91, 92,
Voa/K
fo=fs+G, e/ Kea t02.9x10%°m-s? |3, qa, T1(0)
GZ' GZI G4—l
(9 mm-yr?)
T(0)
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Table 4.2  Best fit parameters and R? values for Model 1 to 3. Negative values indicate upward flow, uncertainty interval is given in brackets.
f1 G G3 Gy
Ve Ve Ve3 Vey T1(0)
Model (x 107 (x 107 (x 107 (x 107 R?
(x10°m-s?) | (x10°m-s?) | (x10°m-s?) | (x10° m-s?) (K)
K-m-s?) K:m-s?) K:m-s?) K-m-s?)

-6.78 -1.48 276.1

1 (-4.45, (-0.96, N/A N/A N/A N/A N/A N/A (276.4, 0.9973
-9.34) -2.05) 275.7)
101 35.9 -2.56 -1.09 -44.1 282.5

2 (151, (53.6, (-1.57, (-0.703, (-27.2, N/A N/A N/A (282.8, 0.9996
60.2) 21.4) -3.75) -1.52) -64.4) 282.2)
155 55.0 -6.531 -1.23 2.09 -177.6 16.13 13.58 282.9

3 (183, (8.68 x 10°, (5870, (0.0290, (68.7, (1.778 x 10%, (1.77 x 10%, (268.4, (287.2, 0.9998
-4.26) -8.60 x 10°) -5870) -2.08) -62.5) -1.77 x 10%) -1.844 x 10%) -232) 279.4)
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Table 4.3  Parameters and R? values for Model OA and OB. Only T; (0) is fitted. Negative values

indicate upward flow.

f1
ve,l
Model (x 107 T1(0) (K) R?
(x 10° m-s?)
K-m-s?)
OA -0.262 0 334.9 0.2806
OB -2.02 -2.54 302 0.8955
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Chapter 5:

Permeability controls on coupled groundwater and heat flow in
an active orogenic mountain belt; the Southern Alps, New

Zealand

Abstract

Fluid and heat flow are key controls on deformation, seismicity and geochemical processes within
orogenic mountain belts. The Southern Alps mountain belt has been uplifted on the Alpine Fault,
an active plate boundary accommodating motion between the Pacific and Australian plates in
South Island, New Zealand. Here, hydrogeological models of the Whataroa valley region in the
central Southern Alps are used to quantify the effect of permeability structure on fluid and heat
flow in the orogen. The Deep Fault Drilling Project (DFDP) 1B and 2B boreholes within the model
domain provide data for comparison to model outputs. Temperature and fluid pressure fields
prove sensitive to features of permeability structure such as homogeneous permeability value,
permeability-depth relationship, permeability anisotropy and near-fault permeability. Other than
the presence of valley sediments, which lowers hydraulic heads below DFDP-2B but has limited
regional impact, none of the modelled structures represent a clearly improved fit to borehole
data compared to a simple homogenous, isotropic permeability of 101® m2. However patterns
that are common across a range of models emerge. Groundwater convergence into the valley
occurs in all models and is sufficient to perturb isotherms upward below the valley relative to the
bounding ridges in the majority, including all models with homogeneous permeability 21071 m2.
This isotherm geometry is consistent with higher geothermal gradients measured in boreholes in
major valleys in the central Southern Alps, compared to those between these valleys. Where
model permeability is increased, or decreased less sharply with depth, temperature contrasts
between the base of the groundwater system and the surface decrease and isotherms are
perturbed to higher elevations below the valley compared to below ridges. Hydraulic head
increases with depth in the near-surface below the valley in models, but thermal reductions in
water density result in a transition to falling head with depth deeper below the valley. Thus, steep
rises in head observed below DFDP-2B are not predicted to continue to more than ~1 km below
sea level. Models predict that thermal buoyancy is an important driver for vertical flow in regions
beneath the valley and its margins. High shallow temperatures due to uplift reduce water

viscosity, promoting higher Darcy velocities and more significant heat advection by groundwater.
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5.1 Introduction

Fluids may impact orogenic processes through their role in mass and heat transfer as well as their
influence on deformation. Although in much continental lithosphere heat flow is dominantly
conductive (Stein, 1995), a number of studies have indicated significant heat transport by fluids in
mountain belts (Sutherland et al., 2017; Upton and Sutherland, 2014; Whipp and Ehlers, 2007).
Modelling by Forster and Smith (1989) showed that for two-dimensional topography with 2 km
elevation and a basal heat flux of 120 mW-m, fluid flow begins to perturb isotherm structure for
permeability between 10 m? and 107'® m2. Hydraulic and thermal processes are coupled, as fluid
flow transports heat and the temperature field affects fluid density and viscosity, modifying fluid
flow. Thermally driven buoyancy has been inferred as one of the major drivers for groundwater
flow in mountain belts, along with topography and sediment compaction (Deming, 1994; Koons
and Craw, 1991). In addition to transporting heat, fluid flow advects dissolved chemical species
within orogenic mountain belts. In some settings this is essential to drive metamorphic reactions
(Etheridge et al., 1983; Ferry, 1988). Where flow rates are sufficiently high, the degree of
metamorphism and mineralisation experienced by rocks is a function of time-integrated fluid
fluxes (Dipple and Ferry, 1992). Fluid flow may act as a major control on mineralogy and
consequently, understanding past fluid flow is significant for interpreting metamorphic history in
mountain belts (Dipple and Ferry, 1992; Vavra et al., 1996) and the distribution of economically
valuable ore deposits (e.g. Pitcairn et al., 2006). The extent to which groundwater flow plays a
significant role in heat and mass transport is dependent on groundwater Darcy velocity, although
the range of Darcy velocities over which mass advection is significant is greater than the range
over which heat advection is significant, due to the lower coefficients of solute diffusion relative

to heat diffusion (Bickle and McKenzie, 1987).

The influence of pore fluid pressure on deformation is evident from the Mohr-Coulomb criterion:

7= Cr + pe(0p — p) (5.1)
Where 7 is the critical shear stress for failure (shear strength), C; is cohesion, p; is the coefficient
of friction, g,, is the confining stress and p is the pore fluid pressure. The strength of a fault
influences if and when it fails, whereas changes in strength during failure determine whether the
fault slips in earthquakes or creeps aseismically. Where fault rocks are velocity weakening, fault
slip is unstable, allowing earthquake nucleation and propagation, rather than stable, aseismic
displacement (Scholz, 1998). Increasing pore fluid pressure reduces effective confining stress,
weakening a fault and increasing its proximity to failure (Hubbert and Rubey, 1959). Thermal
pressurisation of pore fluids during failure may contribute to velocity weakening behaviour,

promoting seismicity (Segall and Rice, 2006; Sibson, 1973). In influencing the temperature
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distribution (‘thermal structure’) and composition of fault rocks, fluid flow may also modify their
static and velocity dependent frictional behaviour, which are dependent on mineralogy and

temperature (Kohlstedt et al., 1995; Scholz, 1998). Thus, fluids may act as a control on the timing
and nature of fault failure through the influence of pore fluid pressure and the alteration of fault

rocks.

Permeability, k, plays a particularly important role in modulating fluid pressures and flow rates, as
unlike many geological parameters, it can vary by many orders of magnitude (Clauser, 1992;
Manning and Ingebritsen, 1999). On the basis of permeability estimates from time-integrated
fluid fluxes in metamorphic systems and modelling of geothermal data, Manning and Ingebritsen

(1999) obtained a permeability depth relationship for continental crust of:

logk = —14 —3.2log zym (5.2)
Where z;,,, is depth in kilometres. Although this provides a generalised relationship for
continental crust, there are significant differences in permeability between rock types (Domenico
and Schwartz, 1990), which are greatest in the near-surface (Manning and Ingebritsen, 1999).
Topographic variations result in differences in stress field (Savage and Swolfs, 1986). In
compressional settings this results in increased proximity to failure and increased permeability
beneath ridges, compared to beneath valleys (Koons and Kirby, 2007; Upton and Sutherland,
2014). Permeability may also vary around fault zones as a result of rock damage and cementation.
Fault cores typically have low permeability, with higher permeability in a fractured damage zone
and as a result faults may act as conduits for flow, barriers to flow, or combined conduit-barrier
systems (Caine et al., 1996; Lockner et al., 2009). Mineral precipitation by fluids may act to reduce
permeability of fractured fault rocks and the permeability of a fault zone may change with time

through seismic cycles as a result (Sibson, 1990).

5.2 Geological setting

The Alpine Fault forms the tectonic plate boundary between the Pacific and Australian plates in
South Island, New Zealand (Fig. 5.1). During the last 50 kyr the fault has experienced

23-25 mm-yr? strike slip motion and dip slip motion varying along strike from ~0 mm-yr?

to >10 mm-yr (Norris and Cooper, 2001, 2007; Sutherland et al., 2006). Rapid uplift on the fault
has resulted in the formation of the Southern Alps mountain belt and altered the thermal
structure in the region, raising the brittle-ductile transition to depth of 8 £ 2 km in the fault
hanging wall (Allis et al., 1979; Koons, 1987; Leitner et al., 2001). The Alpine Fault has an
estimated dip of 40-60° to the south-east, beneath the Southern Alps (Sibson et al., 1979; Stern et
al., 2007) and is locked to a depth of at least 5 km (Leitner et al., 2001; Wallace et al., 2007),
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above which displacement is accommodated in large earthquakes (Sutherland et al., 2007). These
occur with a recurrence interval of 291 + 23 years (Cochran et al., 2017), with the most recent
occurring in 1717 (Wells et al., 1999). This indicates that currently the Alpine Fault is late in its

seismic cycle.
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Figure 5.1 a. Regional setting of the Alpine Fault, bounding the Pacific and Australian plates in
South Island, New Zealand. b. Setting of the DFDP-1B and DFDP-2B boreholes and the

model domain within the Whataroa valley in the central Southern Alps.

As the prevailing winds in the Southern ocean are westerly, orographic precipitation is
concentrated on the north-western inboard region of the Southern Alps (Fig. 5.1), forming a rain
shadow across the outboard region, to the south-east of the Main Divide (Cox and Sutherland,
2007). Consequently, erosion is concentrated in the inboard region, producing a two-sided wedge
geometry to the orogen (Koons, 1990) and a topographic regime in the inboard region of
alternating ridges and valleys running between the Alpine Fault and the highest peaks of the

Southern Alps at Main Divide (Koons, 1989).

The hanging-wall rocks of the fault are the quartzofeldspathic Alpine Schist and its predominantly
greywacke and argillite protoliths (Cox and Barrell, 2007). These are juxtaposed adjacent to
Palaeozoic sediments and granitoids, unconformably overlain by Quaternary fluvio-glacial

sediments in the footwall of the fault (Cox and Barrell, 2007).

The highest grade Alpine Schist rocks are oligoclase-zone amphibolite facies schists that crop out
adjacent the Alpine Fault, with metamorphic grade and total uplift decreasing away from the fault
(Cox and Barrell, 2007; Koons, 1989). Foliation in the Alpine Schist dips at ~45 degrees to the

south-east near to the fault, steepening to near vertical at the Main Divide (Little et al., 2002).
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Adjacent to the fault is a 1-2 km-wide mylonitised zone, with hydrothermally altered cataclasites

within 40-50 m of the fault plane (Norris and Cooper, 1995, 2007; Sutherland et al., 2012).

5.3 Groundwater and heat flow in the Southern Alps

The presence of hydrothermal veins within the Alpine Schists (Menzies et al., 2014), the gold
mineralisation associated with vein systems near to the Main Divide (Craw et al., 2009) and
evidence for alteration by fluid flow from the formation of secondary phyllosilicates, carbonates,
quartz and sulphides (Norris and Cooper, 2007; Sutherland et al., 2012; Warr and Cox, 2001),

testify to the past fluid activity in the Southern Alps.

Ongoing fluid circulation is evidenced by the presence of warm springs (Barnes et al., 1978). These
springs are found in valleys across the Southern Alps and are only known to occur in the hanging
wall of the Alpine Fault. Fractures are believed to play an important role in controlling fluid flow in
the orogen (Craw et al., 2009), with observed changes in spring temperature at the Copland hot
spring following large earthquakes, inferred to reflect changes of fracture apertures resulting
from stress changes (Cox et al., 2015). Strontium isotopic ratios for both warm springs and
hydrothermal veins fall within the range for hanging wall rocks, showing no evidence for

interaction with the highly radiogenic rocks found in the footwall (Menzies et al., 2016).

Magnetotelluric surveys image a zone of low resistivity in the middle to lower crust at ~20-30 km
depth, with upward projections at either end, one of which follows the Alpine Fault trace to a
depth of ~10 km (Wannamaker et al., 2002). This zone also corresponds to a region of low seismic
velocities (Stern et al., 2001) and has been interpreted as a zone of fluid production through
metamorphic dehydration reactions (Wannamaker et al., 2002). However, ductilely deformed
quartz veins from the Southern Alps have isotopic signatures most simply explained by formation
from meteoric fluids, suggesting that meteoric water is the dominant fluid down into the brittle-
ductile transition zone (Menzies et al., 2014, 2016; Upton et al., 1995). Although there is evidence
for meteoric water penetration as deep as the brittle-ductile transition, much groundwater
circulation is likely to be largely restricted to shallower depths, with warm spring geochemistry

showing interaction with rocks at <150 °C (Reyes et al., 2010).

The deepest estimates of the thermal regime beneath the Southern Alps are provided by studies
of seismicity, thermobarometry of Alpine Schist rocks, and from borehole data. The maximum
depth of seismicity represents the approximate depth of the brittle-ductile transition,
corresponding to the onset of quartz plasticity, which occurs at ~300 °C (Scholz, 1998).
Earthquake depths indicate that the base of the seismogenic crust is at ~8 km beneath the high

Southern Alps, 3-4 km shallower than elsewhere in South Island (Leitner et al., 2001), consistent
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with the anticipated effects of uplift (Allis et al., 1979; Koons, 1987). Thermobarometric estimates
based on fluid inclusion and mineral chemistry are in agreement with seismic data, indicating a
significantly steepened geothermal gradient (=40 °C-km™) above the brittle-ductile transition
compared to below it (~10 °C-km™), with temperatures exceeding 300 °C by <8 km depth (Toy et
al., 2010).

Boreholes drilled as part of the Deep Fault Drilling Project (DFDP) provide direct measurements of
temperatures and pressures at depth in the inboard Southern Alps. The DFDP-1A and 1B
boreholes are located <200 m from the surface trace of the Alpine Fault (Fig. 5.1) and penetrate
through the fault at 91 m and 128 m depth respectively (Sutherland et al., 2011). Measurements
in the 150 m-deep DFDP-1B borehole, showed an approximately linear geothermal gradient of
62.6 + 2.1 °C-km™ (Fig. 5.2) and a fluid pressure drop of 0.53 MPa across the fault (Sutherland et
al., 2012). The DFDP-2B borehole was drilled in the Whataroa valley (Fig. 5.1), passing through a
240 m thick sequence of valley sediments before penetrating Alpine Schist basement rocks below
and reaching a total depth of 818 m still within the Alpine Fault hanging wall. This borehole
showed a geothermal gradient averaging 125 + 55 °C-km™ and measured borehole hydraulic
heads of >60 m above surface elevation (Fig. 5.2), indicating superhydrostatic increases in pore
fluid pressure with depth (Chapter 3, this thesis; Sutherland et al., 2017). Much of the increase in
hydraulic head down DFDP-2B occurred below 273 m depth, beneath the base of the valley
sediments. Like the DFDP-2B borehole in the Whataroa valley, temperature measurements during
drilling of an earlier borehole in the Waiho valley, near Franz Josef showed a high geothermal
gradient, in this case 95 °C-km™ (Shi et al., 1996). Modelling of temperature data from the
DFDP-2B borehole indicates a significant role for fluid advection of heat in the orogen (Chapter 4,

this thesis; Sutherland et al., 2017).

Permeability in the Alpine Fault Zone appears to indicate combined conduit-barrier architecture,
with a high permeability damage zone adjacent to a low permeability fault core (Caine et al.,
1996). Laboratory tests on slip plane gouge from DFDP-1B core and outcrops indicate
permeability of the order 102° m?, significantly lower than permeabilities measured away from
the fault plane (Boulton et al., 2012; Carpenter et al., 2014; Sutherland et al., 2012). On the basis
of the observed pressure difference at DFDP-1B, the low measured permeability of fault slip zone
gouge and absence of a footwall &Sr-isotopic signature in hot springs, it has been inferred that
the Alpine Fault may be a regional barrier to fluid flow (Carpenter et al., 2014; Sutherland et al.,
2012) to significant depth, and possibly throughout the brittle upper crust (Menzies et al., 2016).
The fault damage zone, in which macroscopic damage increases toward the fault may act as a
channel for focussed fluid flow along the fault plane (Menzies et al., 2016; Sutherland et al.,

2012). At the Alpine Fault, the damage zone is 47 m to 154 m wide (Williams, 2017). An increased
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abundance of minerals associated with fluid alteration in the hanging wall toward the fault is
consistent with this (Norris and Cooper, 2007; Sutherland et al., 2012; Warr and Cox, 2001).
However, at this late stage in the seismic cycle of the fault, precipitation of carbonate and
phyllosilicate minerals within fractures is inferred to have reduced permeability in heavily altered

rocks within ~50 m of the fault (Sutherland et al., 2012).

Permeability estimates from slug tests and modelling of temperature data in the DFDP boreholes,
indicate permeabilities in the range 107 m? to 103 m? for Alpine Schist rocks away from the slip
plane itself (Chapter 3 and 4, this thesis; Sutherland et al., 2012, 2017). The only other published
estimates of in-situ permeability for the inboard Southern Alps are based on data from two
boreholes drilled as part of the Amethyst Power project near to the Wanaganui valley. Packer
tests in these boreholes showed estimated permeabilities of the order 103 m?to 10™*? m? (Cox et

al., 2015).

Variability in borehole permeability estimates provides some indication of the heterogeneity of
permeability in the Southern Alps. However, they only offer a limited insight into the actual
permeability structure, given the small number of sites sampled and the limited depth of
investigation (<1 km). Conditions at greater depths have been simulated in laboratory tests on
specimens (e.g. Boulton et al., 2012; Carpenter et al., 2014). However, studies of veins and
alteration indicate that fractures are significant in controlling flow (Craw et al., 2009), and given
their small sample volume, laboratory measurements may not be representative of regional-scale
permeability. Modelling of the Wanganui valley catchment indicates that regional permeability
equivalent to a homogeneous value of <10 m? is required to produce a water table consistent

with water levels observed in the Amethyst Power project boreholes (Chapter 2).

Foliated rocks commonly show reduced permeability normal to foliation relative to that parallel
to foliation (Singhal and Gupta, 2010). The Alpine Schists show seismic anisotropy associated with
their foliation that is not observed in their unfoliated protoliths (Christensen and Okaya, 2007). It
is therefore possible that permeability in the Alpine Schists may be anisotropic and that this may
have a significant influence on groundwater flow, however control of flow by fractures may mean
permeability anisotropy is absent or is not as closely associated with foliation as seismic

anisotropy.
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Figure 5.2 Temperature and hydraulic head data, with rock type profiles from the drilled
intervals of a. the DFDP-1B borehole (crosses and diamonds represent resistance
device and piezometer sensor temperature data respectively), adapted from
Sutherland et al. (2012) and b. the DFDP-2B borehole adapted from Sutherland et al.
(2017).

5.4 Aims and objectives

The Southern Alps show evidence for past and ongoing fluid circulation, which appears sufficiently
vigorous to advect significant heat and to cause widespread hydrothermal alteration. This,
coupled with the evidence for repeated failure of the Alpine Fault in large earthquakes and the
potential for fluid flow to influence fault behaviour provides clear motivation for modelling the
coupled fluid and heat flow at depth in the orogen. This study aims to develop a predictive
understanding of temperature and fluid pressure conditions at depth in the orogen, in particular
those close to the Alpine Fault and to understand how they may influenced by permeability

structure.
Its objectives are:

1. To quantify the effect of permeability structure on groundwater and heat flow in the Southern
Alps, in particular focussing on the predicted physical conditions (temperature and hydraulic

head) on and near to the Alpine Fault under plausible permeability scenarios.

214




Chapter 5

2. To identify whether there are features of the groundwater and heat flow regimes common

across modelled permeability structures.

3. To compare model results for different permeability structures to temperature and fluid
pressure measurements taken at DFDP-1B and 2B, also considering the implications of

temperatures in the Waiho valley borehole, outside the model domain.

5.5 Governing equations

This study considers steady state single-phase fluid and heat flow in a porous rock medium, with
volume fraction porosity (void space), ¢ saturated with water. Water and rock both move at a
constant rock advection velocity relative to a fixed reference frame, described by the vector, v.
Water moves relative to the rock with Darcy velocity vector, q. It is assumed that water density
varies with temperature, T and pressure, p and that water viscosity varies with temperature, but
that variations in density and viscosity due to solute concentrations are negligible, as fluid
inclusions from shallow (~¥500 m depth) veins indicate low concentrations of dissolved species

(Craw, 1997).

The study considers fluid flow governed by the mass continuity equation, assuming an absence of

internal fluid sources, and Darcy’s Law according to:

V-(p(p,T)q) =0 (3)

(4)

q= (Vp + p(T,p)gn)

- u()
Where k is the permeability tensor, u is the dynamic viscosity of the water, p is the density of the
water, g is the acceleration due to gravity and 7 is a unit vector oriented vertically upward. The

role of groundwater flow in heat transport is described by the steady state conservation of energy

equation, which in this case, assuming no internal heat sources is:

Crq VT + Covg VT — V- (A, -VT) = 0 (5)
Where (f is the volumetric heat capacity of the fluid water phase, C; is the volumetric heat
capacity of the solid rock phase, C, is the effective volumetric heat capacity of the solid and fluid
phases, calculated as the porosity weighted arithmetic mean. Volumetric heat capacities are
assumed to be homogeneous and independent of p and T. q is the Darcy velocity vector, 4, is the
tensor of effective thermal conductivity for the solid and fluid phases, calculated here as the
porosity weighted arithmetic mean, with thermal dispersion assumed to be negligible. Thermal

conductivities are assumed to be homogeneous, isotropic and independent of p and T.
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5.6 Modelling strategy

A finite-element FEFLOW model (Diersch, 2014) for the Whataroa valley (Fig. 5.3) has been
constructed for the central Southern Alps, which solves the equations outlined above (see
Supporting Information 5.11.1 for details). The model domain encompasses both the DFDP-2B
and DFDP-1A and B boreholes and extends from the topographic surface to 12 km below mean
sea level, the approximate position of the base of the brittle crust across much of South Island,
where isotherms have not been perturbed by uplift (Leitner et al., 2001). All model elevations
given in this study are relative to reference ellipsoid GRS80 (for further information on the
NZGD2000 geodetic datum see Land Information New Zealand, 2008). A sub-set of the same
models developed here were presented by Sutherland et al. (2017), where viscosity was fixed and
the Boussinesq approximation implemented. This approximation assumes that density variations
are only significant where multiplied by g (i.e. in the latter, buoyancy related term in Darcy’s Law)
and is commonly applied to situations where density changes are relatively small (Gray and

Giorgini, 1976).

Temperature and pressure data from DFDP-1B and 2B boreholes represent just two threads of
observation within a potentially complex three-dimensional system (the Southern Alps),
influenced by a range of parameters, including permeability, rock advection velocity and thermal
diffusivity, all of which may be temporally and spatially heterogeneous. The sub-set of the models
developed here presented by Sutherland et al. (2017) show that the high temperature gradient
observed at DFDP-2B can be reproduced in models incorporating both rock advection and
groundwater circulation for reasonable permeabilities and rock advection rates. These models
also show non-uniqueness in fit of model temperatures to DFDP-1B and 2B data for a range of
permeability and rock advection rate combinations. Therefore, this study does not attempt to
determine a ‘best fit" model. Rather, a set of forward models have been created for plausible
permeability structures, representing variations from a fixed baseline model set up, which predict
the effects that these structures will have on temperatures and hydraulic heads. All parameters

are held constant other than permeability fixed (Table 5.1).
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Table 5.1  Thermal parameter values for models presented. Surface (1 atm, 10 °C) water density

is based on values from Lemmon et al. (2017).

Parameter Value
Rock advection rate (dip slip) 12 mm-yr?
Isotropic thermal conductivity (water) 0.6 W-mtK?
Isotropic thermal conductivity (rock) 2.0 W-mtK?
Volumetric heat capacity (water) 4.2 MJ-m3-K1
Volumetric heat capacity (rock) 2.7 MJ:m3K?
Porosity 0.1
Surface water density 999.7 kg:m?3
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a. Model domain (map view)
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Figure 5.3 Map (a.) and three-dimensional (b.) views of the model domain, which is split into
Hanging Wall, Footwall and Deep zones. Results are presented for vertical profiles at
the DFDP-1B and 2B borehole sites, a hypothetical observation point (UWV) in the

upper Whataroa valley and along cross-valley and down-valley cross-sections.
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5.6.1 Baseline model set-up

At the surface of the model domain, hydraulic head is fixed at topographic elevation based on
evidence for a high water table in the Southern Alps (Chapter 2) and the upper boundary
temperature is fixed at 10 °C, based on the average temperature at 1 m depth in the Whataroa
valley, measured at DFDP-2B (Sutherland et al., 2017). Lateral boundaries are located along major
ridges in the hanging-wall. No-flow boundary conditions for fluid flow are applied to all lateral
boundaries, with the exception of the down-stream footwall boundary, across which hydraulic
head is fixed at surface elevation in models where the Alpine Fault is permeable to flow.
Transport of heat due to rock advection is simulated by means of a rock advection velocity field
applied throughout the model domain, with a conductive heat flux field applied across the base of
the model and conditions of no conductive heat flow specified across lateral boundaries. A FLAC
geo-mechanical model (Sutherland et al., 2017) is used to generate advection velocity and heat
flux values. The flux of water transported by rock advection is dependent on porosity. Rather than
attempt to simulate variations in porosity between models of differing permeability or in space, it
is assumed that groundwater average linear velocities are sufficiently high in comparison to rocks
advection velocities that movement of water by rock advection can be neglected. As such, the
rock advection mass flux field is implemented only for the purposes of heat flow simulation. This
assumption is consistent with geochemical evidence that meteoric water is the dominant fluid
down to the brittle-ductile transition (Menzies et al., 2014), which suggests that average linear
velocities remain sufficiently to the base of the brittle crust that the contribution to groundwater
movement from uplift must remain minor to negligible. The assumption is further supported by a
modelling study of fluid fluxes in the Southern Alps (Chapter 2). This indicates sufficiently high
groundwater fluxes persisting to at least -5 km elevation that vertical average linear velocities are
at least one and potentially many orders of magnitude larger than uplift velocities for plausible
values of porosity in fractured rocks, which are typically low (<103) and decrease with depth
(Freeze and Cherry, 1979; Ingebritsen and Manning, 2003; Snow, 1968). Although a higher
porosity than this (0.1) is used in calculation of thermal properties of the bulk water-rock medium
(C, and A,) for consistency with values used in the FLAC model, the possible range in these
properties, based on measured values (Eppelbaum et al., 2014), is large compared to the

sensitivity of calculated values to porosity in the range 0.1 to 0.

The Alpine Fault is defined within models as a plane with dip 50° and strike 053. Late Quaternary
dip-slip convergence rates in the region lie within the range 6 mm-yr?* to 14 mm-yr? (Norris and
Cooper, 2007). Here a baseline rate of 12 mm-yr?is adopted for calculation of rock advection
velocities, slightly above the midpoint of this interval, as lower rock advection rates give a poor fit

to DFDP-2B temperature data across a range of permeabilities (Sutherland et al., 2017). Fluid flow
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is simulated within an upper permeable portion of the model. For the baseline model the
(horizontal) base of this region is at -3 km elevation (3 km below sea level). An average shallow
geothermal gradient of ~50 °C-km%, based on estimates from borehole measurements

(>60 °C-km?) (Shi et al. 1996; Sutherland et al. 2012, 2017) and geothermometry (=40 °C-km™)
(Toy et al., 2010) and a maximum temperature of fluid-rock interaction in hot springs of <150 °C
(Reyes et al., 2010) indicate a maximum depth for the shallow fluid flow system of <3 km. Thus
with topographic elevation >0 km across the model domain, a permeability cut-off at -3 km
elevation allows sufficient depth to simulate this shallow flow system. The baseline model
assumes homogenous model permeability of 101 m? in the permeable portion of the model. This
value of homogeneous permeability was chosen as the baseline as it produces the simulated
temperature profile that most closely resembles measured temperatures at DFDP-2B. The ‘Deep’
portion of the model domain below this, which has its base at -12 km, is used for simulation of
heat flow to the base of the permeable region of the model and is assigned a very low
permeability (k = 10% m?). In models where the Alpine Fault is assumed to be a regional barrier
to flow, the model footwall is also assigned this very low permeability. The Boussinesq
approximation is implemented for initial simulation, following which temperature at the base of
upper permeable portion of the model is fixed and fluid flow simulated with the assumption
relaxed. Except where stated otherwise, models calculate variable density and viscosity based on

empirically derived relations (Magri et al., 2009; Mercer and Pinder, 1974).

5.6.2 Variations from baseline

Several key aspects of permeability structure are varied in turn (summarised in Table 5.2) in order
to test the effect of each on hydraulic head and temperature fields. The significance of changes to
a bulk homogeneous permeability is examined by simulating over the range 10* m? to 10'” m?
(models H-14 to H-17). The study examines the effect of varying the depth of permeability cut-off
between -3 km and -5 km elevation (models H-16, CO-4 and CO-5). The effect of systematic
reduction in permeability with depth is investigated, based on a log-log relationship (Eg. 5.2) after
Manning and Ingebritsen (1999), including models in which the constant coefficients in this
function are varied (models MI(-14,-2), MI(-14,-3.2), MI(-14,-4), MI(-16,-2), MI(-16,-3.2) and
MI(-16,-4)). The study also examines the effect of regional anisotropy, with permeability normal
to foliation 0.1x and 0.01x permeability parallel to foliation, which is assumed to be parallel to the
Alpine Fault (models A10 and A100). Next, the importance of more localised features, which may
nonetheless have regional significance is investigated. This includes the effect of an Alpine Fault
that does not act as barrier to flow on a regional scale (model PF), of a damage zone (model DZ)

or cemented zone (model CZ) adjacent to the fault plane, and of higher permeability alluvial
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sediments within the valley (models S10 to S100). Although valley sediments contain some fine

grained sedimentary units (e.g. lacustrine silts) that could have a relatively low permeability, as

well as those expected to have a have high permeability (e.g. clastic fluvial sediments), the

minimal head gradient across the upper section of DFDP-2B penetrating through these valley

sediments suggests a permeability on the length scale of 100’s meters that is higher than in the

basement rocks below, potentially due to lack of lateral continuity of low permeability units

(Chapter 3).

In addition to the above permeability structures, variants of the baseline model in which density

and viscosity are artificially uncoupled are also presented (Table 5.2), in order to investigate the

significance of density driven flow and variation of viscosity with temperature for fluid and heat

flow in the orogen.

Table 5.2 Outline of models discussed. Continued overleaf.
. k cut-off
Model Name Abbreviation Hangl(nnfz\)/vall k Foo(tnvrza)ll k (elevation, |Additional features
km)
Homogeneous 101¢
m? H-16 10 107 -3 N/A
(Baseline)
-14
Homoge:'n‘ious 10 H-14 106 107 3 N/A
-15
Homoge:‘n‘ious 10 H-15 10 107 3 N/A
-17
Homoge;ious 10 H-17 107 107 3 N/A
Valley sediments
Sediments 10x 16 27 (thickness 240 m at
(Hanging wall) 510 10 10 3 DFDP-2B): k = 10"
m2
. Valley sediments: k
-16 -27 _
Sediments 50x S50 10 10 3 -5 x 105 m?
Sediments 100x $100 106 107 3 | Valleysediments: k
=10""m
Permeable Alpine PE 10116 107 3 N/A
Fault
Damage zone (<1
Damage Zone DZ 101¢ 10?% -3 km frf)m Alpllne
Fault in hanging
wall): k = 10> m?
Cemented zone (<1
Cemented Zone Cz 10%® 10% -3 km from Alpine

Fault in hanging
wall): k = 101 m?
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Model Name
(cont.)

Abbreviation
(cont.)

Hanging wall k
(m?)

(cont.)

Footwall k
(m?)
(cont.)

k cut-off

(elevation,
km)

(cont.)

Additional features
(cont.)

-4 km Cut-off

Cco-4

10-16

10—27

-4

N/A

-5 km Cut-off

CO-5

10—16

10—27

-5

N/A

Manning and
Ingebritsen (-14, -3.2)

MI(-14,-3.2)

Depth 21 km:
log(k) = -14-
3.2log(depth,
km);
Depth <1 km:
log(k) =-14

107

N/A

Manning and
Ingebritsen (-14, -2)

MI(-14,-2)

Depth 2 1 km:
log(k) =-14-
2log(depth,

km);

Depth < 1 km:
log(k) =-14

10—27

N/A

Manning and
Ingebritsen (-14, -4)

MI(-14,-4)

Depth > 1 km:
log(k) = -14-
4log(depth,

km);

Depth <1 km:
log(k) =-14

10—27

N/A

Manning and
Ingebritsen (-16, -3.2)

MI(-16,-3.2)

Depth 2 1 km:
log(k) = -16-
3.2log(depth,
km);
Depth < 1 km:
log(k) =-16

10—27

N/A

Manning and
Ingebritsen (-16, -2)

MI(-16,-2)

Depth 21 km:
log(k) = -16-
2log(depth,

km);

Depth <1 km:
log(k) =-16

107

N/A

Manning and
Ingebritsen (-16, -4)

MI(-16,-4)

Depth 2 1 km:
log(k) = -16-
4log(depth,

km);

Depth < 1 km:
log(k) =-16

10—27

N/A
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k cut-off
. .. |Hangi Il k| Footwall k .
Model Name Abbreviation angl(r;fz\)lva oo(n\:lza; (elevation, |Additional features
. . km .
(cont.) (cont.) (cont.) (cont.) ) (cont.)
(cont.)
. . kp = 10_161
Anisotropic 10x Al10 10% -3 N/A
k, =10"
: . k, =107
Anisotropic 100x A100 107 -3 N/A
k, =107
Fully Uncoupled UF 10%e 10% -3 C?nstant f.ll“d .
density and viscosity
Density Uncoupled ub 10 10?7 -3 Constanjc fluid
density
Viscosity Uncoupled uv 10 10% -3 Con:c,tant. fluid
viscosity
5.6.3 Model outputs
Model pore fluid pressure results are presented in terms of hydraulic head, h:
h = P +z (5.6)
Pad

Where p, is water density under ambient surface conditions and z is the elevation (Table 5.1).

This parameter is used to provide an indication of fluid pressure that is independent of water

density variations between models, but is more amenable to graphical analysis than pressure

itself, which increases by orders of magnitude with depth within a km scale system. In settings

where fluid density variations are not significant, fluid flows down hydraulic head gradients. This

is not necessarily the case where variable density is significant, as a result of the dependence of

Darcy velocity on both head and density related terms:

k
q=- pag[Vh+(

u

Pa

P~ Pa

)7

(5.7)

Cross-sectional profiles (Fig. 5.4, 5.5) are presented for selected models, with depth profiles

available in supplementary information (see Supporting Information 5.11.3). In order to provide

insights into the key variations in the three-dimensional temperature and hydraulic head field

between all models, outputs are compared in terms of the following summarising metrics, which

focus in particular on conditions near to the Alpine Fault and at measured locations:

1. The average down-dip temperature and hydraulic head gradient near to (250 m structurally

above) the Alpine Fault, calculated between 0 km and -2 km elevation. Along-strike mean,

maximum and minimum values for these gradients are presented (Fig. 5.6). The difference

between maximum and minimum values gives an along-strike range.
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2. The average vertical temperature and hydraulic head gradient in the hanging-wall (i.e. to 128 m
depth) at DFDP-1B (Fig. 5.7). Due to local fault curvature, which is not reproduced by the planar
model fault, the base of model hanging-wall is not at 128 m at the DFDP-1B site. Therefore the
model borehole site is shifted slightly in the down-dip direction, so as to intersect the fault at

128 m depth.

3. The average vertical temperature and hydraulic head gradient across the full 818 m DFDP-2B
drilled interval (Fig. 5.8). Gradients across the upper 128 m are also shown for comparison to

DFDP-1B gradients (Fig. 5.7).

4. Temperatures and hydraulic heads at -1 km and -3 km elevation (Fig. 5.9) beneath a
hypothetical observation point in the upper Whataroa valley, UWV (Fig. 5.3), where the Alpine

Fault is deeper than -3 km elevation.

5. Maximum increase or decrease in elevation of the 100 °C isotherm to a peak or trough
(stationary point) beneath the Whataroa valley, relative to a point at the valley margin (Fig. 5.10)

along a cross-valley cross-section (Fig. 5.3), to indicate the degree of inflection of isotherms.

For all temperature and head gradients, positive values indicate increases in temperature or head
with depth. Changes in all of these metrics are compared to the baseline model in a matrix of
results (Fig. 5.11), in order to highlight patterns. Metrics are grouped into ‘shallow’ metrics,
representing conditions at or above -1 km elevation (DFDP-1B and DFDP-2B gradients and
conditions at -3 km elevation beneath UWV) and ‘deep’ metrics, representing conditions

below -1 km elevation (mean, minimum, maximum gradients near to the fault and conditions

at -3 km elevation beneath UWV). These different groups show different responses to changes in
permeability in models. Metrics that quantify lateral variations between ridges and the valley are

termed ‘along-strike variation’ metrics.

Away from the cemented rocks near to the fault the hydraulic head gradient at DFDP-1B is
minimal (Fig. 5.2). Under these approximately hydrostatic conditions, the uncased borehole is
unlikely to have caused significant hydraulic perturbation. The borehole head gradient (~0 m-km™)
is therefore assumed to represent ambient head gradient at DFDP-1 for the purposes of
comparison to model outputs. In contrast, DFPD-2B, which was uncased to flow below 263 m
depth, shows steep borehole hydraulic head gradients (Fig. 5.2). The borehole is therefore
expected to have caused a hydraulic perturbation, meaning that measured borehole hydraulic
heads are not equal to ambient hydraulic heads. To allow comparison of model results to
borehole data, a radially symmetric nested model for the DFDP-2B borehole is employed to

simulate borehole hydraulic heads (see Supporting Information 5.11.2). Ambient hydraulic heads
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at the DFDP-2B site from the regional models presented are fixed at the outer boundary of the

nested model, 100 m from the centre of the borehole.

5.7 Results

5.7.1 Common patterns

All models share a common pattern of groundwater flow into the valley from the ridges that
bound it. Beneath the valley, groundwater flow is upward, whereas beneath the ridges downward
flow prevails (Fig. 5.4). Model hydraulic heads initially increase sharply with depth beneath the
valley, rising to a maximum, before decreasing with depth, except where water density is held
constant (UF and UD) (Fig. 5.5). At the observation point in the Upper Whataroa valley (UWV), this
is manifested in higher hydraulic heads at -1 km elevation than at -3 km elevation in all but the

most permeable models, H-14 and MI(-14,-2) (Fig. 5.9).

Corresponding hydraulic head metrics and temperature metrics (e.g. mean temperature gradient
and mean hydraulic head gradient near to the fault) largely show opposing changes relative to the
baseline for a given permeability structure (Fig. 5.11). Where a temperature metric is increased,
the corresponding head metric is generally decreased. This is almost always the case for deep
(below -1 km elevation) metrics (mean, minimum, maximum gradients near to the fault and
conditions at -3 km elevation beneath UWV). This relationship between hydraulic head and
temperature variations reflects the influence of temperature dependent density and viscosity on

fluid flow.

For homogeneous models where the permeability is >10” m?, isotherms are perturbed by the
groundwater flow system, deviating upwards beneath the valley to shallower depths than
beneath the ridges bounding it (Fig. 5.5, 5.10). In H-17 temperature contours show minimal
perturbation by groundwater flow and are approximately parallel to topography in cross-valley
cross-sections. The 100 °C isotherm is perturbed to a peak at higher elevation beneath the valley
compared to beneath the valley margin in all models other than H-17 and MI(-16,-4) (excluding
artificially uncoupled models) (Fig. 5.10). Although MI(-16,-4) does not show a peak in the 100 °C
isotherm beneath the valley, the elevation of this isotherm relative to the valley margin is

nonetheless perturbed upward in comparison to H-17.
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a. Vertical Darcy Velocity: Cross-valley Elevation
m
--1000
- 500
-0
~=1000
-1500
-=2000
-2500
b. Down-valley Elevation|  Vertical Darcy Velocity, g,
(m) (x10° m-s™)
SE NW| 5500
............................................................... 2000 M 2.0<q,<2.5
1500 | BH1.5<0:<2.0 o 5 0 00
1000 M 1.0<q,51.5 W -1.0<0.-05
500 | [ 0.5<q,<1.0 PRg=T
. -500 0.0<qg,=<0.5
_' :iggg | Darcy Velocity Vectors (m-s™)
-2000 - - - —
- -2500 10710 10°° 1078

Figure 5.4 Darcy velocity in the baseline model (H-16) along cross-valley (a.) and down-valley
cross-sections (b.). Beneath ridges flow is downward, with convergent up-flow in the

valley. Darcy velocity vectors are shown at 1 km intervals.
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a. H-14
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Figure 5.5 Caption and additional panels (5.5c. and 5.5d.) opposite.

S J91deyd



6C¢C

c. H-16
SW  1500m

d. H-17
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Figure 5.5 Additional panels (5.5a. and 5.5b.) opposite. Temperature isotherms and hydraulic head along cross-valley and down-valley cross-sections for with a

range of models with homogeneous permeability above -3 km elevation from 10 m? (a.) to 10"Y” m? (d.). Darcy velocity vectors are shown at 1 km

intervals.
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a. Down-dip gradients

b. Down-dip temperature gradient
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c. Down-dip hydraulic head gradient
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Figure 5.6 Down-dip gradients were calculated between 0 km and -2 km, within 250 m of the
Alpine Fault (illustrated for temperature in a.), with along-strike mean, maximum and
minimum values found for each model. Results are shown for temperature (b.) and

hydraulic head (c.). Positive values for gradients represent down-dip increases.
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a. Temperature gradient to 128 m depth
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Figure 5.7 The average vertical temperature (a.) and hydraulic head (b.) gradient to the base of

the hanging-wall (i.e. the Alpine Fault) at 128 m depth in DFDP-1B and to the same

depth at DFDP-2B. Positive values for gradients represent increases with depth.
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a. Temperature gradient across DFDP-2B interval
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c. Borehole hydaulic head gradient across DFDP-2B interval
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Figure 5.8 The average vertical temperature (a.) and hydraulic head (b.) gradient across the full

DFDP-2B drilled interval. The gradient in borehole hydraulic heads (c.) is also

simulated for comparison to DFDP-2B data using a nested model, assuming a fixed

head at 100 m radius from the borehole, based on values from the regional model.

Positive values for gradients represent increases with depth.
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a. Temperature at UWV
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Figure 5.9 Temperatures (a.) and hydraulic heads (b.) at the surface, -1 km and -3 km elevation

beneath an observation point (UWV) in the upper Whataroa valley (Fig. 5.3), where

the Alpine Fault is deeper than -3 km.
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a. Methodology Cross-valley Elevation
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Figure 5.10 a. Differences in 100 °C isotherm elevation beneath the Whataroa valley are
calculated relative to a designated point at the valley margin along the cross-valley
cross-section (Fig. 5.3). Model H-15 is shown here as an example. b. Increase in
isotherm elevation beneath the valley are plotted as positive values, decreases as
negative. No values are plotted for H-14 or MI(-14,-2) as the 100 °C isotherm lies

below -3 km elevation. Darcy velocity vectors are shown at 1 km intervals.
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Figure 5.11 (Overleaf) Compilation of metric values, presented in terms of percentage variation
from the baseline model (H-16). Each row corresponds to a different metric and cells
within each row are coloured according to value relative to the rest of the row. Cells
for models with the largest positive variation from the baseline coloured red and

those with the largest negative variation are coloured green.

Thus convergent flow into the valley occurs robustly over the range of modelled permeability
structures and the advective upwelling of heat associated with this convergence is sufficient to
perturb the temperature field across the majority of these structures. Therefore for the majority
of models, the artesian, elevated temperature conditions encountered by DFDP-2B and evident at

warm springs are a regional feature, and are predicted to occur along the length of the valley.

Although the broad patterns of groundwater and heat flow are consistent across a majority of
models, absolute values of temperature and hydraulic head are sensitive to permeability
structure. Mean down-dip temperature gradient near the fault (between 0 km and -2 km
elevation) varies between 5 °C-km™ and 55 °C-km™ across the model permeability suite, with
along-strike variability between maximum and minimum gradients ranging between 14 °C-km*
and 35 °C-km™. Mean hydraulic head gradients vary even more significantly for different
permeability structures, with some showing an overall increase in hydraulic head between the

0 km and -2 km elevation, whereas others show a decrease (Fig. 5.6). As gradients are averaged
across this depth interval, values may approach nil where increases in hydraulic head with depth

in the near-surface are cancelled out by decreases in head at greater depth.

Conditions at the location of the DFDP boreholes are also sensitive to permeability structure (Fig.
5.7, 5.8). Consequently, although fluid and heat flow patterns can be interpreted with relative
confidence, uncertainty in permeability structure leads to considerable uncertainty in the

absolute temperatures and pressures estimated.

5.7.2 Homogeneous regional permeability

Increases in homogeneous permeability values correspond to decreases in the deep (below -1 km
elevation) temperature metrics (mean, minimum, maximum gradients near to the fault and
conditions at -3 km elevation beneath UWV) (Fig. 5.11). The corresponding deep head metrics
show increases as permeability is increased between H-16 and H-14. The change in these head
metrics between H-17 and H-16 is mixed, with some metrics showing increases and others

decreases.
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The responses of shallow (at or above -1 km elevation) temperature and head metrics (borehole
gradients and conditions at -1 km elevation beneath UWV) are more complex, showing neither
systemic increases nor decreases across the modelled permeability range (Fig. 5.11). For example,
temperature at -1 km elevation beneath UWV decreases relative to the baseline in both H-15 and
H-17. Along-strike changes in temperature near the fault, indicated by the range between
maximum and minimum gradients, shows a similar response, increasing with decreasing

permeability up to H-16, before decreasing between H-16 and H-17 (Fig. 5.6).

Across all models the deep temperature metrics show more straightforward responses than the
shallow metrics (Fig. 5.11). Where permeability is changed systematically across a sub-set of
models, such as between homogeneous models, these deep metrics show systematic increases or

decreases, which is often not the case for the shallow ones.

Of the homogeneous models, H-16 (the baseline) simulates the average temperature gradient
across the DFDP-2B drilled interval closest to that observed along the borehole, with other
homogeneous models producing lower gradients. Simulated borehole hydraulic head gradients
for DFDP-2B are significantly higher than the observed gradient across all homogeneous models.
Each homogeneous model, as well as all other models presented in this study, overestimates

temperature and head gradients at DFDP-1B.

5.7.3 Permeability-depth relationship

Where the depth of permeability cut-off is shallower, (e.g. CO-4 compared to CO-5) deep
temperature metrics are higher and corresponding head metrics lower, although changes from
the baseline are relatively small compared to those for other permeability variations from the
baseline (Fig. 5.11). Deep temperature metrics also increase and head metrics decrease where
permeability is reduced more sharply with depth from MI(-14,-2) to MI(-14,-4) (Fig. 5.11).
Although decreased permeability at depth within MI(-16) models results in increased deep
temperature metrics and decreased head metrics relative to the baseline, increasingly rapid
permeability reduction across the MI(-16) sub-set results in relatively minor further changes in
these metrics between MI(-16,-2) and MI(-16,-4) compared to within the MI(-14) subset (Fig.
5.11). Some deep temperature metrics still show a clear systematic increase from MI(-16,-2) to
MI(-16,-4), however others (e.g. maximum down-dip temperature gradient) show minimal change
(change equivalent to <1 % of the baseline value). The along-strike range in temperature gradient
near to the fault is decreased relative to the baseline in both MI(-14) and MI(-16) models.
Increasingly rapid permeability reduction with depth causes the along-strike range in near-fault

temperature gradient to increase in MI(-14) models, but decreases this range in MI(-16) models.
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MI(-14) and MI(-16) models predict a decreased temperature gradient and borehole hydraulic
head gradient at DFDP-2B relative to the baseline. As a result, these models’ predictions are
further from the observed temperature gradient but closer to the observed borehole hydraulic
head gradient. CO-4 and CO-5 simulate gradients that are further from observed values for both

borehole hydraulic head and temperature at DFDP-2B.

5.7.4 Regional anisotropy

Where permeability is decreased normal to foliation in anisotropic models, deep temperature
metrics are increased and corresponding head metrics predominantly decreased, similar to the
response of isotropic models to permeability decreases (Fig. 5.11). Notable differences between
anisotropic models and H-17, which has isotropic permeability lower than the baseline model, are
increased temperatures at -1 km elevation beneath UWV, an increased range in the near-fault

temperature gradient and a decreased range in the near-fault hydraulic head gradient.

A10 simulates a temperature gradient at DFDP-2B that does not agree as well with the observed
borehole value as that simulated by the baseline model, whereas A100 simulates a gradient that
is in slightly better agreement with the observed value than the baseline model. Both predict
higher borehole head gradients than the baseline and are there therefore further from the
observed value. Although anisotropic models overestimate hydraulic heads and temperatures at
DFDP-1B like other models, they are the only models that simulate a lower head gradient at

DFDP-1B than across a similar depth interval at DFDP-2B.

5.7.5 Near-fault permeability

A permeable Alpine Fault (PF) has the effect of slightly increasing the mean value of the
temperature gradient near to the fault as well as increasing its along-strike variation (Fig. 5.11).
Head gradient near to the fault is reduced in terms of mean value and along-strike variation.
Increased permeability near to the fault in the form of a damage zone (DZ) results in decreased
temperature and head gradients near to the fault, with increased along-strike variation in
temperature gradient and decreased variation in head gradient. This is in contrast to the pattern
seen if homogeneous permeability is increased regionally from the baseline (e.g. H-15), which
reduces along-strike variation in temperature gradient and increases along-strike variation in
head gradient (Fig. 5.11). A cemented zone (CZ) has predominantly the opposite effect to a
damage zone, slightly increasing mean temperature and head gradients near to the fault,
reducing along-strike variation in temperature gradient and increasing along-strike variation in

head gradient (Fig. 5.11).
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The simulated temperature gradient across the DFDP-2B drilled interval is similar to the baseline
in the PF model. It is increased relative to the baseline and the observed value in DZ and
decreased in CF. In PF, DZ and CZ the predicted borehole hydraulic head gradient at DFDP-2B is

lower than the baseline, but remains higher than the observed gradient.

5.7.6 Valley sediments

The presence of valley sediments in S10, S50 and S100 has the most localised influence of all
permeability features investigated. These models show some of the strongest changes to
hydraulic heads in the near-surface at DFDP-2B, greatly reducing hydraulic head gradients across
the drilled interval (Fig. 5.11). However, the change in hydraulic head metrics away from the
valley (e.g. at DFDP-1B) and at depth are much less significant. Thermal metrics show minimal

deviation from the baseline model.

In models with valley sediments, the temperature gradient across the DFDP-2B intervals is similar
to that predicted by the baseline model and to the observed value. These models also give a
significantly reduced hydraulic head gradient across the DFDP-2B interval, closer to the observed
value, indicating the importance of valley sediments in locally altering hydraulic head in the

Whataroa valley.

5.7.7 Uncoupled models

Models in which viscosity is not thermally coupled (UF and UV) result in thermal structures
significantly different from the baseline model, with isotherms approximately parallel to
topography, rather than perturbed upwards beneath the valley (Fig. 5.10). In the model with only
density uncoupled (UD), isotherms are perturbed to shallower depths beneath the valley relative

to the ridges. All uncoupled models show increases in deep temperature metrics (Fig. 5.11).

5.8 Discussion

5.8.1 Regional fluid flow

The regional groundwater circulation regime provides the starting point for interpreting hydraulic
head and temperature fields. The pattern of circulation with down-flow beneath ridges and
convergent up-flow beneath the valley (Fig. 5.4), is consistent with that expected in a
topographically driven flow regime. However, this does not preclude a role for buoyancy driven
flow. The influence of density variations on flow vectors is evident in the presence of a

component of flow toward the south-eastern end of the valley near the base of the groundwater
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system in some models (e.g. Fig. 5.5c-d), which is absent in models where density is held constant
(UF and UD). The significance of thermal buoyancy is discussed further subsequently. Convergent
fluid flow is responsible for upward perturbation of isotherms to shallower depths beneath the
valley across the majority of modelled permeability structures (Fig. 5.5). It also results in strongly
artesian hydraulic heads along the length of the valley across all permeability structures.
However, an understanding of the regional fluid flow regime alone is not sufficient for
interpretation of the hydraulic head field where density contrasts are significant, as fluid
pressures and hydraulic heads are influenced by temperature-dependent density. The study
therefore begins with discussion of the temperature field prior to discussion of the hydraulic head

field.

5.8.2 Temperature field

Differences in the temperature field between models reflect differing Darcy velocities. The
consequences of increasing Darcy velocities can be considered in terms of a regional effect on
vertical temperature contrasts across the groundwater system and a more local effect on

temperature differences between ridges and valleys.

Regionally, groundwater circulation transfers heat from the base of the groundwater flow system
to the surface. Increasing Darcy velocities in this circulation system therefore act to minimise the
temperature contrasts between its base (-3 km elevation in the baseline model) and the ground
surface, where temperature is fixed at 10 °C in all models. These decreased temperature contrasts
associated with higher Darcy velocities are indicated by changes in deep temperature metrics-
decreased temperatures at -3 km elevation at UWV (Fig. 5.9) and reduced mean down-dip

temperature gradient near to the Alpine Fault (Fig. 5.8).

Increasing Darcy velocities also result in greater redistribution of the heat flowing into the
groundwater system, locally increasing the total upward heat flux beneath valleys, where fluid
flows upwards, relative to ridges, where fluid flows downwards. This produces the most
significant contrast in lateral temperature distribution between models- the transition from a
scenario in which isotherms approximately follow topography, to one in which isotherms are
perturbed upwards beneath the valley, relative to the neighbouring ridges (Fig. 5.10). Only
models with the latter isotherm structure produce significantly different near-surface (<128 m
depth) temperature gradients beneath DFDP-2B in the Whataroa valley compared to DFDP-1B,
which is at higher elevation on the valley flanks (Fig. 5.7). Because of the potential that this
isotherm structure offers for variations in temperature gradient between ridges and valleys, it

appears more consistent with the significantly higher temperature gradients measured in major
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valleys (DFDP-2B, the Waiho valley borehole near Franz Josef) relative to those away from them
(DFDP-1B). Upward perturbation of isotherms by groundwater near to the fault also becomes
progressively more significant as permeability is increased (Fig. 5.5), producing higher simulated
temperature gradients beneath DFDP-1B (closer to the fault) compared to DFDP-2B (more distal
from the fault) where permeability is very high (H-14 and the MI(-14) model set, Fig. 5.10).
However, the low geothermal gradient observed at DFDP-1B compared to DFDP-2B and the
Waiho valley borehole and the absence of known warm springs that are not located within valleys
suggest that any such perturbation of isotherms by groundwater up-flow near to the fault is much

less significant than the perturbation beneath valleys.

For a temperature field with upward perturbed isotherms beneath major valleys in the Southern
Alps, such as the Whataroa valley, hot springs represent a manifestation of significant widespread
heat advection by groundwater. In this case, high heat fluxes associated with groundwater flow
are not necessary limited to discrete locations, such as those above highly fractured zones with
particularly high Darcy velocities, although such heterogeneities will tend to concentrate actual
flow at particular points within this generalised up-flow. The existence of high temperature
waters in the near-surface is likely to be masked by the large volumes of surface water flowing in

rivers along major valleys in many localities.

The transition from isotherms that run approximately parallel with topography to those that are
perturbed upward beneath the valley occurs between permeabilities of 107 m? and 1072 m? in
homogeneous models (Fig. 5.5). It is shown below that this is consistent with the conclusion that
may be drawn from calculations based on a simplified version of the system. For the purposes of
these calculations Darcy velocities are calculated based on a lateral hydraulic head gradient,
which is assumed to approximate to the topographic gradient in the orogen. Buoyancy is
neglected, and water viscosity and heat fluxes are based on the average temperature within

homogeneous models from this study.

In this simplified case (Fig. 5.12), between permeability values of 107 m? and 101 m?, the
interval over which isotherm structure changes in models, the heat flux associated with
groundwater flow becomes of comparable magnitude to that associated with simplified one
dimensional uplift equivalent to 12 mm-yr* dip slip, from 12 km depth at 400-600 °C, based on
the models of Allis et al. (1979) for the Southern Alps.

Changes in advective heat transport between models also result in differences in the along-strike
temperature variation near the Alpine Fault, indicated by the changing range between maximum
and minimum down-dip temperature gradients (Fig. 5.6a). Decreasing average temperature in the

model domain acts to reduce the magnitude of along-strike variation, while increasing advection
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of heat from ridges to valleys increases the potential for variation. The degree of along-strike
variation in temperature at the Alpine Fault is significant as it may result in lateral variation in the
frictional properties of fault rocks and therefore produce different deformational behaviour on

ridge and valley sections of the fault (Sutherland et al., 2017).

Simplified heat fluxes Heat flux associated with
0 fluid flow (temperature

1000 dependent viscosity)

Q
Q
s8]

Heat flux associated with
o fluid flow (fixed viscosity)
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—— Heat flux from uplift
(600 °C)
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—— Heat flux from uplift
(500 °C)

Heat Flux (mw-.m™?)
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Figure 5.12 Comparison of heat fluxes associated with fluid flow and uplift based on scaling
calculations. Heat fluxes associated with fluid flow are calculated based on flow
driven by a hydraulic head gradient equal to approximate topographic gradient, 0.2,
at an average temperature in the corresponding homogeneous FEFLOW model,
neglecting buoyancy. Values for constant viscosity at 10 °C and for temperature
dependent viscosity are shown. Heat fluxes from uplift are calculated based on one-
dimensional uplift of rocks at 400-600 °C from 12 km to the surface at 10 °C after Allis

et al. (1979).

5.8.3 Hydraulic head (fluid pressure) field

In shallow aquifers with minimal density contrasts, fluid flow occurs down hydraulic head
gradients. For topographically driven flow in such a system, hydraulic head will decrease with
depth beneath ridges and increase with depth beneath valleys (Téth, 1962, 1963). For models in
this study, in which density contrasts are simulated, hydraulic heads increase with depth to a peak
value beneath valleys, before decreasing with depth. The transition from increasing hydraulic
head to decreasing hydraulic head with depth is a reflection of density reduction with increasing

temperature. Plots of hydraulic head, based on a one-dimensional analytical solution for a vertical
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profile with a linear geothermal gradient, indicate how such decreases in hydraulic head occur

with depth, as a result of decreasing density (Fig. 5.13).

The broad inverse correlation between values for corresponding temperature and head gradients
across the models of the study indicates the importance of temperature in modifying hydraulic

head via changes in density throughout the model domain, including near to the fault.

Hydraulic head variation under variable density

Hydraulic Head {m)

-200 0 200 400
0
-0.5
Darcy velocity
(m-s*)
-1.0 1x10°
—— 5x107""
1x10"
5x107!

—— ~0 (1%10739)

Elevation (km)
N
LA

o
o

-2.5

-3.0

-3.5

Figure 5.13 Results for an analytical solution for variation of hydraulic head with depth along a
profile along which Darcy velocity is constant, temperature varies linearly with depth
with a gradient of 80 °C-km™ and viscosity and thermal expansion coefficient are
assumed constant at 2.16 x 10 Pa-s and 7 x 10 °C! respectively (see Supporting

Information 5.11.4 for details).

Hydraulic heads near to the fault reflect the variations in flow between ridges and valleys. They
are also influenced by the extent to which the fluid flow regime varies with distance from the fault
and to which it modifies the temperature field near to the fault. For all models the groundwater

flow system produces increases in near-fault head between 0 km and -2 km on some sections of
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the fault and decreases on others, reflected in positive maximum and negative minimum

hydraulic head gradients.

Pore fluid factor, the ratio of fluid and lithostatic pressures, provides a quantification of the
potential of fluid pressures to reduce effective confining stress. Under a hydrostatic gradient,
assuming constant densities of approximately 1000 kg-m= for water (Lemmon et al., 2017) and
2700 kg-m for rock (Tenzer et al., 2011), the pore fluid factor is 0.37. Beneath ridges hydraulic
head decreases with depth in models, indicating increases in pore fluid pressure below the
surface density hydrostat and lower pore fluid factors. In the shallow subsurface beneath valleys,
increasing heads with depth indicate increases in fluid pressure above the surface density
hydrostat, resulting in pore fluid factors >0.37, and consequently weaker fault rocks than under a

hydrostatic gradient.

Borehole hydraulic heads in DFDP-2B, representing a lower bound for ambient hydraulic heads
due to the perturbation associated with the borehole, indicate pore fluid factors of >0.39.
However as models predict that hydraulic head is likely to peak and then decrease with depth
beneath valleys, great caution should be taken in extrapolating any super-hydrostatic pore fluid
factors indicated by borehole hydraulic head gradients, such as those at DFDP-2B, beyond the
interval of measurement. It is possible that significantly higher pore fluid pressures than those
indicated by this study, which considers the shallow steady state flow regime, may occur as a
result of temporal changes such as porosity reduction through the seismic cycle of the Alpine
Fault. Significantly elevated pore fluid pressures are also to be anticipated in the ductile crust,
below the shallow flow regime modelled in this study. Near lithostatic fluid pressures are typical
in crustal rocks below the brittle-ductile transition (Coombs, 1993; Etheridge et al., 1983; Fyfe et
al., 1978; Norris and Henley, 1976), as a result of the collapse of porosity in ductile rocks (Ague,
2003). However in the brittle crust, under a steady state flow regime, ratio of fluid pressure to
lithostatic pressure is expected to be highest in the region of shallow crust where hydraulic head
increases with depth (above approximately -1 km elevation in the baseline model). Below this
region reductions in fluid density with depth will decrease pore fluid factors and reduce the effect

of fluid pressure on effective confining stress.

5.8.4 Drivers for groundwater flow

In considering the drivers for groundwater flow, it is useful to consider Darcy’s Law in terms of
reduced pressure, p,., which represents the difference between hydrostatic pressure, py,, (based
on mean groundwater density in the domain of fluid flow, p,,,) and total pressure, p (Phillips,

2009). In this case:
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Pr =D —Dn (5.8)
ko, /V
q=- pm< Pr. bﬁ) (5.9)
U \pm
b= (p - pm) p (5.10)
Pm

Where b is buoyancy, a body force per unit mass. Both Vp,./p,, and b have units of acceleration
(m-s?). Thus the vertical component of Darcy velocity, g, is:

k .
== 1) (511

__opy/0z (5.12)
Pm

Where k, is the permeability in the vertical axis and r is the reduced pressure driven component

of vertical flow.

The UD model with no density coupling shows upward perturbation of isotherms beneath the
valley, similar to its coupled equivalent (Fig. 5.10), indicating that the existence of groundwater
flow rates sufficiently high to perturb the temperature field is not dependent on density driven
flow. The effects of density driven flow are however not negligible. All deep and shallow
temperature gradient metrics are increased in UD relative to the baseline, indicating reduced
advective heat transport. Comparison of the magnitudes of the buoyancy term and reduced
pressure terms in Eq. 5.11, reveals that not only is the buoyancy term of comparable magnitude
to the reduced pressure term across much of the orogen, but is also the larger driver for flow

across regions beneath the Whataroa valley and its margins (Fig. 5.14).

The subsurface may be split into regions in which vertical reduced pressure driven (r) and
buoyancy driven (b) components to flow act in the same direction, constructively reinforcing one
another and regions in which they have opposing direction (Fig. 5.15). Beneath ridges both
buoyancy and reduced pressure driven components to flow are downward. At intermediate depth
beneath the valley both are upward. However, above and below this zone these components
have opposing orientations, with upward buoyant flow at depth and retardation of up-flow by this

density driven component in the shallowest portion of the valley.
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Figure 5.14 Ratio of the buoyancy driven component of vertical Darcy velocity to the reduced pressure driven component, for the baseline (H-16) model (a.) and

H-14 model (b.). Darcy velocity vectors are shown at 1 km intervals.
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Figure 5.15 Comparison of the directions of reduced pressure and buoyancy driven components
of flow in the baseline model (H-16) for cross-valley (a.) and down-valley (b.)
sections. The subsurface is split into regions in which the components driving vertical
flow, reduced pressure, r, and buoyancy, b, act in the same direction and in opposing

directions. Darcy velocity vectors are shown at 1 km intervals.

5.8.5 Role of viscosity

The significantly different results produced by models with uncoupled viscosity, UV and UF,
indicate that the temperature dependence of viscosity is significant for modelling of fluid and heat
flow in the Southern Alps. These models have a different thermal structure to the baseline model,
in which isotherms are not raised to higher elevations beneath the Whataroa valley (Fig. 5.10b). In
contrast, isotherms are approximately parallel to topography, similar to lower permeability
models (eg. H-17 shown in Fig. 5.5d). Greater vertical temperature contrasts across the
permeable region of the UV model, indicated by an increase in deep temperature metrics, reflects

reduced advective heat transport in this model.

In keeping with the result of the UV model, a basic fluid and heat flux calculation (Fig. 5.12), based

on the assumptions outlined in section 5.8.2, but with fixed rather than temperature dependent
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viscosity, indicates heat flux associated with groundwater flow of the order of 10 mW-m for
permeability of 1071 m2. This is significantly lower than that associated with uplift, which is of the
order of 100 mW-m=. A model that does not include the temperature dependence of water
viscosity can therefore result in an underestimate of Darcy velocities and heat transport by
groundwater flow. This is because Darcy velocity is inversely proportional to water viscosity (Eq.
5.9), which decreases sharply with temperature. Viscosity is about 5 times lower at 110 °C than at
10 °C. This decrease in viscosity, which is much greater than the decrease in density (~1.05 times)
over this temperature interval, results in flow rates are nearly five times higher for a fixed

permeability system at 110 °C compared to 10 °C, in this simplified calculation.

Thus, fluid and heat flow are strongly coupled because of the temperature dependence of
viscosity, in addition to the influence of buoyancy on groundwater flow. Rock advection not only
transports heat into the shallow system, where Darcy velocities are high enough to transport
significant heat, but also increases Darcy velocities by raising average temperatures there. This
promotes perturbation of the temperature field by fluid flow. The increase in Darcy velocities for
meteoric water circulation also means that fluxes of these fluids will remain significant to greater
depths (Chapter 2) and will aid penetration of discernible quantities of these fluids to the brittle-
ductile transition in the orogen (Menzies et al., 2014). Were uplift rates to decrease over
geological time with permeability remaining unchanged (for example following a transition to
purely strike-slip displacement), not only would the total heat flux in the orogen be expected to
drop, but also the proportion of this flux transported by groundwater flow. The depth of
penetration of the shallow flow system and the amount of meteoric fluid reaching the brittle-
ductile transition would also be likely to decrease as a result. Reduced topographic elevations

might also be expected to contribute to this decrease.

5.8.6 Homogeneous regional permeability

Because differences in hydraulic head between models largely correlate with changes in
temperature, reflecting changes in density, discussion is restricted to the effects of different
permeability structures on temperature, except where additional discussion of hydraulic head
response is merited. As hydraulic head is fixed at the model surface, decreasing homogeneous
permeability has the effect of reducing average Darcy velocities. The changing temperature field
across the homogeneous model set reflects the two large scale changes as permeability and Darcy
velocities increase; 1) the reduction in temperature contrast between at the base of the shallow
flow system and the surface, and 2) the increase in shallow temperatures beneath ridges relative
to valleys. Deep temperature metrics decrease with permeability reflecting the first of these

changes. Shallow temperature metrics reflect an interplay between the overall temperature
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decrease and relative temperature increase in valleys associated with higher permeability. For
example temperature at -1 km elevation beneath UWV decreases in both H-15 and H-17 relative
to the baseline. In the case of the H-15, this decrease can be understood in terms of cooling of the
system as a whole by more vigorous fluid flow. In the case of H-17, it can be understood in terms
of decreased upward perturbation of isotherms beneath the valley by fluid flow. The changes in
along-strike variation in temperature near the fault also show a similar response, decreasing in
H-15 as a result of a decrease in the average temperature of the model and decreasing in H-17 as

a result of decreased along-strike variation in heat flux.

Across much of the homogeneous model set (H-16 to H-14), falls in the values of all deep
temperature metrics are accompanied by rises in the values of all deep head metrics as model
permeability is increased. These opposing responses of deep temperature and head metrics can
be understood as being concomitant with increases in water density resulting from widespread
decreases in temperature. Although all deep temperature metrics also decrease between H-17
and H-16, the response of deep head metrics is mixed, with some showing increases and others
decreases. The reason for this can be understood by considering the contrast in isotherm
structure between H-17, which shows no significant perturbation of isotherms by groundwater
and the higher permeability homogeneous models, in which isotherms are perturbed to shallower
elevations beneath the valley compared to beneath the bounding ridges. Although deep
temperature metrics are highest in H-17, temperatures beneath the valley in some shallower
parts of the model (e.g. -1 km below UWV) are lower than in H-16. These lower shallow
temperatures and associated higher water densities contribute to higher heads in some deeper

parts of the H-17 model compared to H-16.

5.8.7 Permeability-depth relationship

Where permeability is decreased systematically with depth, average permeability and therefore
Darcy velocities are reduced, resulting in a similar response to decreasing the homogeneous
permeability, namely increased vertical temperature gradients across the shallow portion of the
model where fluid flow takes place and decreases in isotherm elevations beneath valleys relative
to ridges. However, as permeability is reduced, heat advection by groundwater becomes less
significant and further decreases in permeability begin to have little effect. This is evident in
MI(-16) models, in which some deep temperature metrics show little change with increasingly

rapid permeability reduction with depth from MI(-16,-2) to MI(-16,-4).

With respect to the full model domain to -12 km elevation, models with a shallower permeability

cut-off also have reduced average Darcy velocities compared to those with a deeper permeability
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cut-off. The permeability cut-off, in effect, produces a transition to Darcy velocities of 0 m-s?
below it. As a result, decreasing depth of permeability cut-off also results in higher values for

deep temperature metrics.

5.8.8 Regional anisotropy

In anisotropic models, reduction in foliation-normal permeability results in increases in the
deeper temperature metrics relative to the isotropic baseline. These models show higher
temperatures at -1 km elevation at UWV than any other models. This is consistent with decreased
down-valley heat transport by fluid flow as a result of the foliation-parallel anisotropy, which

trends approximately perpendicular to the valley.

5.8.9 Near-fault permeability

The PF model, in which there is no permeability change associated with the model Alpine Fault,
shows an increase in along-strike variation of the near-fault temperature gradient and a slight
increase in the mean value of this gradient, relative to the baseline model. The increase in along-
strike variation can be attributed to increased Darcy velocities and associated advective heat
transport in the footwall in the PF model, as a result of the absence of an impermeable Alpine
Fault. The slight increase in the mean value of the near-fault temperature gradient reflects that
vertical Darcy velocities are not increased throughout the model, but rather are reduced in parts
of the hanging wall. This occurs because water entering the model in the hanging wall may flow
laterally and leave the model from the footwall, rather than flowing back to the surface elsewhere

within the hanging wall in this model.

In the DZ model, the reduced near-fault temperature gradient can be understood in terms of
increased Darcy velocity in the damage zone, reducing temperature contrasts between the
surface and the base of the groundwater flow system along the fault zone. Increased Darcy
velocities in the damage zone also result in increased variation in heat flow between ridges and
valleys, resulting in increased along-strike temperature variation. In this model, the increase in
along-strike variation is more significant than the overall decrease in shallow temperatures, which
reduces along-strike variability where permeability is increased above the baseline in
homogeneous models (e.g. H-15). The CZ model shows the opposite to DZ, with decreased Darcy
velocities in the cemented zone resulting in a slight increase in mean temperature gradient and
decreased along-strike variation. A lower mean near-fault hydraulic head gradient in the DZ
model and a higher mean gradient in the CZ model do not reflect the changes in temperature

dependent density associated with these models, indicating that in this case, changes in density
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are less significant in controlling hydraulic head than other terms in the fluid flow equations, such

as permeability.

5.8.10 Valley sediments

Valley sediments, which are assumed to have relatively high permeability, reduce absolute
hydraulic head values at depth. This results in a reduced hydraulic head gradient across the
DFDP-2B drilled interval and reduced hydraulic heads at -1 km elevation beneath UWV. However,
their influence on hydraulic head is localised to the valley and their influence on temperature is
also minimal. As a result they have a much smaller influence on near-fault conditions that other
permeability features modelled. The relative insensitivity of local temperature to the presence of
valley sediments relative to hydraulic head, reflects the different relationships of hydraulic head
and temperature to permeability. For example, considering, for simplicity, a scenario where Darcy
velocity is constant, hydraulic head gradient will increase in proportion to permeability, neglecting
changes in density and viscosity, whereas temperature will remain unchanged. This is because it is

Darcy velocity, not permeability that features in the conservation of energy equation.

5.8.11 Determining permeability structure

The low borehole hydraulic head gradient in the upper portion (<273 m depth) of DFDP-2B
indicates the potential significance of high permeabilities in this section of the drilled interval. This
is supported by the reduction in borehole hydraulic head gradient across the DFDP-2B drilled
interval, toward observed values, which occurs where low permeability sediments are introduced
into models (Fig. 5.8). Given the persistence of a low hydraulic head gradient to 273 m depth,
below the base of the sedimentary succession (240 m depth) at DFDP-2B, high permeabilities
appear likely to extend into the uppermost basement rocks, potentially reflecting a heavily
weathered or fractured zone near to the topographic surface at the time of basal sediment
deposition. As is shown in section 5.7.10, although valley sediments may have a strong influence
on conditions at DFDP-2B, their regional influence is relatively minor compared to other
permeability features. Features such as systematic decreases in permeability with depth, the
presence of a damage zone or cemented zone and a fault plane that is permeable to flow also
have some potential to lower the modelled borehole head gradient at DFDP-2B. In addition to
high permeability sediments, these permeability features may also be important in simulating
borehole heads closer to observed values and therefore more accurately simulating coupled fluid
and heat flow in the region. Although some of these features produce a better fit to the observed
DFDP-2B temperature gradient than others, it is possible that two or more permeability features

with contrasting effects on the modelled gradient would produce a better fit when superposed
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than they do individually. As such, it is not possible to identify any particular one of these
different permeability features as being key for incorporation in future modelling on the basis of

DFDP-2B data.

The near-hydrostatic hydraulic heads measured in DFDP-1B are lower than predicted by models.
In anisotropic models hydraulic head gradient at DFDP-1B is significantly reduced, suggesting that
anisotropy may be a regionally significant permeability feature. Alternatively, as this borehole
samples only a short, shallow interval, data may reflect a highly localised hydraulic regime (e.g. it

could be dominated by a single well-connected fracture).

On the basis of comparison of model isotherm structure with the temperature data from the
DFDP-1B, DFDP-2B and the Waiho valley borehole (Allis and Shi, 1995), which indicate steepened
geothermal gradients in valleys, permeability 2102 m? appears most appropriate for the region if
permeability is treated as homogeneous and isotropic. However, this study has also shown a
range of possible features of the permeability structure in the Southern Alps, such as fault zone
permeability and decreasing permeability with depth, which deviate from a simple homogeneous,
isotropic structure to which temperature and hydraulic head are sensitive. Although some of
these modelled permeability features, such as the presence of high permeability sediments, are
relatively localised effects, others, such as such as permeability-depth relationships, anisotropy
and the permeability of the Alpine Fault Zone have regional influences. The actual permeability
field in the Southern Alps is likely to be a highly heterogeneous superposition of features such as
sediments, fault damage and cementation and variations in fracture apertures with stress field.
Furthermore the temperature field and the hydraulic head field, which is coupled to it, are also
influenced by other parameters, such as rock advection rate, which have not been varied between
models in this study. Therefore, none of the permeability structures modelled are definitively
ruled out on the basis of fit to the currently available data, from just two localities within the

model domain.

Other than the presence of permeable valley sediments, which has a significant effect on head
locally beneath DFDP-2B, none of the modelled permeability structures offers a clear improved fit
to DFDP-1B and 2B observations compared to the baseline model, such that it is unambiguously
the most suitable structure for any subsequent modelling. Therefore, although the true
permeability structure is certainly more complex, a simplified isotropic homogeneous
permeability of 1071 m? for rocks above -3 km elevation and an impermeable Alpine Fault appears

a suitable starting point for future investigations of groundwater flow in the Southern Alps.

Given the inaccessibility of much of the Southern Alps, and the high temperatures and fluid

pressures at depth, the drilling of a large number of additional boreholes would be costly and
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challenging. As such, it is likely to prove difficult to accurately resolve three-dimensional
permeability structure on the basis of future borehole data. It is therefore important that in any
further modelling of hydraulic heads and temperatures in the orogen, models continue to

represent the conceptual uncertainty regarding permeability structure.

5.9 Conclusions

This study has analysed the role of permeability on regional groundwater flow and thermal
structure in a 296 km? region of the Southern Alps, centred on the DFDP-2 drill site (Sutherland et
al., 2017). Temperature and pressure data from the borehole are compared to simulations.
Models are also used to examine hydrogeothermal conditions along the Alpine Fault plane. The
regional predictions have significance for geothermal heat, fluxes of fluid for geochemical

processes and deformation on the Alpine Fault.

Across the modelled permeability structures, fluid flow driven by topographic gradients in the
orogen produces steep upward hydraulic head gradients, similar to those encountered in
DFDP-2B, in the near-surface along the Whataroa valley. For models with homogeneous shallow
(above -3 km elevation) permeability 210 m?, fluid flow rates are sufficiently high that isotherms
are perturbed upwards beneath the Whataroa valley relative to the ridges bounding it, rather
than approximately parallel to topography as would be expected under pure conduction. A
thermal structure with isotherms perturbed by groundwater flow is consistent with the much
higher temperature gradients measured in DFDP-2B in the Whataroa valley and the Waiho valley
borehole (Allis and Shi, 1995), compared to at DFDP-1B, located between these valleys, suggesting
that if treated as homogeneous and isotropic, regional permeability is 2107 m2. Hot springs in
Southern Alps valleys can be interpreted as a manifestation of this regionally significant advection

of heat by fluid flow and upward perturbation of isotherms beneath valleys.

Temperature-determined fluid density and viscosity changes have a significant influence on
groundwater flow in the Southern Alps. Although topographic gradients alone are able to induce
sufficiently rapid fluid circulation to perturb isotherms upwards beneath the Whataroa valley,
buoyancy provides a significant contribution to vertical Darcy velocities and is predicted to be the
largest driver of vertical flow in regions beneath and at the margins of the valley. Because of the
strong temperature dependence of water viscosity, Darcy velocities are increased as a result of
the persistence of high temperatures to shallower depths resulting from uplift. As well as
promoting perturbation of isotherms by fluid flow, this may also facilitate flow of geochemically

significant fluxes of meteoric water to greater depths (e.g. Menzies et al., 2014) in actively
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uplifting mountain belts than in a cooler more stable geological settings with similar

permeabilities.

The steep hydraulic head gradients observed in DFDP-2B are not predicted to persist to great
depth due to decreases in fluid density with depth. These temperature dependent reductions in
density produce a transition to decreasing head with depth, which occurs at approximately -1 km
elevation for a homogeneous permeability of 101 m2. In a steady state brittle crustal flow regime,
the ratio of fluid pressure to lithostatic pressure will be highest and the influence of fluid pressure

on effective confining stress greatest in the near-surface, above this transition.

Variations in heat flow between ridges and valleys resulting from the groundwater circulation
contribute to along-strike changes in temperature gradient (of the order 10 °C-km™) near the
Alpine Fault, which may contribute to variations in frictional behaviour along the fault (Sutherland

et al., 2017).

Lower permeability, or permeability that decreases more sharply with depth results in reduced
advective heat transport in models, producing greater vertical temperature contrasts between
the base of the shallow fluid flow regime and the surface of the orogen and more subdued
variation in isotherm structure between ridges and valleys. Permeability anisotropy may act to
reduce fluid and heat flow parallel to the valley. Enhanced permeability near to the fault in the
form of a high permeability damage zone acts to reduce the mean down-dip temperature
gradient near the fault and to increase its along-strike variation. A fault plane which does not act
as a barrier to flow also has the effect of increasing the along-strike variation in temperature
gradient near the fault, but has relatively little effect on its mean value. Valley sediments cause
significant local decreases in hydraulic head, but have the least significant regional impact of the
permeability features investigated. The temperature dependence of fluid density results in a

broad correlation between increased temperatures and decreased hydraulic heads.

Modelling results indicate that fluid and heat flow are heavily coupled with one another in the
Southern Alps. Groundwater circulation acts to cool the shallow orogen regionally and to locally
increase heat flow and elevate isotherms beneath valleys relative to ridges, while thermal
buoyancy has a significant influence on fluid flow, particularly beneath valleys and their margins.
Thermally decreased water viscosity acts to increase Darcy velocities and therefore to increase
the significance heat transport by groundwater circulation, as well promoting penetration of

discernible quantities of meteoric groundwater to deeper levels within the orogen.

With the exception of the presence of high permeability valley sediments, which has a significant,

but localised effect on hydraulic head, none of the modelled permeability structures produces a
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clear improvement on the fit to temperature and hydraulic head observations from DFDP-1B and
2B provided by the simple baseline model, with isotropic homogeneous permeability of 106 m?
for rocks above -3 km elevation. Therefore although future work should continue to reflect the
uncertainty regarding permeability structure, this simple permeability configuration appears a
reasonable starting point for models investigating groundwater and heat flow in the Southern

Alps.
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5.11 Supporting information

5.11.1 Simulation of rock advection

In basic FEFLOW models, rock advection is not modelled explicitly. Here the additional advective
heat transport due to rock advection is simulated by adding an additional water flow during heat
transport simulation, to give the equivalent contribution. This method utilises the time dependent
code of FEFLOW for both fluid and heat flow simulation and as such time dependent terms are
shown. Although models in this study are run to steady state, the method could also be applied to

modelling of temporally variable fluid and heat flow.

This study considers a medium consisting of a porous solid rock phase and a fluid phase. Both are
uplifted at a rock advection velocity v,, relative to a fixed coordinate system, with erosion of
uplifting material assumed to maintain a constant topographic surface at the top of the model
domain. The fluid phase may also move relative to the rock at Darcy velocity q. In a basic FEFLOW
model, v,,= 0 is assumed. For saturated flow with no internal heat sources and negligible thermal
dispersion, the ‘convective form’ (Diersch, 1998; Galeati and Gambolati, 1989) of the energy

conservation equation normally implemented in FEFLOW is (Diersch, 2014):

aT .
C6E+(pqu-VT—V-(Ae-VT)= 0 (5.13)
where,
Ae = oA+ (1 — @)Ag (5.14)
Ce = @Cr + (1 —@)Cs (5.15)

and ¢ is the volume fraction porosity (void space) in the solid phase, C, is an effective volumetric
heat capacity for the combined fluid-rock medium, Cy is the volumetric heat capacity of the fluid
phase, C; is the effective volumetric heat capacity of the solid phase and A, is the thermal

conductivity tensor for the bulk fluid-rock medium, Ay is the thermal conductivity tensor for the

fluid phase and A is the thermal conductivity tensor for the solid phase.

However, for a more general case, with vg# 0:

oT (5.16)
Cea+6fq-VT+Cevs-VT— V-(A.-VT) =0
The advective heat flux, Q4+, in (Eq. 5.16) is given by the terms:
Qadv = Crq " VT + (oCp + (1 — @)Cs)vy, - VT (5.17)

An equivalent heat flux to Q,4,, can also be achieved by advection of fluid alone, by increasing q
by a value, q*:

Quav =C(q+q") VT (5.18)

264



Chapter 5

Equating (Eq. 5.17) and (Eq. 5.18) this gives:

_ %v (5.19)
c

*

q

Thus the energy conservation equation (Eq. 5.16) can be re-written:

aT 5.20

CQE+Cf(q+q*)-VT—V-(/le-VT)=O ( )
For this modification to be implemented successfully, incorporating heat flow due to advection of
the solid phase, while leaving the fluid flow simulation unaffected, addition of g* must take place

after fluid flow simulation, but prior to heat flow simulation in a model. g* must then be returned

to its original value, g, prior to fluid flow simulation in the next time step.

The python script feflow_rock_advection.py calculates g* and adds it to the existing Darcy
velocities at every node within the model prior to heat flow simulation (Fig. 5.16).

41 =qo+q (5.21)
Where q is the nodal Darcy velocity imported from the FEFLOW simulation and q is the

modified nodal Darcy velocity exported to the FEFLOW simulation.

The script then obtains the Darcy velocity, g,for each node at the post heat flow simulation step.
These are equal to the modified velocity, g4, input at the pre heat flow simulation step.

q: = q1 (5.22)
The script subtracts g* from g, to give a new Darcy velocity, g3, which it exports to the model. By
doing this, all nodal Darcy fluxes are returned to their pre-modification values prior to fluid flow
simulation in the next time step (Fig. 5.16).

9: =4 — q" (5.23)

93 = 9o (5.24)
In the python script, the above q vectors are imported, modified and exported in their separate
Cartesian components. Similarly g* is calculated in terms of its Cartesian components for addition

to and subtraction from imported q vector components.
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Figure 5.16 The python script modifies fluid flow velocities at the pre-heat simulation stage and
returns them to their original values at the post-heat simulation stage of the FEFLOW

simulation. Modified from FEFLOW training material (unpublished).

A FEFLOW model for validation (V1) was set up to simulate one-dimensional rock advection
between two fixed temperature boundaries, with no fluid flow and was tested against the

analytical solution for this scenario presented by Allis et al. (1979).

This FEFLOW model has an upper boundary, z,, at 0 km elevation and a basal boundary, z,

at -12 km, with 60 layers. The model domain has an arbitrary width of 25 km wide by 25 km long.
Temperature at the model surface, T,, is fixed at 10 °C and temperature at the model base, Ty, is
fixed at 550 °C. Vertical rock advection rate, v,,, is set at test values between 0 mm-yr* and

14 mm-yr. The isotropic thermal conductivities for fluid and rock in this FEFLOW model (Af and
A respectively) were used to calculate a value for effective isotropic thermal diffusivity, k., for
use in the analytical solution (Table 5.3). For the modelled v,, values the FEFLOW model V1 gives a

good fit to the analytical solution (Fig. 5.17) with errors <0.1 °C for all elevations.
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Parameter Value
Zq (m) 0
Zp (M) -12000
T, (°C) 10
Ty (°C) 550
vy, (mm-yr?) 0.0001, 2, 6, 10, 14
Cs (MIm3-K?) 2.7
Cr (MJ-m-K?) 4.185
Ag (W-m™ K?) 2
Ap(W-m?- K) 0.6
@ (-) 0.1
Ke (Mm%s) T 6.53x 107

tParameter values not specified within FEFLOW, but calculated for use in the analytical solution

of Allis et al. (1979).
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Figure 5.17 Results for a range of uplift rates, v, (mm-yr?) for the analytical solution of Allis et al.

(1979) (solid lines) and the V1 FEFLOW model with the python program applied
(dots).

5.11.2 Nested borehole model

A radial nested model (Fig. 5.18) was used to simulate borehole hydraulic head gradients from
regional model hydraulic head data. Regional heads were applied to a fixed outer head boundary
at 100 m radius from the borehole, with all other boundaries set as no-flow. The base of the
nested model corresponds to the position of the Alpine Fault beneath DFDP-2B in regional
models. Permeability is set based on the corresponding regional model. Due to the constraints of
radial geometry on anisotropy, for anisotropic models the nested model was isotropic, but run for
both maximum and minimum permeabilities. The difference in hydraulic head results between

the maximum and minimum permeability models is <0.01 m.
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Figure 5.18 Geometry and boundary conditions of the nested borehole model (not to scale),

which was built using COMSOL.
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5.11.3 Additional profiles

Additional vertical profiles of temperature (Fig. 5.19), hydraulic head (Fig. 5.20) and borehole
hydraulic head (Fig. 5.21) beneath the DFDP-2B site are shown. Model results are presented and
discussed in terms of gradients and values at selected depths, as this allows for more

straightforward comparison than presentation of depth profiles for a large range of models.
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Figure 5.19 Vertical profiles of temperature beneath the DFDP-2B drill site with temperature

data from the DFDP-2B borehole for comparison.
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Hydraulic Head (m above sea level)
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Figure 5.20 Vertical profiles of hydraulic head beneath the DFDP-2B drill site.
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Figure 5.21 Borehole hydraulic heads at DFDP-2B with data from the DFDP-2B borehole for

comparison.

5.11.4 Analytical solution for hydraulic head

For saturated flow in one dimension, z, equation (Eq. 5.7) becomes:

_ kypag (dh (pa—p) (5.25)
=" @& Pa

To illustrate the effect of changing density with temperature, it is assumed that q,, k,, y and

coefficient of thermal expansion for water, 8 are constant and that density is only a function of

temperature, which varies linearly with depth, with gradient a:

p=pa(1—B(T ~Ty)) (5.26)
T=T,+az (5.27)

p = pa(1— Paz) (5.28)
= - k/;:g (% 3 az) (5.29)

Where T, is ambient surface temperature. Integrating (Eqg. 5.29) to solve for h, assuming a fixed
head, hy at z=0:

a
B oo QL hy (5.30)
2 kzpag
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The parameters shown in Table 5.4 are assumed for a range of g values.

Table 5.4  Parameters used in Eqg. 5.30 to produce Fig. 5.14. f is calculated based on the
difference between a density of p, = 999.7 kg:-m= at z = 0, which is assumed to be at
10 °C and atmospheric pressure, and the density at z = -3000 m depth, 825.0 kg:m?3,
assuming hydrostatic pressure and a temperature gradient of 80 °C-km™. The

viscosity value used is based on the temperature mid-way between these two points,

130 °C.
Parameter Value
k 1x10" m?
u 2.16 x 10" Pa-s
B 7.00 x 10°C?
a -80 °C-km*
ho Om
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Chapter 6:

Conclusions

6.1 Overview

Groundwater has the potential to influence a range of geological processes as an agent of heat
and mass transfer and through the effect of pore fluid pressure on rock strength. It may therefore
act as a control on the structure of mountain belts and the behaviour of fault zones, which
accommodate deformation within these regions. The aim of this thesis is to better understand the
fluid flow system within the Southern Alps and its potential to influence other orogenic processes

by answering the following questions:

1. What is the permeability structure of the Southern Alps?

2. What are the regional infiltration rates at the surface?

3. What are the fluid fluxes to depth?

4. What are the fluid pressure conditions in the Alpine Fault Zone?

5. What are the fluid flow rates (Darcy velocities) in the Alpine Fault Zone?

6. How significant is the influence of fluid flow on subsurface heat flow and temperature field?

7. How does permeability structure influence the temperature and fluid pressure fields at depth in

the Southern Alps and in particular, near to the Alpine Fault?

8. What role does thermal buoyancy play in driving groundwater circulation and how significant is

the temperature dependence of water viscosity?

The answers to each of these questions, provided by work in this thesis, are outlined below. This
is followed by a summary of the conclusions of the thesis regarding fluid flow in the Southern
Alps. Potential avenues for future investigation are then considered in the form of a set of further

questions, each with an associated proposal for future work.
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6.2 Questions addressed

1. What is the permeability structure of the Southern Alps?

The intrinsic permeability of a porous medium, k, is often measured and expressed in terms of
hydraulic conductivity, K, which is proportional to k, but also to fluid density and viscosity. Since
conversion between these two parameters is common, the term ‘permeability’ is used here to
encompass expressions and estimates of k in terms of K, with specific values for each parameter
given where appropriate. Here, estimates of K are related to k based on water properties at
appropriate Southern Alps surface conditions of 0.01 - 10 °C, 1 atm, except where otherwise
stated. Permeability is a key control on fluid flow rates and estimates for permeability or for Darcy
velocity, are commonly required for interpreting geochemical data related to fluid transport (e.g.
Menzies et al., 2016). Despite its importance, information on in situ permeability was sparse prior
to the work in this thesis (Cox et al., 2015). Existing permeability estimates came from hydraulic
tests and flow measurements carried out during engineering assessments at a small number of
relatively shallow boreholes and tunnels, only one of which was in the inboard Southern Alps and
from the DFDP-1B borehole (Cox et al., 2015; Sutherland et al., 2012). These estimates span a
wide range of values (K =10 m-s1to 10* m-s?; k =10 m-s* to 10 m-s?) and include
permeabilities sampled at a relatively small scale (=10 m). In contrast, in this thesis, permeability

estimates have been obtained from a range of scales (~10 m to ~10° m) (Fig. 6.1; Table 6.1).

An estimate for regional-scale permeability has been obtained based on modelling of the water
table at the Amethyst Ravine (Chapter 2). In order to maintain a water table consistent with
observed borehole water levels, both analytical models for local region containing the boreholes
and finite element models for the Wanganui valley region, incorporating the Amethyst Ravine,
indicate that regional K to infiltration ratio must be greater than ~0.3. As sources of infiltrating
water other than precipitation are likely to be minor, this requires regional K <5 x 107 m-s2. The
upper limit for k is 9 x 10%* m? = 10"2* m? and is established by assuming uniform low temperature
conditions, as higher temperatures in models simulating the thermal structure of the Southern
Alps increase the infiltration rate required to sustain a given water table elevation. Packer test
measurements at the Amethyst boreholes indicate values in excess of these limits (K > 10® m-s?;
k > 1033). These high measured permeabilites are inferred to be restricted to the shallowest rocks
in the orogen and to those where permeability is locally enhanced as a result of fault damage, as
unrealistically high infiltration rates (>100 % precipitation) are required if this permeability is

applied as a homogeneous value for the shallow crust (above -6 km elevation) in models.

Further information on regional-scale permeability is provided by models for coupled

groundwater and heat flow in the Whataroa valley region (Chapter 5). These indicate that the
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upward perturbation of shallow isotherms beneath valleys relative to ridges requires regional

k =210 m2, Temperature data from the DFDP-2B borehole in the Whataroa valley and from a
borehole in the Waiho valley indicate steeper temperature gradients than the shallow DFDP-1B
borehole, which is not located within a major valley. These observations allow further refinement
of estimates of regional-scale permeability, and therefore 10* m2 < k <10 m2 is the preferred
range of bulk permeability in the shallow (above -3 km to -6 km elevation) Southern Alps. This
range is consistent with the permeability-depth relationship of Manning and Ingebritsen (1999),
which predicts k > 102 m for > 6 km depth, although this does not necessarily imply that that
the Manning and Ingebritsen (1999) permeability model is the most suitable for simulating flow

in the Southern Alps.

Local permeability estimates have also been obtained for rocks to 818 m depth in the Alpine Fault
Zone using DFDP-2B data (Table 6.1). Modelling of slug test (Chapter 3) using the methods of
Bouwer and Rice (1976) and Hvorslev (1951) indicates bulk K at DFDP-2B in the range 10° m-s* to
107 m'st (k =107 - 103 m?, see Table 6.1 for water properties assumed). Application of Darcy’s
Law to model Darcy velocity and hydraulic head gradient estimates suggests K = 10° m-s

(k =10 m?, see Table 6.1 for water properties assumed) for basement rocks at DFDP-2B and

K >10%m-s? (k > 10> m?, see Table 6.1 for water properties assumed) for valley sediments in
the upper part of the drilled interval. A value of k ~ 10"*® m? for basement rocks at DFDP-2B is
consistent with estimates from both of these complementary approaches (slug test modelling and
Darcy velocity modelling). This value falls within the range indicated for bulk regional permeability
but is lower than estimates for shallower depths obtained from DFDP-1B and the Amethyst
Ravine boreholes (Table 6.1). The permeability estimates from DFDP-2B in this thesis and those
obtained from the DFDP-1 boreholes are significantly lower than those estimated based on packer
tests near the Amethyst Ravine (Cox et al., 2015). With only three sites to compare, it is unclear
whether this reflects local conditions at these sites or a regional trend. However, the higher
permeability estimates obtained from the Amethyst Ravine boreholes relative to DFDP-1B and
DFDP-2B, which are at lower elevation, appear consistent with the pattern of increased
permeability beneath ridges relative to valleys predicted by the stress dependent permeability

models (e.g., Upton and Sutherland, 2014).
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Figure 6.1

Hydraulic conductivity, intrinsic permeability and infiltration constraints for the
Southern Alps from work in this thesis, with existing estimates in purple. Adapted
from Chapter 2. Permeability estimates from hydraulic tests are plotted based on

hydraulic conductivity value.
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Table 6.1  Permeability estimates from borehole tests in the inboard Southern Alps.

Borehole depth

Borehole m) Testing method| K (m-s?) k (m?) Source
m
Cox et al., 2015
Amethyst 10°® 1013
180 Packer test (also see
borehole BH2
Chapter 2)
Cox et al., 2015
Amethyst 10° 102
309 Packer test (also see
borehole BH2
Chapter 2)
10 Sutherland et
DFDP-1B 150 Slug test 10%-107
al., 2012
Slug test 10°-107 107 -1013 Chapter 2
Darcy velocity
estimation from 106
107 (basement)
DFDP-2B 818 temperature (basement)
>108 Chapter 3
data, head >1071
(sediments)
estimation from (sediments)

slug test data

Notes: Due to high temperatures and pressures and the presence of drilling mud in the DFDP-2B
borehole during slug tests, k values for these tests also account for fluid properties based on
measured values for drilling mud and for water up to 100 °C, in the pressure range 1 to 10 MPa. k
values based on DFDP-2B model Darcy velocities are based on mean temperature in the basement
and sediment layers for which K was calculated, 78 °C and 30 °C respectively, in the pressure range

1to 10 MPa.
2. What are the regional infiltration rates at the surface?

Prior to the work in this thesis the only estimate of the rate of water infiltration into the
groundwater system of the Southern Alps was provided by the comparison of rainfall data with
tunnel flow measurements at the Tatare Tunnel near Franz Josef. These indicated infiltration of
0.3 % to 20 % of precipitation, assuming a 0.54 km? catchment area for the tunnel (Sims et al.,
2015). Models of the Amethyst Ravine region in this thesis (Chapter 2) provide new regional-scale
estimates for water infiltration rates into the Southern Alps. These scale with permeability and
indicate that infiltration must be > 0.02 % of rainfall based on the minimum measured

permeability in Haast Schist Group rocks of K = 10 m-sto 10* m-s%; k = 10 m-s*to 10! m-s!
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(Cox et al., 2015). However, models indicate that if high permeabilities measured in the Amethyst
Ravine boreholes (K =10 m-s?to 10° m-s}; k = 10 m? to 1012 m?) are representative of rocks
at similar depths across the orogen, regional infiltration must be >20 % precipitation. Widespread
high permeabilities in the near-surface, similar to those estimated at the Amethyst Ravine are not
precluded by much lower permeability estimates for basement rocks at DFDP-2B (K = 10® m-s%; k
=101 m?) as these rocks are overlain by >200 m of sediments with potentially much higher

permeability (K > 108 m-s%; k > 10"*®> m?) than the basement below.
3. What are the fluid fluxes to depth?

Although the fluxes of meteoric water into the brittle-ductile transition zone (BDTZ) have been
estimated (Menzies et al., 2016), the knowledge of how fluid fluxes change between the surface
and the BDTZ is poor. Models of the Amethyst Ravine region in the thesis (Chapter 2) indicate that
the majority of infiltrating precipitation (>70 % for modelled permeability structures) leaves the
groundwater system at seeps without reaching 500 m depth, meaning that the fluid flux
penetrating beyond 500 m is predicted to be <30 % of the average infiltration flux. Seepage in
models is widespread and many rivers are in continuity with groundwater, including some

at >1750 m elevation.

Regional models with reasonable permeability structures estimate that there are further
significant reductions in fluid infiltration with depth, with a fluid flux equivalent to <8 % of the
average infiltration flux reaching -3 km elevation and a flux equivalent to <4 % of the average
infiltration flux reaching -5 km elevation. The latter estimate is consistent with geochemical
estimates for fluxes to brittle-ductile transition, for surface infiltration rates of the order 1 %

precipitation of greater.

If present, foliation-parallel permeability anisotropy is predicted to reduce the extent of seepage
and to reduce the fall in fluid flux with depth, compared to isotropic permeability situations. High
temperature gradients result in less significant reductions in fluid flux with depth, allowing a
greater percentage of infiltrating water to reach deeper levels within the models. Therefore,
steepened temperature gradients in the brittle crust resulting from rapid uplift in the Southern
Alps may facilitate penetration of greater volumes meteoric water to the brittle-ductile transition

than in similar settings with lower temperature gradients.
4. What are the fluid pressure conditions in the Alpine Fault Zone?

The only existing estimates of fluid pressure conditions in the Alpine Fault Zone prior to the work
in this thesis were from the DFDP-1B borehole and were limited to 150 m depth. These showed

near hydrostatic fluid pressures in the Alpine Fault hanging wall and a pressure drop of 0.53 MPa
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across the fault principal slip zone (PSZ) (Sutherland et al., 2012). Here modelling of mud levels
from the DFDP-2B borehole has been used to estimate fluid pressure conditions to 818 m depth in
the fault zone hanging wall (Chapter 3). Results indicate borehole hydraulic heads that increase
rapidly below the base of valley sediments at DFDP-2B, reaching >60 m at the base of the
borehole. The increasing heads with depth are consistent with significant upward flow, which
implies that undisturbed ambient heads are likely to be even higher. Borehole models show that
ambient head could be >120 m at the base of the borehole. These conditions mean that, in order
to obtain the best estimates for ambient fluid pressure conditions and fault rock permeability in
future drilling at the DFDP-2B site or within another Southern Alps valley, attempts must be made
to hydraulically isolate sections of the borehole for testing, for example through use of packers or

through insertion of isolating casing at more regular intervals.

Regional models (Chapter 5) indicate that steep increases in heads with depth, similar to those
observed at DFDP-2B occur along the length of Southern Alps valleys in the near-surface, but a
transition to decreasing head with depth occurs deeper in the orogen (approximately -1 km

elevation for homogeneous k = 101 m), as a result of decreasing water density.
5. What are the fluid flow rates (Darcy velocities) in the Alpine Fault Zone?

Fluid flow rates in the hanging wall of the Alpine Fault have the potential to control rates of mass
and heat transfer within the fault zone. The only existing estimates of flow rates in the Southern
Alps prior to the work in this thesis are drawn from basic scaling calculations (Menzies et al.,
2016). Here more precise estimates have been obtained based on measurements within the fault
zone from the DFDP-2B borehole (Chapter 4). One dimensional heat flow models have shown that
across the 818 m section of the fault zone penetrated by DFDP-2B, an upwards Darcy velocity,
q=7.8x10"m-s?=10° m-s! approximates measured steady state temperatures well. Models
with multiple layers indicate that Darcy velocity may vary in the range 5.3 x 10 m-s to

2.8 x 10 m-s’ across this interval, producing discontinuities in temperature gradient. These
changes in Darcy velocity result from the occurrence of fracture zones and the boundaries of
sedimentary units, which act as sources and sinks for upward fluid flow in a vertical profile. The
volume flux of meteoric fluid estimated to reach the brittle-ductile transition zone by Menzies et
al. (2016) is equivalent to a spatially averaged Darcy velocity ~107° m-s™. This is approximately an
order of magnitude lower than approximate Darcy velocity across DFDP-2B estimated here of
~10° m-s’L. This is consistent with the ~10 x drop in fluid flux that occurs in thermally coupled

regional models (Chapter 2) between 500 m depth and -5 km elevation.
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6. How significant is the influence of fluid flow on subsurface heat flow and temperature field?

On the basis of the small cumulative heat flux associated with known warm springs in the
Southern Alps, which are only localised features of the groundwater system, past thermal models
for the orogen have considered heat advection by fluid flow negligible (Allis and Shi, 1995).
However, one dimensional modelling of temperature data from the DFDP-2B borehole indicates
that the profile cannot be explained in terms of rock advection and conduction alone (Chapter 4).
Models incorporating fluid flow better fit the temperature profile. These indicate a heat flux of
~720 mW-m in the drilled interval, significantly higher than estimated heat fluxes in models
incorporating rock advection alone (Shi et al., 1996; Upton et al., 2011). The elevated total heat
flux at DFDP-2B can be understood in terms of the redistribution of heat by regional groundwater
circulation, which transports heat from ridges to valleys. For the range of estimated Darcy
velocities at DFDP-2B, the vertical heat flux associated with groundwater flow is more than three
times greater than that associated with rock advection. A Péclet number of ~1 for heat advection
by groundwater flow relative to conduction across the drilled interval shows that, at the length
scale of the borehole, both transport mechanisms are of similar significance. Groundwater
circulation is therefore a major heat transport mechanism in the shallow crust and likely to be an
important control on temperature field. As fluid fluxes decrease with depth (Chapter 2), heat
advection by groundwater will only be significant across a finite vertical interval and is likely to be
insignificant by <6 km depth. Rock advection supplies heat to the base of this interval, above
which groundwater flow significantly redistributes heat, concentrating upward heat flow into

valleys.

7. How does permeability structure influence the temperature and fluid pressure fields at depth

in the Southern Alps and in particular, near to the Alpine Fault?

Thermal models for the central Southern Alps and Alpine Fault Zone developed prior to those
outlined in this thesis had previously not included the effects of groundwater flow on
temperature field. Furthermore fluid pressure conditions at depth in the orogen had not been
quantified. In this thesis models that simulate coupled groundwater and heat flow in the Southern
Alps illustrate the strong influence of permeability structure on modelled conditions at depth in
the orogen, however common features to the fluid and heat flow regimes, which are robust
across a range of permeability structures emerge (Chapter 5). Models for the Whataroa valley
region include both DFDP-1B and DFDP-2B boreholes, allowing temperature and fluid pressure

data from these boreholes to be compared to model results.

Regional topographic flow into the valley from the ridges that bound it occurs across all modelled

permeability structures and results in steep increases in hydraulic head with depth beneath the
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valley, as observed at DFDP-2B. Although flow is upward beneath valleys, a transition to
decreasing heads at depth is predicted in models, a result of reduced groundwater density. This
occurs at around -1 km elevation for the baseline permeability structure of homogeneous

k =107 m2. Modelled isotherms are perturbed upwards beneath the valley relative to the
bounding ridges, rather than having a geometry approximately parallel to topography for
homogeneous permeabilities > 1072 m2, This isotherm structure is consistent with high
temperature gradients observed at DFDP-2B within the Whataroa valley and a borehole in the
neighbouring major valley (the Waiho valley), relative to DFDP-1B, which located between these
valleys. In this context, warm springs represent a local manifestation of regional up-flow and

associated isotherm perturbation along Southern Alps valleys.

Near the fault plane, along-strike variations in temperature occur between ridges and valleys,
which may cause in differences in fault frictional behaviour between ridge and valley sections
(Sutherland et al., 2017). Rapidly increasing heads with depth beneath valleys will decrease fault
strength relative to hydrostatic conditions and compared to fault sections that terminate the
ridges, where heads decrease with depth. However, the transition to decreasing heads with depth
beneath valleys, which occurs due to reduced water density, means that fluid pressures arising
from the steady state topography and buoyancy driven flow regime will have the greatest
influence on effective confining stress in the near-surface of valleys (above approximately -1 km

elevation).

The groundwater circulation system in the Southern Alps regionally transports heat from its base
to the ground surface and locally increases total upward heat flux beneath valleys, where water
flows upwards, relative to the ridges, where water flows downwards. Decreased Darcy velocities
in this circulation system resulting from reduced homogeneous permeability or increasingly rapid
permeability reduction with depth have the effect of increasing the temperature contrast
between the base of the groundwater flow system and the surface and lowering isotherms
beneath valleys relative to ridges. At the Alpine Fault, these permeability reductions have the
effect of increasing the down-dip temperature gradient and altering the along-strike range in this
gradient, although the magnitude of this range may be increased or decreased depending on the
exact permeability structures being compared. Where temperature increases between models of
differing permeability structure, hydraulic heads and head gradients generally decrease, as a

result of temperature dependent density, reflecting a highly coupled fluid and heat flow system.

Models indicate that permeability anisotropy, with decreased permeability normal to foliation,
may reduce fluid and heat flow parallel to the valley. Increased permeability in the fault zone in

the form of a high permeability hanging wall damage zone acts to reduce the mean down-dip
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temperature gradient near the fault and to increase its along-strike variation. Increased
permeability in the form of a fault plane that is not a barrier to flow has relatively little impact on
the mean down-dip temperature gradient, but increases the along strike variation in this gradient.
High permeability valley sediments play an important role in reducing hydraulic heads at depth
along the valley, but their influence is localised to the valley floors and has less influence on

conditions near to the Alpine Fault plane than other modelled permeability structures.

8. What role does thermal buoyancy play in driving groundwater circulation and how significant

is the temperature dependence of water viscosity?

Although topography and thermal buoyancy have been inferred to be major drivers for fluid
circulation in the Southern Alps (Koons and Craw, 1991), their relative significance had not been
investigated prior to this thesis. The importance of the temperature dependence of viscosity has
also not been previously assessed. Models of fluid and heat flow in the Whataroa valley region
were used to investigate the influence of changes in both density and viscosity on groundwater
flow in the Southern Alps (Chapter 5). Upward perturbation of isotherms beneath the Whataroa
valley occurs in models in which density is held constant and those in which water density is
coupled to temperature and pressure, suggesting that the topographic drivers for flow in the
Southern Alps alone are able to generate sufficiently high flow rates to produce the proposed
groundwater-influenced thermal regime. However, analysis of the driving forces for vertical flow
in models suggests that buoyancy is significant in the orogen and provides the dominant driving
contribution to vertical fluid flow in regions beneath and at the margins of the Whataroa valley.
Whataroa valley models also show that the temperature dependence of viscosity is important in
determining the threshold permeability for the transition in thermal structure from isotherms
that are approximately parallel to topography to isotherms perturbed upwards beneath major
valleys. The reduction in water viscosity that occurs with increasing temperature acts to increase
Darcy velocities and the relative significance of groundwater flow in heat transport if other factors
are held constant. Additionally, thermal decreases in viscosity and associated increases in fluid
flow rate have the potential to influence fluid fluxes reaching deeper levels of the brittle crust.
This is illustrated by the smaller reduction in fluid fluxes with depth that occurs in models for the

Wanganui valley under higher temperature gradients (Chapter 2).

6.3 Summary

Research in this thesis has shown that at least 0.02 % of the ~10 m-yr* precipitation in the inboard
Southern Alps infiltrates into the groundwater system and that if high shallow permeabililities

measured in boreholes are widespread, infiltration must be more than 20 % of precipitation (Fig.
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6.2). The Southern Alps have highly elevated water tables and groundwater seeps out at the
surface and into rivers across large areas of the orogen. The majority of infiltrating water (>70 %
for modelled permeability structures) travels on shallow flow paths, less than 500 m below the
ground surface. Bulk regional-scale permeability in this shallow (above -3 km to -6 km elevation)
groundwater system must be in the range 10® m2 < k < 10*® m. The permeability of basement
rocks at DFDP-2B is estimated to be ~101® m based on complementary modelling of both mud
level and temperature data and lies within this range of bulk regional values, albeit at the
lowermost end. Groundwater plays a major role in heat transport within the orogen, with Darcy
velocities in the range 102° m-s™ to 10® m-s* beneath the Whataroa valley sufficiently high that
groundwater advects more than three times the heat than transported by rock advection for the
818 m interval penetrated by DFDP-2B. High heat fluxes across this drilled interval of

~720 mW-m are the result of the redistribution of heat into valleys by circulating groundwater,
which both increases heat fluxes and perturbs isotherms upwards beneath valleys relative to
ridges. Models indicate that higher regional permeability and the less significant reductions in
permeability with depth promote this upward perturbation of isotherms beneath valleys but
reduce the temperature contrast between the base of the groundwater flow system and the
surface. In addition to transporting heat, convergent groundwater flow beneath valleys results in
steep increases hydraulic head with depth in the near-surface. Heads reach >60 m at 818 m depth
beneath the Whataroa valley at DFDP-2B. However, these increases in hydraulic head are not
predicted to persist to depth, due to reductions in fluid pressure associated with the reduction of
water density with increasing temperature. Although the geometry of the thermal structure of
the orogen is not dependent on the contribution to Darcy velocities from thermal buoyancy, in
regions of the subsurface beneath and at the margins of the Southern Alps valleys, buoyancy
provides an important contribution to driving vertical groundwater flow. Decreasing water
viscosity with temperature acts to increase Darcy velocities and may allow greater fluxes of
meteoric water to reach the base of the brittle crust in the Southern Alps than in regions of
elevated topography but without high rates of tectonic uplift. Although important advances in
understanding of the Southern Alps can be made on the basis of simplifying assumptions, the
temperature field and the fluid pressure fields in the orogen cannot be fully understood
independently of one another, because of the important couplings between groundwater

circulation and heat flow evident from these findings.
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Figure 6.2 Overview of the Southern Alps groundwater system, with new insights provided by work in this thesis in orange, illustrated using cross sections

perpendicular to the fault (a.) and parallel to the fault (b.) and a smaller scale section perpendicular to the fault, focussing on flow in the Alpine Fault

Zone (c.). (a) is adapted from Menzies et al. (2016) and (c.) from Sutherland et al. (2012).
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6.4 Future work

This thesis has contributed to knowledge of the groundwater flow systems in the Southern Alps,
but a number of important questions remain to be addressed and some aspects of future

research are detailed below:

1. How do temporal changes through the seismic cycle of the Alpine Fault influence temperature

and fluid pressure conditions at depth?

Having investigated the subsurface temperature and fluid pressure fields in the Southern Alps
assuming steady state conditions, a logical next step is to consider temporally variable models
that simulate the effects of changing permeability through the seismic cycle of the fault on the
fluid and heat flow regimes. These changes may include damage to low permeability fault zone
material, allowing temporary cross-fault fluid flow and decreasing permeability in the fault
damage zone through seismic cycles associated with cementation of void space created during
rupture. Variations in temperature and pressure field during the interseismic period may affect
the frictional properties of the fault and could play a role in influencing the apparent periodicity of
Alpine Fault rupture of 291 + 23 years (Cochran et al., 2017). Finite element models outlined in
this thesis have the capability of simulating these temporal variations and preliminary
investigations have already been conducted. The change in effective confining stress through a
seismic cycle based on simulated fluid pressure changes can be calculated and used to estimate

the impact of these pressure changes on the length of the seismic cycle of the fault.

2. What are the permeability architecture, flow rates and fluid pressures within 10s of meters of

the fault plane at >1 km depth and how do they change through a seismic cycle?

The DFDP-2B borehole provides important observations of deeper conditions in the Alpine Fault
Zone than previously available. The data collected provide valuable insights into the flow regime
of the Southern Alps, although the borehole did not reach the fault itself. Significant further
insights could be obtained through a further phase of DFDP drilling to intersect the fault at >1 km
depth.

Although fluid pressure measurements at DFDP-1B indicate that the fault acts as a local barrier to
flow (Sutherland et al., 2012), they do not confirm that it is a barrier on a regional scale. Cross-
fault flow from the hanging wall to the footwall is not precluded by geochemical evidence
(Menzies et al., 2016) showing that warm spring waters have not interacted with footwall rocks. If
fluid pressure measurements spanning the fault plane at >1 km depth were obtained, the

hypothesis that the fault acts a regional barrier to flow could be further tested. Estimates of flow
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rates and permeability at this depth would indicate whether flow is focused into particular zones
at this late stage in the fault seismic cycle, allow the delineation of the extent of a high
permeability damage zone, and highlight the regions where permeability has been significantly
reduced by mineral precipitation or recrystallisation. As the estimated probability of a surface
rupturing earthquake on the fault in the next 50 years is 29 % (Cochran et al., 2017), the
opportunity to investigate post-rupture conditions could arise within decades, years or less. In
order to be able to contrast these conditions with those prior to rupture, it would be prudent to

characterise the pre-rupture state of the fault zone while the opportunity exists.

A future phase of DFDP drilling could continue toward the Alpine Fault at the DFDP-2B site, where
conditions to 818 m depth are now relatively well understood. Hydraulic testing could be carried
out, in line with the suggestions outlined in this thesis (Chapter 3) to obtain estimates for
permeability and fluid pressure conditions. It may also be possible to obtain temperature profiles,
from which Darcy velocities can be estimated through the methods employed in this thesis

(Chapter 4).
3. What are the typical residence times for fluids within the Southern Alps?

The residence times for groundwater in the Southern Alps are not well constrained and
anticipated to vary spatially. As a result the timescales over which different styles of fluid-rock
interactions take place, key for interpretation of geochemical processes, remain uncertain. Having
narrowed the range of possible values for regional-scale permeability, existing models could be
adapted to simulate the residence times for flow through the Southern Alps. Model ages could
then be compared to geochemically estimated residence times for water flowing from water
springs and in tunnels, such as the Tatare Tunnels and the Amethyst hydroelectric tunnel (Chapter
2), or tested using groundwater dating techniques (e.g., **C, Noble gas ages). Disparities between
the observed spatial distribution of ages and those predicted by models could provide further
insights into differences in permeability structure between different parts of the Southern Alps,

for example between the Alpine Fault Zone and parts of the orogen more distal from the fault.

4. How does water volume change during uplift in the Southern Alps and could this facilitate

permeability generation through hydrofracture?

This thesis has largely focussed on the shallow flow regime in the brittle crust of the Southern
Alps. In future work, investigations can be extended to greater depth, considering flow in the
ductile crust and how it may be controlled. In a classic paper, Norris and Henley (1976) proposed
a mechanism for the release of lithostatically pressured fluids from uplifting rocks through

hydrofracture resulting from expansion of water. In their original study, model temperature
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profiles representing uplift of Haast Schists rocks in the Southern Alps were presented, but the
uplift rates considered (<1 mm-yr?) are significantly lower than recent estimates for the central
southern Alps of 6 - 9 mm-yr? (Little et al., 2005). Furthermore these models considered unsteady
state thermal conditions during uplift whereas the Southern Alps are now thought to have
reached thermal steady state (Fig. 6.3) (Koons, 1987; Little et al., 2005). Temperature profiles
based on models developed for this thesis (Chapter 2, 5), from other existing models and updated
versions of classic analytical models for the Southern Alps (Allis et al., 1979), and from
thermobarometry (Toy et al., 2010) can be used to indicate whether water in Southern Alpine
rocks experiences increases in volume during uplift and if so, over what depth range (Fig. 6.4). In
doing so, the significance of thermal expansion of water for facilitating fluid flow in the ductile

crust can be assessed.
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Figure 6.3

Plot of changing temperature with time along a vertical profile calculated using the
solution of Clark and Jaeger (1969), as employed by Norris and Henley (1976). Uplift
rate is increased to 9 mm-yrlbased on recent estimates (Little et al., 2005) and all
other parameters the same as in the original study. Consistent with
thermochronometric studies, this suggests that the Southern Alps have reached an
approximate thermal steady state, with uplift potentially having taken place for

>10 Ma (Adams and Gabites, 1985; Batt et al., 2004, 1999; Herman et al., 2009; Kamp
et al., 1992; Tippett and Kamp, 1993). Thus rocks being uplifted today are not
predicted to experience the temporal increases in temperature during uplift
indicated by the profiles presented by Norris and Henley (1976) (for the temperature

of an uplifting volume of rock), based on the same solution.
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Figure 6.4 Example plot of changes in water specific volume (contoured) for temperature

profiles from models contributed by the author to Sutherland et al. (2017) (see

Chapter 5 for modelling details). Depths and lithostatic pressures are related

assuming a density of 2700 kg-m3. Results are shown for a range of permeability

values (a.) with convergence rate constant at 12 mm-yr* and a range of convergence

rates (b.) with permeability constant at 1 x 10"'> m2. Profiles shown here are vertical

but future work should also consider the impact of movement toward the Australian

plate during uplift.
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5. How are fluid and heat flow influenced by the geometry, tectonics, climate and rock

properties of mountain belts?

The investigation of fluid and heat flow in this thesis has considered the specific example of the
Southern Alps. Models considering more generalised orogenic geometries would allow the extent
to which the fluid and heat flow within a mountain belt is influenced by a range of different
parameters to be investigated. In this way conditions within the Southern Alps could be related to
other mountain belts (e.g. Taiwan or the Himalayas). By obtaining an understanding of how
conditions within a mountain belt vary with a range of parameters, insights from one mountain
belt could be used to make predictions about the conditions within others. They could also
provide insights into the changes that might occur within a mountain belt through its history as a

result of changes in climate and tectonics.

Geometric parameters that could be varied include the dip of the plate bounding fault, the
distance between the plate bounding fault and the highest topography, the elevation of the
highest topography and the spacing of ridges and valleys draining the orogen. Models should
include the thermal effects of rock advection and could consider a range of convergence rates.
Infiltration rates should be varied to represent a range of climatic conditions, which may vary both
between mountain belts and through the history of a single mountain belt, for example as a result
of periods of extensive of glaciation. Additional parameters that should be varied include the
thermal properties and permeability of the rocks making up the model mountain belts.
Parameters values based on the Southern Alps would provide a suitable baseline scenario for
these generalised mountain belt models, from which conditions could be varied. Model outputs
that could be compared include the minimum depth of brittle-ductile transition, the fluid flux at
the base of the brittle crust, the maximum heat flux and the maximum ratio of fluid to lithostatic
pressure (pore fluid factor). Aspects of fluid and heat flow can often be described by non-
dimensional numbers, for which a particular dependent variable remains unchanged while the
non-dimensional number is held constant. The dependence of water table elevation on the ratio
of hydraulic conductivity and infiltration rate (Chapter 2) and the dependence one-dimensional
temperature profiles on the Péclet number (Chapter 3) provide examples of this behaviour within
this thesis. Models can be used to investigate the extent to which subsurface conditions within a

mountain belt can be described using a small number of non-dimensional numbers.
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