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Abstract
The Southern Alps Electrical Conductor (SAC), identified from magnetotelluric surveys of the South
Island Geophysical Transect (SIGHT) in the South Island, New Zealand, has high electrical
conductivity relative to surrounding lithology. This phenomenon is spatially coincident with Alpine
Fault-associated shear zones and a region of anomalously reduced seismic velocity, also observed by
SIGHT. The source of these geophysical anomalies is unknown.
To understand the electrical properties of the Southern Alps Conductor, this study measured the
electrical properties of hand samples from outcrops located above the Southern Alps Conductor, and
of the same protolith. Particular consideration was given to the more recently exhumed mylonites
which have been transported up the Alpine Fault ramp from the conductive region at depth. To
accomplish this, complex resistivity of samples under confining pressure was measured up to 200
MPa and over a range of salinities, from 0.01 M to 0.4 M KCl brine. Laboratory measurements were
converted to and analysed in terms of complex conductivity and compared to the expected
conductivity of the rock, given the associated porosity, formation factor and cementation factor.
Modelled conductivity values were extrapolated to 9 km depth, with a geothermal gradient, salinity
profile and overburden pressure profile from the Alpine Fault, to generate values comparable to those
derived by SIGHT magnetotelluric (MT) models. This allowed laboratory analysis of hand samples to
be applied in predicting electrical properties in and around the SAC. Measured conductivity values at
200 MPa effective confining pressure ranged from 4.76x10 -4 to 8.26x10-6 S/m. Experiment-based
modelled conductivity values, adjusted for in situ conditions, ranged from 1.08x10-4 and 1.04x10-2
S/m between modelled depths of 0 and 9.4 km.
The aim of this study, in addition to characterizing the effect of increasing deformation grade on
electric properties of rocks approaching the Alpine Fault from across the South Island, was to further
constrain the source of the SAC.
It was found that porosity and conductivity of schists decreased towards the Alpine Fault and
conductivity of mylonites increased towards the Alpine Fault. There was no correlation found in
mylonites between porosity and distance to the Alpine Fault. Experiment-based modelled
conductivity values of mylonites exhibited a critical threshold, with a maximum of 1.33x10-2 S/m at a
depth of 3 km, but continued to decrease with additional effective confining pressure (peff) as pore
volume diminished. The SIGHT MT model (Jiracek, 2007) exhibited a conductivity maximum of 1 to
0.1 S/m between 10 and 20 km depth (Ingham, 1997; Wannamaker, 2002; Jiracek, 2007). Due to the
non-porosity based Alpine Fault-proximity based mylonite conductivity and the discrepancy between
the MT model critical threshold and experiment based model critical threshold, I conclude that a
conductivity parameter, such as surface conductance, is missing from my evaluations.
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Chapter 1
Introduction
The Alpine Fault is an oblique transform fault that accommodates the majority of displacement
between the Pacific and Australian plates (Norris et al., 1990). It extends along the west coast of the
South Island, New Zealand [Figure 1], with an approximate strike of 055° NE and dips of 45° to 60°E
(Norris & Cooper, 2007). It is inferred that 470 km of displacement has occurred along the fault (Cox
and Sutherland, 2007). Current motions on the transform boundary are right-lateral and convergent.
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The magnetotelluric (MT) surveys of the South Island Geophysical Transect (SIGHT) identified a
region of abnormally high electrical conductivity between 5 and 35 km depth adjacent to the Alpine
Fault and extending eastward through the hanging wall (Gonzalez, 2002; Wannamaker et al., 2002).
This abnormal region is called the Southern Alps Electrical Conductor. It is distinguished by high
electrical conductivity relative to surrounding regional lithology, with its abnormally low resistivities
ranging down to 1 Ω∙m (Ingham, 1998). The anomalous conductor has an inferred depth of
approximately 35 km, a concave “u”-shaped geometry, and it extends 60 km into the hanging wall
from the Alpine Fault (Gonzalez, 2002). This perplexing phenomenon is spatially coincident with
shear zones associated with the Alpine Fault dominated plate boundary, as well as a region of low
seismic velocity (Wannamaker et al., 2002). Though many hypotheses have been proposed for
sources of the conductor, including saline fluids (Drury & Hyndman, 1979), graphite films (Frost et
al., 1989), and disseminated gold (Wannamaker et al., 2002), the source of these geophysical
abnormalities is unconfirmed.
The observed extents of the anomalous conductor lie within the uptilted cross section of the Pacific
Plate’s Rakia Terrane accreted marine sediments in the footwall of the Alpine Fault (Okaya et al.,
2007, Cox and Sutherland, 2007, Wannamaker et al., 2002).
Mineral metamorphic facies diminish in grade, both in the subsurface and in surface outcrops
(Figure1) from semischists in the prehnite – pumpellyite facies (at 60 km from the fault) to
ultramylonite in the K-feldspar amphibolite facies (adjacent to the fault). Figure 1 shows a map
overview of MT lines from the SIGHT survey, regional protolith, the intensity of tectonic fabric as
well as a 3-D block diagram of these features at depth.

The SAC lies within the ductile shear zone, which exhumes as mylonite outcrops along the Alpine
Fault, and the mineral metamorphic facies gradient from surface and subsurface shear zones is
consistent, it is hoped that exhumed mylonite samples may be used to understand electrical properties
of lithology in the SAC, within in the context of non-SAC rocks provided by surface outcrops in
lower metamorphic grades.
The overall objective of this study is to characterize the electrical properties of rocks analogous to
those in the Southern Alps Electrical Conductor, and ideally to identify the source of their abnormally
high conductivity.
To accomplish this, the electrical resistivity of hand samples collected from surface outcrops above
the anomalous conductor has been measured and analysed. Sampled schist outcrops were chosen to
include changes in mineral metamorphic grade approaching the Alpine Fault. Sampled mylonite
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outcrops were chosen to incorporate increasing mylonitic fabric approaching the high exhumation rate
region around the Franz Josef Glacier locality. These laboratory measurements were made under
confining pressure and in a range of saturating fluid salinities. Resulting data were used to solve for
the formation factor of the rocks. Using this formation factor and the Ucok (1979) model to predict
fluid conductivity, sample resistivity was calculated with a geothermal gradient, salinity profile and
overburden pressure profile appropriate for the Alpine Fault. These extrapolated laboratory
measurements were modelled at the same conditions experienced by rocks in the Southern Alps
Electrical Conductor, which enabled comparisons between laboratory-based findings and SIGHT MT
surveys.
Chapter 2 provides a more extensive background of the regional geology and what is known of the
Southern Alps Electrical Conductor. Detailed methods and laboratory procedures are given in Chapter
3. Measurement results were analysed in terms of complex conductivity, are presented in Chapter 4.
Chapter 5 presents the sample formation factors, and in conjecture with the Ucok (1979) fluid
conductivity model, are used to predict conductivity at depth in the Alpine Fault.
A table of shorthand definitions, a full write up of the supporting electromagnetism theory and raw
data are provided in the appendices.
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Chapter 2
Literature Review
2.1 Tectonic and Geologic: Background
This section reviews the protoliths and emplacement of relevant South Island terranes. The formation
of important structures is also considered, especially aspects which are deemed of interest to the
study. Since this study focuses on the electrical properties of the SAC within the ductile shear zone at
depth, the exhumation of this region up along the Alpine Fault ramp to form Aspiring Lithologic
Terrane mylonite outcrops and comparing these exhumed SAC rocks to inboard non-SAC schist
rocks, this section will emphasize fault and shear zone structures and relevant terranes.

2.1.1 Accretion and Emplacement
The basement terranes of Zealandia originated as accreted lithologies on Gondwana’s Panthalassan
convergent plate margin between the early Palaeozoic and mid Cretaceous (Wandres & Bradshaw,
2005; Flöttmann et al., 1993; Luyendyk, 1995). The margin accumulated accreted arc-trench systems
and micro-continental fragments until proto-Zealandia detached in the mid-Cretaceous due to rifting
and Gondwanian dispersion (Wandres & Bradshaw, 2005; Upton et al., 2009; Mortimer, 2004).
Accreted rocks included terranes formed during the Neoproterozoic to Ordovician Ross Delamerian
Orogen, the Cambrian to Carboniferous Lachlan and Thomson Orogens, and the Permian to
Cretaceous Rangitata Orogen (Coney et al., 1990; Foster & Gray, 2000; Coney et al., 1990; Wandres
& Bradshaw, 2005). Traces of these orogenic belts, mostly the latter, remain in the basement of New
Zealand (Gibson & Ireland, 1996; Wandres & Bradshaw, 2005). The separation of New Zealand
from Australia through rifting in the Tasman Sea began 85 million years ago (Mya) and was
associated with extension, wide spread rifting, basin formation, and substantial changes in global plate
motions (Cox & Sutherland, 2007). Deformation during these tectonic phases was significantly
influenced by pre-existing faults and fabrics (Cox & Sutherland, 2007; King et al., 1999) and a
defined plate boundary only re-formed in Zealandia in the late Eocene to early Oligocene (~34 Mya)
(Norris et al., 1990; Upton et al., 2009). The Alpine Fault began to develop as a through-going
transform fault in the Oligocene (25 Mya) (Kamp, 1986; Cooper et al, 1987; Norris et al., 1990).
Relative Pacific – Australian plate motions across the Alpine Fault have become increasingly oblique
with a compressional component since the Neogene. This yielded about 70 km of shortening
orthogonal to the fault (Molnar et al., 1975; Walcott, 1978; Norris et al., 1990). Crustal strain within
the South Island has been localized near the Alpine Fault due to the presence of a pre-existing passive
5

Eocene margin (Sutherland et al., 2000) and regional weakness due to advection from hot lower crust
in the orogen (Batt & Braun, 1999). In the last 5 million years, this crustal strain has increasingly
resulted in significant hanging wall uplift (Sutherland et al., 2006).

2.1.2 Terrane and Unit Descriptions
Due to the accretionary style of New Zealand as well as the nature of the Alpine Fault, many terranes
converge at the fault, which exhibits different lithologies between the hanging wall and the foot wall.
Lithologies also vary laterally moving away from the fault in the hanging wall region of interest. To
maintain clarity of terrane distribution, a general overview of South Island terranes will be given,
increasingly focusing on the Aspiring Lithologic Association (ALA) , where the Alpine Fault
mylonites outcrop, as well as the Alpine and Haast Schists, from which the rest of the samples were
gathered, are from. Both the ALA, Alpine and Haast Schists were gathered from the Rakia Terrane.
New Zealand formed from accreted Gondwana subduction margin tectonostratigraphic terranes
during the Palaeozoic and Mesozoic prior to the Late Cretaceous to Paleogene rifting, extension and
subsequent detachment resulting in late Paleogene subcontinent formation (Mortimer, 2004; Cox &
Sutherland, 2007). The basement rocks of New Zealand are commonly grouped into three provinces;
from oldest to youngest, the Western Province, the Median Tectonic Zone (MTZ) and the Eastern
Province (Mortimer, et al., 1999a; Bradshaw, 1989). These outcrop as elongate belts that were
originally parallel to the Gondwana margin [Figure 1] (Cooper & Tulloch, 1992; Cox & Sutherland,
2007).
Western Province
The Western Province Greenland Group is predominantly composed of Late Cambrian to Late
Ordovician quartzose metasediments of the regionally metamorphosed Buller Terrane (Cox &
Sutherland, 2007; Nathan, 1976). The Takaka Terrane contributes to a lesser degree and consists of a
diverse assortment of deformed and metamorphosed Palaeozoic sedimentary and volcanic rocks
(Cooper & Tulloch, 1992; Cox & Sutherland, 2007). These terranes are cut by Late Devonian to Early
Carboniferous and Early Cretaceous granitoids (Waight et al., 1997; Allibone & Tulloch, 2004;
Wandres & Bradshaw, 2005). This province generally composes the footwall of the Alpine Fault,
found to the west of the study region.
Eastern Province
The Eastern Province is dominated by the Pahau and Rakaia Terranes (Wandres & Bradshaw, 2005;
Fagereng, 2010). It is composed of lithic and feldspathic metagreywackes, and to a lesser degree,
volcanic, intrusive and ophiolitic lithologies from arc, forearc and accretionary complexes formed
6

during subduction of the Pacific Plate and its predecessors on the Mesozoic Gondwana margin
(Mortimer, 1995; Wandres & Bradshaw, 2005).
Rakaia Terrane
The Rakaia Terrane ranges from Permian to late Triassic in age (Wandres & Bradshaw, 2005b). It is
an accretionary complex of quartzofeldspathic sandstones and mudstones plus oceanic assemblages
(Wandres & Bradshaw, 2004).
Aspiring Lithologic Association

The Aspiring Lithologic Association (ALA) lies within the Rakaia Terrane (Mortimer & Roser, 1992;
Cox S., 1991; Mortimer, 1993). It is interpreted as an oceanic suite of submarine fan depositional
origin (Wandres & Bradshaw, 2005b; Bradshaw et al., 1981; Mazengarb & Harris, 1994). The
Aspiring Lithologic Association schists are primarily a pelitic protolith with secondary metavolcanic
lithologies (Norris & Craw, 1987). Study region mylonites exhumed up the fault ramp from the
ductile shear zone at depth are found in the ALA where it terminates against the Alpine Fault.

2.1.3 Overview of Structure
As primary structures defining ductile shear zones, as well as deformation fabric formation and
destruction, faults are extremely important controls of electrical conductivity pathways and are
therefore important to the electrical properties of rocks in the study area.
This section reviews the primary structure of the study area, the Alpine Fault. This tectonic feature
plays an extremely influential role in the deformation of regional lithologies across the South Island of
New Zealand.
Kinematics
The Alpine Fault is a continental dextral strike-slip fault that accommodates most of the obliquely
convergent motion between the Pacific and Australian Plates across the continental South Island
(Norris et al., 1990). The fault strikes on average 055° and dips between 45 and 60° SE (Norris &
Cooper, 2007). Long term plate motion records (i.e. Euler poles calculated from sea floor magnetic
anomaly-fracture zone data) allow the calculation of a relative plate motion vector consistent with 40
mm/year of dextral fault parallel displacement and 22 mm/year fault normal displacement (Walcott,
1978; Norris et al., 1990). The Alpine Fault links the oblique Puysegur subduction zone in the south
to the Marlborough region in the north where a system of strike-slip faults transfer plate motion across
Cook Strait and into the North Island Hikurangi subduction zone (Davey et al., 2007; Lewis et al.,
1994). The plate boundary is inferred to have experienced 460 km of displacement, partitioned
7

between dextral strike slip on the Alpine Fault with the rest dispersed across the Marlborough fault
splays (Cox & Sutherland, 2007; Molnar, et al., 1999).
The Alpine Fault outcrops at the surface in three different geometric arrays. At its northern and
southern ends (north of Hari Hari and south of Haast, respectively), it manifests as an essentially
straight trace with an approximate strike of 055° and accommodates oblique dextral reverse motion
(Berryman et al., 1992; Sutherland & Norris, 1995; Norris & Cooper, 2007). The central fault region,
the focus of this study, is characterized by a zigzag trace comprising NNE-SSW striking oblique
thrusts linked by steep E-W striking dextral strike slip faults (Norris et al., 1990; Norris & Cooper,
1995; 2007). The rarely exposed strike slip faults are narrow (<1 m) zones of clay gouge and fractured
rock that do not extend much beyond linked thrust zones (Norris & Cooper, 1995; 2007). The Alpine
Fault only accommodates part of the strain accumulating at the plate boundary. Only 70-80% of the
interplate vector, i.e. ~25 mm/year strike-slip and 10 mm/year maximum uplift is accommodated by
slip on the Alpine Fault (Norris & Cooper, 2000; Little et al., 2005). The remaining deformation is
distributed east of the fault trace over a zone at least 100 km to 200 km wide, resulting in the drag
folding of terranes to strike parallel to the fault (Walcott, 1978; Norris, 1979; Norris et al., 1990).
Metamorphic Facies Distribution
The Alpine Fault’s principal slip zone is composed of fault gouge 5-50 cm in thickness (Norris &
Cooper, 2007). This is surrounded by a ‘fault core’ 10m to 50m in thickness (Norris & Cooper, 2007).
The associated damage zone, which extends <100 m into the hanging wall and an unknown distance
into the footwall (which is mostly not exposed), contains dense fractures and secondary faults with
gouge zones on a centimetre scale (Cooper & Norris, 1994; Norris & Cooper, 1997; Wright, 1998).
The intensity of fabrics resulting from asymmetric simple shear strain gradually increases towards the
fault in the hanging wall (and presumably also in the footwall). Metamorphic units striking parallel to
the Alpine Fault grade from metasediments on the eastern side of the South Island to chlorite schist,
biotite schist, garnet-oligoclase schist and finally lower amphibolite schists nearest the Alpine Fault
Zone (Christensen & Okaya, 2007; Norris et al., 1990; Wallace, 1975). The Alpine Fault Zone
manifests as mylonitic fabric overprinting Alpine Schists, which grades from proto-mylonite at a
distance of about 1 km east of the active surface trace, to mylonite, ultra-mylonite and finally
cataclasite (Woodcock & Mort, 2008; Sibson et al., 1979; Norris & Cooper, 2003; Norris & Cooper,
2007). Mylonites form at depth by ductile creep mechanisms prior to exhumation and subsequent
overprinting by cataclastic textures and other damage-related structures characteristic of brittle
deformation, which dominates at low temperatures (Sibson et al., 1979; Norris & Craw, 1987; Norris
et al., 1990). Mylonites are exhumed up the fault ramp from up to 35 km depth, driven by the
convergent nature of the plate boundary and facilitated by rapid erosion and removal of isostatic load
(Koons, 1987; Little et al., 2005; Norris et al., 1990; Norris & Cooper, 2007).
8

Convergence and Crustal Accumulation
Convergence along the Alpine Fault has formed a thickened mantle and crustal structure beneath the
Southern Alps, initially identified from a large negative Bouguer gravity anomaly (Woodward, 1979;
Davey et al., 2007). The gravity anomaly axis is east of the main divide, trends N-S and is both wider
and larger at its southern end then is required to isostatically compensate the overlying mountains. It
terminates just north of the southern part of the Dun Mountain Ophiolite Belt (Woodward, 1979;
Allis, 1986; Davey et al., 2007; Norris & Cooper, 2007). Mantle lithosphere accumulated at the plate
boundary has formed a thickened lobe denser than the underlying asthenosphere. This thickened lobe
is dynamically pulling down the overlying lower crust of the hanging wall (Stern et al., 2007). The
crustal root is formed almost equally by thickened middle crust and thickened lower crustal
components (Scherwath et al., 2003; Davey, et al., 2007).
Regional Uplift
The convergent nature of the plate boundary is also expressed in the uplift of the Southern Alps. It is
most rapid in the central part of the range and displays the youngest rock cooling ages. Concentric age
contours [Figure 2] define a local age minimum centred around the Franz Josef and the Fox Glaciers
indistinguishable from 0 Mya, that increases moving away from this to 10 Mya (Little et al., 2005).

Within the youngest age contour, uplift rates range up to 10 mm/year (Little et al., 2005; Norris et al.,
1990). The Main Divide rises to an elevation of ~3000 m; the highest peaks are in a band 10-20 km
9

east of, and approximately parallel to, the Alpine Fault. This forms a barrier to the westerly airstream
across the Tasman Sea, resulting in high rainfall rates on the western front of between 8 and 10
m/year and yielding erosion rates approximately equal to the rate of uplift (Adams, 1980; Griffiths &
McSaveney, 1983; Whitehouse, 1986; Norris et al., 1990; Koons, 1987). Rapid erosion has exposed a
near continuous mid upper crustal section across the Southern Alps. Coupled with expeditious
exhumation, this has raised crustal isotherms and results in high surface heat flow and a shallow
brittle ductile transition (Little et al., 2005; Cox & Sutherland, 2007; Norris et al., 1990).
Critical Wedge Model
The geometry of the orogen can be conceptualized as two opposite facing asymmetrical critical
wedges (Norris et al., 1990). As seen in the schematic diagram of Figure 3, the steeper inboard wedge
and the shallower outboard wedge are separated by a wedge of crust exhuming on both sides below
which a decollement lies.

This separates the thickened mantle and lower crustal lobe from the upper crust (Okaya et al., 2007).
The decollement on both sides terminates at a ramp (the western side being the down-dip end of the
Alpine Fault, the eastern side being a backshear array) up which crustal rocks are exhumed
(Wrightman & Little, 2007).
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Backshear Array
To accommodate the bend between the fault-flat and the fault ramp, a portion of deformation is
accommodated by slip across a series of inclined backshears with a moderately inclined dip opposite
to the underlying foot wall ramp (Wrightman & Little, 2007). These structures can be observed in
glacial outcrops in biotite zone rocks in the hanging wall of the Alpine Fault between the Price Range
and the Balfour Glacier (Wrightman & Little, 2007). They constitute a tabular zone 30 km in length
and 1-2 km in width, which strikes subparallel to the Alpine Fault surface trace, lies 5-7 km
structurally above the fault ramp, and dips SE to continue subparallel to it at depth. Backshears lack
frictional wear products such as cataclasite or gouge but do exhibit infills of syn-tectonic quartz and
calcite veins 1 – 20 mm in width, which at least in part postdate the initiation of shear failure. Their
composition is mostly quartz, with as much as 50% calcite (Wrightman & Little, 2007). This proves
these structures accommodate fluid transport out of the decollement shear zone at depth.
Approximately 3x107 m3 fluid must flow through a single backshear during its lifetime to deposit the
amount of quartz observed (Wrightman & Little, 2007; Wrightman, 2005). If the backshear array was
not present, the rate of upwards fluid migration would be controlled by schist permeability, which is
inherently low enough that fluids can only effectively migrate or escape via hydraulic fracturing and
shear failure (Sibson, 1996; Wrightman & Little, 2007; Billia et al., 2013; Fusseis et al., 2009).

2.1.4 Alpine Fault Conditions
Electrical properties of rocks, or any material, are heavily dependent on a number of factors in
addition to those of the material. Such factors include temperature, degree of saturation (if any)
composition of saturating fluid etc. Since the SAC is down dip of the Alpine Fault and corresponds to
the fault shear zone at depth, understanding such conditions is vitally important to understand the
SAC itself.
The collisional zone processes and rapid uplift of the mid crust result in a high geothermal gradient in
the hanging wall of the Alpine Fault. Topography-driven circulation of meteoric fluids increases the
rate of heat-transfer (Toy et al., 2010; Craw et al., 1997). Fluid inclusion and surface spring data
suggest low and consistent saline composition of circulating fluids in the range of 0.05 to 5 wt% NaCl
in the near surface while data from ductility deformed veins yield a composition of 5.7 wt% NaCl at
approximately 15 km depth along the Alpine Fault (Craw, 1997; Menzies, 2012). The geothermal
gradient, fluid composition and saline concentration, and effective pressure indicated by these studies
were extrapolated to depth (Table 1). Given that overburden confining pressure is Pconf = ρr∙g∙h, where
ρr is rock density (2650 kg∙m-3), g is acceleration due to gravity (9.8 m∙s-2), h is the height of the
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vertical overburden column, and pore pressure is Pf = ρw∙g∙h, where ρw is water density (1000 kg∙m-3).
Effective confining pressure is Peff = Pconf – Pf, the overburden pressure is ~26 MPa∙km-1 and pore
pressure is ~10 MPa∙km-1. The resulting effective confining pressure gradient is 16 MPa∙km-1.

Table 1. Geothermal Gradient, Pressure, and Fluid Composition for the Alpine Fault Zone
(Craw, 1997; Menzies, 2012; Toy et al., 2016).
Depth
(km)

Effective Confining
Pressure (MPa)

0

0

Temperature
(°C)
25

Brine Composition
(NaCl, dmol/L)

Brine
Composition
(NaCl, Wt %)

8.56x10-2

0.05

-2

0.05

1

16

87

8.56x10

2

32

150

8.56x10-2

0.05

3

48

183

4.28

2.5

4

64

216

4.28

2.5

5

80

4.28

2.5

6

96

250
283

4.28

2.5

7

112

316

4.28

2.5

8

350

4.28

2.5

9

128
144

361

5.07

2.96

10

160

372

5.86

3.43

Fluid Transport
Prograde metamorphism of the Torlesse Terrane generates dewatering fluids, resulting in increased
fluid pressure. Due to increased fluid pressure, fluids are forced towards the surface (Fusseis et al.,
2009; Wrightman & Little, 2007). Static permeability of mylonites is thought to be inherently low, so
large volumes of fluids would not be transported within them (Wrightman & Little, 2007; Billia et al.,
2013; Fusseis et al., 2009). Host biotite-grade schist rocks also have a low background permeability
(at room temperature and pressure) of around 1 x 10-17 to 1 x 10-18 m2, such that fluids mostly escape
through the backshear array (Wrightman & Little, 2007). It should also be noted that wall rock schist
appears to be more permeable parallel to the foliation than perpendicular to it. This low permeability
implies wall rock schist could support fluid close to lithostatic pressure without expelling significant
fluid and that in the absence of fractures fluid migration within it would be slow (Wrightman & Little,
2007). Ductile shear zones at depth must have higher permeability than the host rocks since they tend
to focus fluid flow (Kisters et al., 2000; Mancktelow, 2006; Billia et al., 2013).

12

Granular Fluid Pump Model
Sufficient permeability for fluid migration to occur on geologically rapid timescales in mid- and lower
crustal ductile shear zones may be generated by dynamic processes (Fusseis et al., 2009; Billia et al.,
2013). The model of a shear zone has a dynamic permeability termed a ‘granular fluid pump’, which
occurs when grain boundary pores form an interconnected fluid network capable of transporting fluids
when they are episodically placed in contact as grain boundary sliding occurs (Fusseis et al., 2009;
Billia et al., 2013). These grain boundary pores have been identified in Alpine Fault mylonites, where
they are recognized as etch pits created by dislocation-enhanced dissolution by reactive metamorphic
fluids. They decorate boundaries between quartz-quartz, plagioclase-plagioclase, and quartzplagioclase grains in polymineralic mylonites (Billia et al., 2013). Communication of these pores
during deformation might generate grain-scale fluid pressure differences between neighbouring pores
and thus produce a grain-scale fluid pump (Fusseis et al., 2009). Once in the shallower brittle regime,
fluids are inferred to migrate to the surface through hydraulic fractures or along fault fractures driven
by hydraulic pressure gradients created by brittle-ductile fault failure- a seismic pumping mechanism
(Sibson & Scott, 1998).
Graphite
Interconnected graphite can be characterized by high electrical conductivity. It produces strong,
regional anomalies in numerous fossil suture zones, particularly those that have incorporated former
organic-rich basins, such as the metamorphosed greywacke of the South Island (Wannamaker et al.,
2002; Hjelt & Korja, 1993; Boerner et al., 1996; Wannamaker, 2000). Remobilized hydrothermal
graphite typically forms vein-like textures deposited on grain boundaries by CO2 rich fluids and can
establish substantial long-range conductors (Frost et al., 1989). Graphite is observed both in exposed
gold-bearing veins and as a distributed phase in schist, where it is most obvious as inclusion trails in
mica grains (Little & Holcomb, 2002). Even small concentrations of graphite can significantly
increase conductivity due to its tendency to form thin continuous films along grain boundaries
(Guéguen & Palciauskas, 1994). Graphite in metamorphic rocks typically results from conversion of
organic matter through metamorphism or precipitation from natural carbon-bearing fluids (Luque et
al., 1998; Wannamaker, 2000). Conductivity increases if shearing processes extend isolated graphite
grains into continuous films or press them into interconnected crack systems (Jödicke et al., 2004). In
addition, graphite has low frictional strength; its presence in interlinked layers lowers overall
resistance to shear and enhances fault mobility (Luque, 1998). Once created, graphite is very stable,
allowing shear zones to remain conductive long after activity ceases (Ritter et al., 2005).
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2.2 Geophysical Characterisation of the Southern Alps
The abnormal geophysical character of the Southern Alps region, especially in terms of the anomalous
electrical conductor, is the basis of this study. This section reviews the SIGHT surveys which
identified it, distinguishing features, geospatial extents and similar phenomena.

2.2.1 The South Island Geophysical Transect
The South Island Geophysical Transect (SIGHT) was a multi-method geophysics survey conducted
primarily on two parallel lines [Figure 1] which traversed the South Island from east to west (Okaya et
al., 2007; Davey et al., 2007). The primary objective was to understand how active lithospheric
deformation is accommodated in the South Island continental collisional orogen as well as investigate
the deep thermal and fluid state beneath the Southern Alps (Davey et al., 1998; 2007). The two
transects, Line 1w to the north and Line 2w to the south, cross the centre of the South Island of New
Zealand between northern Otago and southern Canterbury about 75 km apart from one another. The
long extent of the profiles and extension offshore to the east and west allowed the surveys to reach
considerable depth.
Survey Results
The modelling and inversion of apparent resistivity and phase data for both the southern profile
(conducted by Ingham, 1995) and northern profile (conducted by Wannamaker, 1997) yielded
evidence of a significant electrical conductor. Resistivity (Ω·m) in this region is on the order of 10 <
σ < 300 Ω•m (3.3x10-3 to 0.1 S/m) while surrounding rock is on order of more than 3000 Ω•m. A
multiple-source dipole-dipole (combined DC) and long offset time domain EM (LOTEM) resistivity
survey conducted parallel to the northern SIGHT transect across the Alpine Fault indicates resistivity
increases from 10 to20 Ω•m 5 km west of the fault to a maximum of 700 Ω•m adjacent to the Alpine
Fault, and falls again to approximately 100-200 Ω•m 10-15 km east of the Alpine Fault (Davey et al.,
1998). Results from smaller, higher resolution MT surveys indicate the resistivity of the conductive
zone may be as low as 1 Ω•m (Ingham, 1998). Higher conductive anisotropy appears to exist along
strike (Wannamaker et al., 2002). It should be noted that no associated depth or frequency was
specified for these values. The Southern Alps Conductor extends 50 to 60 km inboard from the Alpine
Fault. It is 1 to 5 km thick (depending on modelling and processing type), extends at least between the
two transects, and to an approximate depth between 4 and 35 km (Bibby & Caldwell, 1997; Ingham,
1995; 1996; Ingham & Brown, 1998; Wannamaker, 1997; 2002; Davey, 1998). The depth to which it
reaches is not well resolved (Ingham, 1998). Additional MT transects 50 km northeast and southwest
indicate similar mid-crustal conductive zones suggesting continuity of a highly developed isolated
mid-crustal conductor parallel to and underlying the eastern flank of the Southern Alps (Davey et al.,
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1998; Ingham & Brown, 1998). The Southern Alps Conductor exhibits a concave upward geometry.
To the west it rises towards the Alpine Fault and attains a near vertical dip at 10 km depth, while to
the east it rises toward the backshear array (Wannamaker et al., 2002). It has been observed that the
base of the conductive zone correlates with the depth of the decollement discussed in the Critical
Wedge subsection of Section 2.1.3. The surface outcrops above this region grade from semischist in
the prehnite – pumpellyite facies at 60 km from the Alpine Fault, to ultramylonite in the K-feldspar
amphibolite facies adjacent to the fault.

Figure 4. Electrical resistivity models from the New Zealand South Island MT transect, working in
collaboration with the South Island Geophysical Transect. A and B. Land marks are the Alpine Fault
(AF) and the east coast (EC). A. Model is derived from finite element inversion algorithms applied to
TM (the transverse magnetic) mode observations. B. Model is derived from application of finite
difference inversion algorithm. The first two models are adapted from Wannamaker et al., 2002.C.
Model is derived from a 2-D MT inversion algorithm of Rodi and Mackie [2001] using the crossstrike, electric field response TM mode function. Adapted from Jiracek (2007).
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Spatially and geometrically coincident with this conductive anomaly is a second anomaly of reduced
seismic velocity (Wannamaker et al., 2002). These anomalies have been interpreted to result from a
volume of rising metamorphic fluids within shear zones along the decollement and Alpine Fault. The
transition to vertical dip occurs where these fluids escape from the ductilely creeping rocks into brittle
hydro fractures or through the array of backshears. Once dehydrated, the exhuming high grade schist
becomes resistive (Wannamaker et al., 2002). Conductive anisotropy is inferred to reflect more
efficient fluid or solid phase interconnection in this higher-strain direction (Wannamaker et al., 2002).

2.2.2 Middle to Lower Crust Resistivity Anomalies
Globally ubiquitous regions of mid to lower continental crust exhibit high degrees of electrical
conductivity, e.g. up to 0.01 – 1.0 S/m (Vanyan, 1989; Hyndman, 1993), dramatic lateral variations
(Hjelt, 1988; Jones, 1992; Korja & Hjelt, 1993) and possible anisotropic distribution (Leibecker et al.,
2002; Yang, 2011). Termed anomalous conductive mid-crust, such areas are identified by resistivities
at least 100 times lower than the dry rock expected of the granulite facies of the mid to lower crust
(Hyndman, 1993). Sometimes coinciding with seismic velocity and reflection anomalies, the
anomalous conductive mid-crust occurs in tectonically active areas such as plate boundaries where
active shear occurs, as well as stable shield regions (Haak & Hutton, 1986; Bahr, 1992). These
enigmatic anomalies seem to be characterized by low resistivity, crustal location and association with
heat flow (Bahr, 1992). The origin of these electrical anomalies is uncertain (Yang, 2011) though
many possibilities have been put forth including presence of conductive fluids within the rocks (Drury
& Hyndman, 1979; Olhoeft, 1981), partial melts (Hermance, 1979), graphite films (Frost et al., 1989)
and sulphides and magnetites (Duba et al., 1994; Watson et al., 2010). To understand how these high
conductivity anomalies occur, it must be determined how an interconnected conducting phase network
is established and maintained over large distances under mid to lower crustal conditions.
Potential Sources of Southern Alps Conductor
As there is no evidence for presence of partial melts or sulphides in the orogen region, the speculated
source of the Southern Alps Conductor has been limited to high salinity fluids and/or interconnected
graphite as well to environmental conditions such as geothermal effects.
Fluids have long been favoured as the source of the Southern Alp conductor due to association with
reduced seismic wave velocity, though whether fluids are deep circulating meteoric fluids (Ingham,
1998), related to the saturated sediments or prograde compressional region (Brown, 1994; Ingham,
1996), or strongly concentrated brine fluids (Menzies et al., 2016) continues to be debated. Regardless
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of the fluid composition or condition, fluid phases must be either sufficiently prevalent or efficiently
interconnected to produce the observed conductivity.
Graphite may also contribute to the observed high conductivity (Shankland et al., 1997; Wannamaker,
2000; 2002) as it is uncertain how sufficient fluid would be stored at such high pressures to effectively
saturate the rocks. This phase has been identified in metamorphosed greywacke of the South Island,
especially in basal Aspiring Lithologic Association close to the Alpine Fault (Grapes, 1998). Graphite
is probably sourced from organic rich marine basins of the protolith into which it was deposited in the
form of carbon (Wannamaker, 2000; 2002; Pasteris, 1999; Hjelt and Korja 1993; Boerner et al.,
1996).

2.3 Resistivity and Electromagnetics
Construction of resistivity models from data collected by MT surveys depends on numerous variables.
To extrapolate from lab measured sample resistance to the larger scale resistivity profiles, it is
important to understand what generates circuit resistivity, how rock systems behave as a circuit and
the various controls such as salinity, saturation and temperature, which make resistivity significant.

2.3.1 Theoretical Basis of Resistivity and Electromagnetics
To understand concluding concepts such as how deformation fabric affects the electrical properties
(i.e. capacity to conduct electricity, etc.), introductory concepts such as what the MT models in Figure
4 represent or even the experimental data notation, a preliminary understanding of electromagnetics,
and more specifically, resistivity, is crucial. To provide a basic background, this section reviews the
premise of saturated rock resistivity, the specifics of relevant electrical resistivity theory and an
overview of the applied methods and laws. The theoretical foundation reviewed in this section is
based on the Fundamentals of Electricity and Magnetism by Arthur Kip, 1969. Additional review is
provided in Appendix 2.

Electric current is created by a flow of electric charges in a circuit, driven by the potential gradient of
the applied electric field (E). The electric potential is also known as voltage (V).
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Electric charge (q), measured in coulombs, is the physical property of matter derived from the
imbalance of protons or electrons which characterize how material interacts with an electromagnetic
field.

Resistance (R) is the constant of proportionality between electric current (I) and V, defined by Ohm’s
Law.

𝑅𝑅 = 𝑉𝑉/𝐼𝐼

Eq. 1

The value of resistance, though contingent on the geometry of the circuit elements, fails to incorporate
it. Resistivity (ρ), defined as the resistance of a unit volume of material having unit length (L) and
unit cross-section area (A), is a more meaningful value in geologic settings.
𝐴𝐴

𝜌𝜌 = 𝑅𝑅 𝐿𝐿

Eq. 2

Capacitance (C) measures amount of charge necessary to increase the potential of a conductor by one
volt and is defined as the magnitude of stored charge (Q) to V. Units are 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =
𝑄𝑄

𝐶𝐶 = 𝑉𝑉

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑏𝑏
.
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

Eq. 3

Capacitors are elements used to store charge in a circuit by accumulating charge at a dielectric
interface.
Resistors are devices used in circuits to provide fixed resistance of known values.

Capacitors in series contribute to a total capacitance according to:
1

𝐶𝐶

= 𝛴𝛴𝑖𝑖

1

𝐶𝐶𝑖𝑖

Eq. 4

Resistances in series: contribute to a total resistance according to:

𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝛴𝛴𝑖𝑖 𝑅𝑅𝑖𝑖

Eq. 5

For all materials, there are some shared common electrical properties, among which are a low
frequency limits beyond which conduction phenomena dominate, causing the system to behave as a
resistor, and a high frequency limit beyond which dielectric polarization phenomena dominate,
causing the system to behave as a capacitor (Olhoeft, 1981).

Sinusoidal time variation
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Electric circuits develop varying currents and voltages describable by sinusoidal time variation. The
nature of time varying sinusoidal functions can be best represented as a rotating vector projected onto
a two dimensional time lapse.
V(t) = A sin (ωt)
Where the amplitude (V0) is the length of the rotating vector angular frequency (ω) is the rate of
vector rotation in radians / second.
ω = 2πƒ
Frequency (ƒ) is the rotational rate of vector revolutions / second.
Signal phase is given by the angular position of the generating vector with respect to its initial
position.
Resistor
Shows the time varying current and voltage in a circuit containing a resistor, which results in the
amplitude difference between the two.
I0 = V0 / R
Inductor
When the current passes through an inductor, it creates a phase lag of 90° between the voltage and the
current, where the voltage leads the current.
I0 = V0 / ωL
The current here is also frequency dependent, where frequency and current have an inverse
relationship.

Capacitor
When the current passes through a capacitor, it again creates a phase lag of 90° but this time the
current leads the voltage.
I0 = ω C V0

Application of complex numbers
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Aspects of current-voltage relation analysis are best demonstrated through use of complex numbers.
The two dimensional complex plane is characterized by the real axis (horizontal) and the imaginary
axis (vertical). Every point in the infinite plane is described by an ordered pair of numbers in terms of
a vector from the origin, where the vector is the vector sum of the real number, given by the length of
vector A on the real axis, and the imaginary number, given by the length of vector B imaginary axis.
The imaginary number is denoted by the product of the real number magnitude of vector B by the
value j. Thereby the point P on the complex plane is given as
P = A + jB
Where A = real number
jB = imaginary number
j 2 = −1
As a complex number is a vector, it has a modulus (magnitude) and a direction. The modulus square is
the product of the complex number by its complex conjugate, where the complex conjugate is defined
as the complex number with the signs on all j containing terms reversed.
Therefore, if P = A + jB
The complex conjugate is P* = A – jB
It can then be seen that PP* = A2 + B2
This gives the modulus of P as PP*

Expressing a complex number in polar form uses Euler’s formula,
e jθ = cos θ + j sin θ
This allows
P = A + jB

→

Cartesian form

P = Ne jθ
Polar form

When describing ac rotating vectors with complex numbers, it is best to express θ as a function of
time, using θ = ωt making Euler’s equation
e jω t = cos ωt + j sin ωt
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Where e jω t is the unit vector of constant angular velocity ω
The cos ωt term gives the real component, and j sin ωt the imaginary component, of the
rotating vector.
The current through each of the passive circuit elements in terms of polar complex numbers is
iR (t) = V0 R-1 e jω t
iI (t) = V0 (jωL)-1 e jω t
iC (t) = j ω c V0 e jω t
Electric circuits develop varying currents and voltages describable by sinusoidal time variations. This
time dependent system leads the resistivity, and its reciprocal, conductivity (σ) to both be frequency
dependent, as well as complex, giving a phase shift (φ) between the voltage and the current [Figure 5].

The phase shift (Figure 5) requires temporary storage of energy prior to resumed current flow. This
causes the system to behave as a capacitor.
This causes a frequency dependent system behavior alternating between resistor at lower frequencies,
where neither the current nor the voltage leads the other so phase shift (φ) approaches 0°, and
capacitor at higher frequencies, where the current leads the voltage by 90° so the phase shift φ
approaches -90°.

The complex nature of resistivity and conductivity gives

𝜌𝜌 = 𝜌𝜌′ + 𝑖𝑖𝑖𝑖

𝜎𝜎 = 𝜎𝜎 ′ + 𝑖𝑖𝑖𝑖′′
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Eq. 6
Eq. 7

Where:

σ * = complex conductivity
σ ′ = in-phase (real) conductivity
σ ′′ = quadrature (imaginary) conductivity
Where ρ is the magnitude of resistivity, ρ’ is the real component of resistivity, ρ” is the imaginary
component of resistivity, σ is the magnitude of conductivity, σ’ is the real component of
conductivity, σ” is the imaginary component of conductivity, and i is the imaginary number.

Resistivity and conductivity are reciprocals of one another, as seen in Figure 6. The relationship with
the phase shift between voltage and current is also shown.
The components of complex resistivity and conductivity are given by:

𝜌𝜌′ = |𝜌𝜌| 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝜌𝜌′′ = |𝜌𝜌| 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
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Eq. 8

Eq. 9

𝜎𝜎 ′ =
𝜎𝜎 ′′ =

2

𝜌𝜌′

𝜌𝜌′ +𝜌𝜌′′

2

𝜌𝜌′′

𝜌𝜌′2 +𝜌𝜌′′2

Eq. 10

Eq. 11

2.3.2 Circuit of Rock and Water Elements
Saturated rocks, most simply, are modelled as a non-conductive mineral matrix around a conductive
interconnected pore matrix (Bussian, 1983; Cheldize, 1999; Patnode & Wyllie, 1950; Brace, 1971;
Hermance et al., 1972; Jackson et al., 1978; Ucok, 1979). In terms of electrical circuits, they are
modelled as resistors and capacitors in series, shown in Figure 7. The pore matrix of a brine saturated
rock consists of electrolyte filled void spaces created by pores and fractures which conduct electrical
current in two simultaneous ways, (i) through bulk pore fluid and (ii) through pore surface conduction
(Olhoeft, 1981; Cheldize, 1999). The mineral matrix is treated as nonconductive since minerals are
many orders of magnitude less conductive than electrolytic fluid (1x10-10 S/m versus 1 S/m,
respectively) (Olhoeft, 1981). The exact value of electrolytic fluid conductivity is dependent on
several different variables.
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In such a system where the only charge carrier is electrolytic fluid, system conductivity (σr) is
modelled by Archie’s Law, a function of the fluid conductivity (σw) and the formation factor (F). F is
a function of porosity (Φ) and the geometric (or cementation) factor (m). m, dependent on mineral
consolidation and pore geometry, tends to range from 1.8 – 2.0 for consolidated sandstones and 1.3
for clean unconsolidated sandstones (Archie, 1942).

𝜎𝜎𝑠𝑠 = 𝜎𝜎𝑤𝑤 𝐹𝐹 −1
𝐹𝐹 =

−𝑚𝑚
𝜎𝜎𝑟𝑟
=Φ
𝜎𝜎𝑤𝑤

Eq. 12
Eq. 13

Electrical properties are transport properties- they describe motion and consequences of charged
particle transport (Olhoeft, 1981). Therefore, understanding the electrical properties of brine saturated
rocks is a matter of understanding the relative effects of transport mechanisms in the two dominant
processes of conductivity through bulk pore fluid and pore surface conductivity. In saturated porous
media, such as the geophysical anomalous zone identified by the SIGHT survey, dominant current
pathways are both bulk pore fluid and surface conductance (Kruschwitz, 2010).
Bulk Pore Fluid Conductance
An electrolytic fluid contains electrolytes (salt solutes) which dissociate into oppositely charged
particles (ions: cations and anions) when introduced to solvent fluid. The conductivity of an
electrolytic fluid is determined by transportation of charge carrying ions, which is accommodated by
migration (diffusion or percolation of charge in response to an electric field, involves ions of opposite
charge moving in opposite directions) and hindered by inter-particle interaction (scattering, viscous
drag etc.) (Olhoeft, 1981). The electrical conductivity of an electrolytic solution depends on salt
concentration, dissolved salt species and temperature. The porous nature of rocks allows them to
function as resistors and capacitors simultaneously, and they are modelled by an in-series circuit
(Cheldize, 1999).
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Deionized water is an electrolyte with an electrical conductivity of 5 x 10 -6 S/m. Its electrical
properties are strongly dependent on temperature, frequency, impurity chemistry and physical state,
but are relatively independent of pressure in the liquid state below the critical temperature, above
which (and in the solid phase) it becomes pressure dependent (Olhoeft, 1981).
Salt concentration is a measure of dissociable ions in solution. The more ions, the more charge that
can be carried. After a point, there is also a negative feedback with increasing concentration due to an
increasing collisional rate [Figure 8]. Higher collisional rates impede motion consequently charge
transport.
Salt species, through ion size and electrolyte strength, affect ion mobility and consequently
effectiveness as a charge carrier. Ion mobility of different salt species, through both the bulk
electrolytic and surface conduction, is given in Figure 8.
Temperature, in addition to salt concentration, is the main contributor to electrolytic and surface
conductivity. Electrolytic electrical conductance increases with increasing temperature until it nears
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the critical point, beyond which it becomes a function of pressure. This is due to decreased fluid
viscosity and reduced drag on ions. The effect of temperature, like salt concentration, is non-linear
and exhibits a decrease in mobility at values approaching the critical temperature due to increased
collisional rates.
Surface Conductance
Few rocks, even those composed of non-conductive minerals, function ideally per Archie’s Law. This
is because it fails to take into consideration conductivity along pore surfaces at the fluid-rock
interface, which happens with all minerals. This phenomenon is commonly called surface
conductivity. The effect of surface conductivity is most pronounced in rocks with clay components
though it also occurs in a range of other minerals, from micas to quartz, to a diminishing degree.
Surface conductance occurs due to charge accumulation on grain – pore surface boundaries. Charge
accumulation may occur for a variety of reasons including intrinsic charge unbalances in grains,
usually clay grains (Revil, 2012; Leroy & Revil, 2004) grain boundary conductive films, such as
graphite films (Cheldize, 1999) grain polarization, electrochemical reactions, etc. The result of these
phenomena is formation of an electric double layer, or EDL. The EDL encompasses two sublayers
adjacent to a negatively charged mineral grain boundary [Figure 9]. The first layer, the Stern layer, is
made of densely adhered cations (also known as counterions) on the mineral surface that can move
tangentially along the mineral surface. This is because the innermost complexes are not outwardly
mobile due to strong mineral surface attraction. The second layer, the diffuse layer, consists of
counterions, but with a smaller charge density than the Stern layer. The total charge of the two layers
exponentially decreases in excess unbalanced positive charge as spatial extent from the mineral
surface increases, to an electroneutral state in the bulk pore fluid (Revil, 2012; 2015; Wang, 2008;
Tournassat, 2009).
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The degree to which surface conductance contributes to the overall complex conductivity depends on
the surface to volume ratio of the pores, which affects the ratio of EDL to bulk electroneutral pore
fluid, as well as the potential continuity or overlapping of the EDL between grains, pore surface and
volume physical and chemical component properties, coupled mode between surface and volume
processes, solid – liquid interface, electrical double layer characteristics, and geometrical, chemical
or other electrical heterogeneity of real interfaces (Cheldize, 1999).
Whether the dominant conductive path is through bulk pore fluid conductance or through surface
conductance primarily depends on the conductivity of the saturating fluid. When the fluid contains
sufficient salt concentration it becomes the primary conductive path. At lower concentrations, surface
conductance becomes the primary transport mechanism [Figure 9] (Revil, 2015; Wang, 2008).
At higher ionic concentrations, bulk pore fluid conductance becomes the dominant conductance
pathways. The degree of surface conductance, though also dependent on the same variables as bulk
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pore fluid conduction, bulk pore fluid and surface conductance, changes at different rates when these
components are varied. Higher ionic concentrations also establish a threshold at that the PoissonBoltzmann theory, a successful model of microscale electroosmotic transport, begins to fail (Wang,
2008).
The effects of surface conductance are considered in the following models of complex conductivity:
the Bruggeman – Hanai equation, Waxman and Smit (1968) model and the models used in Bussian
(1983) and Revil (1998). Unusual dielectric spectra, large static polarization, and long relaxation
times are all difficulties which arise from electrical surface effects, which complicate modelling
attempts (Cheldize, 1999; Revil, 2015).
In reference to Eq. 7, the in-phase conductivity represents the ability of porous material to transmit
electrical current, whereas the quadrature conductivity describes the tendency of porous material to
polarize. Induced polarization primarily occurs in the Stern layer (Revil, 2012). When an electrical
field is applied, counterions within the EDL move parallel to the electric field and accumulate at grain
boundaries. When the electrical field is removed, the chemical gradient causes the cations to diffuse
back to equilibrium, resulting in induced polarization (Revil & Florsch, 2010; Revil, 2012).

In summary, the dependency of a rock’s electrical properties on its structural features (permeability,
porosity, mineral grain alignment etc.) allows insight into degree of bulk fluid interconnection as well
as the partitioning between bulk fluid and surface conductance pathways. In addition, the associated
phase lag denotes the degree to which the rock is functioning as a capacitor or a resistor.
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Chapter 3
Methods
3.1 Sample Preparation
This section provides the methods used to prepare samples. To prepare samples for confining pressure
measurements and table top measurements, they were cut into cubes. Cube dimensions and porosity
were determined, then they were saturated.

Cube Preparation
Samples were set flat in plaster using a spirit level to make sure foliation was perfectly horizontal.
They were then cut to an approximate size with a diamond grit bladed table saw before being hand
ground to final size on a diamond grit coated wheel. It was very important to achieve flat parallel
faces to minimize sources of error in resistivity measurements and calculations.

Figure 10. Schematic diagram of sample cubes with A. strike and dip, and B. lineation orientation
marks, with corresponding notch orientation marker.

Sample Orientation
Strike orientations were recorded on foliation faces. A notch was cut on cube edges to preserve the
down dip aspect [Figure 10]. Notches created later problems in measuring rock porosity and
resistivity dimensions. They also compromised jacket integrity under confining pressure and had to be
filled with a mixture of epoxy and fine pure quartz sand. Epoxied samples were cured for two days
and smoothed by hand with sand paper.
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All samples were measured in the same orientation to minimize effects of fabric or foliation
anisotropy in varying orientations between foliation-parallel and foliation-perpendicular.. Each
sample was measured perpendicular to foliation, as shown in Figure 10 A. The face with the
orientation markers are foliation faces, with the up direction maintained. Samples were placed in the
experimental assembly the same way for each test, as shown in Figure 10 A with the notch facing out
and on the top right corner.

Sample Dimensions
Difficulty in producing the cubic geometry mentioned above motivated development of a method to
determine average cube dimensions and an accurate degree of error. A digital calliper was used to
measure cube length, width and depth at each of the four corners. These four measurements for each
dimension was averaged and used to calculate the A/L value for each of the samples as well as sample
volume.
Error was found by using the four measured points and multiple linear regression to solve the
equation of the plane (𝑧𝑧 = 𝑎𝑎𝑎𝑎 + 𝑏𝑏𝑏𝑏 + 𝑐𝑐) which minimizes the orthogonal distance between the points

(xi, yi, zi) and the plane. Coefficients a, b and c are found by solving the linear system
𝐺𝐺(𝑎𝑎, 𝑏𝑏, 𝑐𝑐) = 𝛴𝛴(𝑧𝑧𝑖𝑖 − 𝑎𝑎𝑥𝑥𝑖𝑖 − 𝑏𝑏𝑦𝑦𝑖𝑖 − 𝑐𝑐)2

Eq. 14

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
= 0,
= 0,
=0
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝛴𝛴 𝑥𝑥𝑖𝑖2
𝛴𝛴𝑥𝑥𝑖𝑖 𝑦𝑦𝑖𝑖
𝛴𝛴𝑥𝑥𝑖𝑖

𝛴𝛴𝑥𝑥𝑖𝑖 𝑦𝑦𝑖𝑖
𝛴𝛴𝑦𝑦𝑖𝑖2
𝛴𝛴𝑦𝑦𝑖𝑖

𝛴𝛴𝑥𝑥𝑖𝑖 𝑎𝑎 𝛴𝛴𝑥𝑥𝑖𝑖 𝑧𝑧𝑖𝑖
𝛴𝛴𝑦𝑦𝑖𝑖 ∙ 𝑏𝑏 = 𝛴𝛴𝑦𝑦𝑖𝑖 𝑧𝑧𝑖𝑖
𝛴𝛴𝑧𝑧𝑖𝑖
𝑛𝑛 𝑐𝑐

Distances from each point to the plane were then found and the percent error of each distance to a
measured value was calculated.

Porosity
The fraction of void space in each sample was calculated by

Φ =1−

𝑊𝑊𝑑𝑑 −𝑊𝑊𝑠𝑠
𝑉𝑉

Eq. 15

where Φ is fraction porosity, Wd is the weight of dehydrated rock, Ws is the weight of deionized (DI)
water saturated rock submerged in DI water and V is sample volume. DI water was used since sample
saturation in brine solutions was minimized to prevent accumulation of salts in pore, which would
alter sample resistivity measurements. The weight of dehydrated rock was found by heating the
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sample in a vacuum oven for two days to evacuate moisture from pore space before measuring. The
weight of saturated rocks was found by evacuating pore space in the vacuum oven at -0.1016 MPa,
submerging the sample while still in the vacuum and then letting sit at atmospheric pressure for two
additional days to force fluid into the pore space prior to weighing.
Saturation
All samples were saturated in KCl brine solution prior to resistivity testing. Some samples were
originally saturated and tested at 0.01 M KCl but resulting resistivity was near the upper limit of
equipment capacity so brine concentration was increased to 0.1 M. Samples were saturated using the
process detailed above. Resting time of a two-day average prior to testing ensured sufficient
saturation. All samples were started at lower brine concentrations and increased to minimize salt
accumulation in pore spaces. Samples were flushed with DI water, using the same process to saturate,
to remove pore space salts between brine concentration changes.

3.2 Experimental Setup
The experimental procedure detailed here is substantially founded on the sample preparation
described in Marrow et al., 2015 and Lockner & Byerlee, 1985 and was developed by Olhoeft (1979,
1985). The experimental assembly, shown schematically in Figure 11 A, consists of a sample centred
between alternating porous Berea sandstone wafers and platinum black electrode screens bordered on
each side by a stainless steel circular converter, a stainless steel spacer at the lower end and an
alumina ceramic spacer at the upper end.
The assembled column was then fitted in a jacket comprised of a single inner 25.4 mm diameter
polyurethane heat shrink tube with three outer 38.1 mm diameter polyurethane heat shrink tube layers.
Platinum wire leads, joined to the platinum black electrodes, exited through pin holes in the innermost
tube layer which were sealed with silicone glue before being wire wrapped to connect with the end
plug. The end plug attached to the upper end, both sides of the column were secured with 31.75 mm
crimp hose clamps, and all wire connections were enclosed in additional heat shrink tubes. Berea
sandstone wafers had a 20% porosity and dimensions of 3 mm thick and 1.8 cm square faces. They
were used to promote uniform sample saturation and pore pressure distribution while under confining
pressure, and provided a means of electrically isolating the inner from the outer electrodes. Electrodes
consisted of platinized screens- platinum wire screens coated with platinum black to increase the
effective surface area from the geometric area provided by the base electrode and thereby reducing
electrode polarization. This arrangement ensured sample assembly was isolated from surrounding
silicon oil even under confining pressure, and that minimal noise was generated from leads shortages
within the vessel to allow pore pressure control.
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Figure 11.

When measuring complex impedance in brine-saturated rock, two significant sources of error are
electrode polarization and cable impedance. The four-electrode measurement technique, shown
schematically in Figure 11 B. minimized effects due to electrode polarization by driving current
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through the outer electrode pair while measuring electrical potential across the sample with the inner
pair, using a high input impedance amplifier. Since the inner electrode pair draws almost no current,
errors due to polarization of the electrodes is minimized. Also, the Agilent 486 LCR meter that was
used for the impedance measurements has a calibration mode in which cable impedance is measured
prior to sample testing and automatically subtracted from sample measurements.
All sample measurements were made in a controlled room temperature environment of 23.3 ± 0.1 °C.

3.3 Experimental Procedure
This section outlines the procedure used for resistivity measurements with confining pressure and
table top atmospheric conditions.
Confining Pressure Resistivity Measurements
The experimental procedure detailed here, like the experimental setup, is substantially founded on
methods described in Marrow et al. (2015); Lockner & Byerlee (1985) and was developed by Olhoeft
(1979, 1985). The experiments were conducted at the Rock Physics Laboratory headed by Dr. David
Lockner at the USGS facility in Menlo Park, California.
Samples were placed in the confining pressure vessel, and pressure was increased to
approximately 5 MPa. Pore system lines were tested to see if oil was present, which would indicate a
jacket leak. Pressure was then drawn to -0.1 MPa to evacuate the pore space. While the vacuum pump
was running, the line was shut to see if the -0.1 MPa pressure was maintained, indicating a lack of a
pore pressure leak. The vacuum line would be reopened to draw all air from the system. Following
this, the pore pressure system would be turned on and would pump pressure to 2 MPa. Then effective
pressure would be raised to 5 MPa and time would be given for the system to equilibrate prior to
measurement.
Electrical resistivity was measured over two cycles of increased confining pressure. Both
Runs (A, B) had a pore pressure of 2 MPa. Run A measured effective confining pressure at peff = 5,
10, 20, 50, 100, 150, 200 MPa and Run B measured effective confining pressure at peff = 5, 10, 20, 50,
100, 150, 200 MPa.

Resistivity Measurements at Table Top Conditions
Measurements made with the table top assembly, at atmospheric pressure, used the same four
electrode system detailed in the confining pressure set up, but the experiment assembly was simplified
due to lack of confining pressure. The assembly was composed of a tailored vice used to press two

33

brine reservoirs open to the sample cylinder. The reservoirs were filled with brine solution, inner and
outer electrodes attached, and then measurements could be made.

3.4 Data Processing
Several steps are involved to convert raw data produced by the LCR meter to a more useful form.
Raw data includes frequency, resistance and phase shift. Eq. 8, 9, 10, and 11 are applied to raw data to
yield complex resistivity, complex conductivity and the real and imaginary components of both. The
LCR meter has a limited frequency range in which it can provide accurate data. Beyond the lower and
upper frequency limits of that range the LCR meter compounds errors and yields increasingly
inaccurate results. The LCR meter used doesn’t generate data below the range, but it does generate
data above it. To maintain quality results, data produced beyond the upper limit must be thrown out.
To find the upper limit, the real component of conductivity was plotted to the log of frequency.
Conductivity increases with frequency as the phase shift increases and the system begins to behave
more as a capacitor than a resistor, as described in Section 2.3.1. The effect of error on conductivity is
visually apparent in the plot where conductivity begins to artificially fall. The frequency at that
inflection point gives the upper frequency limit.
This was done for all the data used and presented in the results section.

3.5 Resistivity of Experimental Setup
This section presents resistivity results for a range of brine concentrations and electrode materials, to
select the optimal components for further sample measurements. All measurements were made with
the four-electrode system described in Figure 25 B.
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Brine
Saline solutions of KCl brine were used for all sample measurements in this study.
Two samples were measured under confining pressure at 0.01 and 0.1 M brine to determine desired
concentration. The LCR meter has a functional range of measured resistance beyond which error is
introduced. The confining pressure vessel is sensitive to the corrosive nature of brine. Brine
concentration was kept as low as possible given it produced results within the functional range of the
LCR meter.

Figure 12.

The 0.1 M solution extended the upper frequency limit by nearly an order of magnitude frequency, in
comparison with the 0.01 M solution, while still being a low enough concentration to not be too
reactive with the experimental apparatus [Figure 12]. All further confining pressure tests were
conducted at 0.1 M brine concentration.

35

Electrodes

Figure 13.

Electrodes made of different metallic screens were tested in the table-top assembly using a brine-filled
tube without a rock sample, to determine which one should be used in experiments. A good electrode
material provides maximum current to the samples, exhibits low resistance, and is non-reactive in
brine. Resistances of these screens, including platinum black (Pt), copper (Cu), and silver-silver
chloride (Ag) were found and are presented below.
As shown in Figure 13, at 0.01 M, Ag has the highest resistance, at 128.9 Ω, and Pt has the lowest, at
111.7 Ω. Resistances of all materials equals approximately 13 Ω at 0.1 M. At low concentration
resistances vary more between materials, but converge at higher molarity to approximately 13 Ω.
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Figure 14.

Figure 15.

Ag exhibits the highest resistance at 0.01 M with a value of 129.51 Ω at 1 Hz frequency. Pt has the
lowest resistance with a value of 111.97 Ω at the same frequency, 15.74 Ω lower than Cu. Quality of
trend line fits are evaluated by R2 values – the statistical measure of how well data fits its regression
model (Nagelkerke, 1991), which range from 0.55 to 0.7653 for resistances given here [Figure 14].
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The scale of Figure 15 shows the disparity of different materials at 0.1 M obscured in previous graphs.
Pt exhibits the highest resistance, with a value of 0.46 Ω at 1 Hz frequency while Cu has the lowest
resistance at the same frequency, with a value of 13.10 Ω. Oscillations responsible for low R2 values
are more obvious. Pt has the lowest R2 value; its deviation from a linear fit indicates frequency
dependence which is greater at higher brine concentrations.
Pt exhibits the lowest resistance at 0.01 M, and slightly higher resistance compared to other electrode
materials at 0.1M. Differences at 0.1 M are minimal when the scale of the graph is considered.
The resistance and R2 of Pt are not significantly higher than other materials at 0.1 M, and exhibit the
lowest of these values at 0.01 M. It was also readily available in the lab. Consequently, it was used in
all future experiments. Since both values increase relative to the other materials with increasing
concentration, however, another electrode material would be considered for further experiments
conducted at a higher brine molarity.

3.6 Control Sample Resistivity
Sample measurements of known resistivity were used to test accuracy of experimental setup. Samples
of Westerly Granite and porous alumina (Al2O3) ceramic were measured and compared to results from
Lockner & Byerlee (1986), shown in Figure 16. The chemically neutral porous alumina sample was
tested to see how much polarization occurred in the leads. The degree of ρ" and phase shift increase
must be related to system polarization, due to lack of surface or solid phase conduction in the sample.
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Westerly Granite

Figure 16.
Figure 17.
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This study found Westerly Granite to have a resistivity of 3.23 Ω•m at atmospheric pressure. A
projected value for Westerly Granite at atmospheric pressure was found by fitting a trend line to data
from Locker & Byerlee (1986), and yielded a resistivity of 3.38 Ω•m [Figure 17]. A difference of
0.15 Ω•m separates the value this study measure from the projected value based on Lockner &
Byerlee (1986). The setup reproduces values within the expected range for Westerly Granite.

Porous Alumina Ceramic
A porous alumina (Al2O3) sample was also measured to compare results with Lockner & Byerlee
(1986). Alumina is entirely devoid of conductive solids or potential electrochemical reactions along
otherwise conductive pore surfaces, providing an entirely neutral sample. The alumina sample has a
porosity of 0.42.

Figure 18. Plot of resistivity and phase shift

Figure 19. Plot of resistivity and phase shift

versus log f for Al2SiO3, at 0.4 M brine and 20 Hz.
versus log f for Al2SiO3. Measurements were taken
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Measurements were taken with a four electrode
with both a two electrode system, represented by
system only.
triangles, and a four electrode system, represented
by circles. Adapted from Lockner and Byerlee,
1986.

Provided scale adjustments, the alumina ceramic is comparable with results from Lockner & Byerlee
(1986); with the brine – filled porous ceramic behaving as a linear system [Figure 18, 19]. Therefore,
it is safe to assume, given the minimal phase lag demonstrated in inert sample results, minimal noise
due to induced polarization was recorded in the experimental measurements.

3.7 Modelling Methods
Laboratory measurements were taken over a range of confining pressures to simulate the effects of
increasing overburden pressure. However, these measurements do not replicate fluid compositions or
temperature at depth beneath the Southern Alps. To realistically compare resistivity results to those
recorded by the SIGHT MT surveys, measurements must be adjusted for the effects of salinity, salt
species and temperature. The full fluid composition profile, geothermal gradient and effective
confining pressure gradient of the Alpine Fault is given in Table 1.
In this section, the accuracy of the Ucok (1979) and Bannard (1975) fluid conductivity modelling
methods are compared in order to select the best methods for further analysis. The formation factor
was found from predicted fluid conductivity and resistivities of mylonites are averaged at effective
pressures which correlate to a depth on the effective pressure gradient [Table 1]. Fluid conductivity,
found by the Ucok (1979) model and the formation factor, is applied to adjust for the effects of
pressure, brine concentration, salt species and temperature over a range of depths. This allows
adjustment of laboratory measurements to the conditions of the Southern Alps Conductor, and
comparison of findings to the observations of the SIGHT MT surveys. These predicted values do not
include the effects of surface conductance.
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Fluid Conductivity
There are multiple ways to calculate fluid conductivity, but the Bannard (1975) and Ucok (1979)
models were suggested as most suitable and are thus compared. Both models are functions of salt
concentration and temperature, and Ucok (1979) has an added variable for salt species.
The Ucok (1979) model is dependent on parameters of salt species (NaCl, KCl, CaCl2), salt
concentration and temperatures. The applicable ranges of this model are 25 °C < T < 375 °C, 0 ≤ [C]
≤ 6 M and has an accuracy of ± 2%.
The Bannard (1975) model is dependent on parameters of salt concentration and temperature and has
useable range of < 600 K, < 200 MPa, and 0.1 M ≤ [C] ≤ 3 M.
Results from both models are shown in Table 2.

Table 2. Modelled fluid conductivities from Ucok (1979) and Bannard (1975) models.
Brine Concentration

Measured σ (S/m)

Ucok 1979
modelled σ (S/m)
-

Bannard 1975
modelled σ (S/m)
-

0.6846 M Cl-, Na+, Ca2+,
3.4a
+
K
0.01 M NaCl
0.1208
0.3878
0.1 M NaCl
1.044
7.854
0.4 NaCl
3.801
132.2
a
From Morrow et al., 2015 on fluid that was designed to be equivalent to SAFOD drill hole
formation fluid. For the values given above, Morrow et al. (2015) was measured at 22.7 ° C, the
Ucok (1979) and Bannard (1975) models were both set to 23.5 ° C.

These two models, though they are calculated at the same NaCl salt concentration and temperature,
produce quite different results. Without a baseline expected conductivity value to compare it to, it is
difficult to known which model produces more accurate (or at least appropriate) results. Morrow et al.
(2015) conducted conductivity experiments using a saturating solution containing Cl, Na, Ca, and K
ions of total concentration equalling 0.6846 M. The measured fluid conductivity was 3.4 S/m at 22.7
C. There is a 0.401 S/m difference between measurements from Morrow et al. (2015) and the Ucok
(1979) result for a 0.4 M NaCl brine and a 128.8 S/m difference with the Bannard (1975) result for
0.4 NaCl.
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The Ucok (1979) model was used to predict fluid conductivity because it is applicable over a wider
range of conditions likely experienced in the Alpine Fault Zone, it accounts for differences produced
by varying salt species and it yields results with less error.

Formation Factor
As previously discussed in Section 2.3.2, formation factor (F) is related to cementation factor (m) and
the ratio of fluid conductivity and rock conductivity, through Archie’s Law,

𝐹𝐹 = ∅−𝑚𝑚 = 𝜎𝜎𝑤𝑤 /𝜎𝜎𝑟𝑟

Eq. 16

The formation factor was found at confining pressure which corresponded to a depth within the
temperature capacity of the Ucok (1979) model, with the lowest depth being at 9.37 km with an
effective confining pressure of 150 MPa [Table 1].
The rock conductivity (σr) was calculated from averaged resistivity values of mylonite sample 04A1
and ultramylonite samples 07A1 and 07B1.
The fluid conductivity (σw) was predicted by the Ucok model, to represent the brine conductivity with
which the resistivity measurement was made, with consideration to salt species (KCl), concentration
(0.1M) and room temperature (23.5 °C). The resulting formation factors are given in Table 3.
Predicted Sample Conductivity
Predicted sample conductivity was found by rearranging Eq. 16 to solve for σr, with the predicted in
situ brine conductivity σw, and F values found above.
𝜎𝜎𝑟𝑟 =

𝜎𝜎𝑤𝑤
𝐹𝐹

3.8 Sample Specs and Dimensional Error
The only source of error in measuring and calculating sample resistivity resulted from error in of
sample dimensions. The LCR leads were calibrated to automatically remove measurement error from
the resistivity set up. Therefore, producing the parallel and flat faces of the samples required for
calculations yielded approximations through averaged dimensions to generate the necessary values. In
order to determine the sample dimensions, the distance of each axis was measured at the sample
corners (corners labelled C1-C4), and were averaged to give a length (z-axis), width (x-axis) and
depth (y-axis). To calculate the associated error with the cross sectional area (x-y plane) and the
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sample length (along the z axis), the difference between each corner measurement and the averaged
dimension was found and averaged again to give a deviation. The deviations were then used to find
the error in length (L) and the error in the cross sectional x-y plane area (A), which were used in Eq.
to convert resistance to resistivity. Spread sheets containing the sample specs and the dimensional
error may be found in Appendix 4.
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Chapter 4
Results
This section presents results. Results are divided into three sections: the sample section, which
considers sample locations and rock characteristics, the laboratory sample resistivity section- which
includes measurements taken under confining pressure and at atmospheric pressure with the table top
assembly, and the modelled results section. Each section presents resistivity data in a variety of ways
to see if any meaningful relationships can be established between electrical properties and
characteristics of the sampled rocks.

4.1 Samples
This section presents sample outcrop locations, their mineralogy, metamorphic facies and deformation
fabrics.

4.1.1 Sample Locations
Samples were gathered from the Haast and Alpine Schist, as well as the Alpine Fault Mylonites, all of
which are in the hanging wall of the Alpine Fault Zone.
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Sample locations were selected to include the widest possible range of petrophysical and metamorphic
mineral facies, as well as structural variations approaching the Alpine Fault. Samples were intended to
reflect lithologies present around magnetotelluric surveys of the South Island Geophysical Transect
project.
Sample locations are shown in Figures 20-22 with consideration of protolith terrane and mineral
metamorphism.
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Figure 20. Map of sample locations and protolith terranes.
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Figure 21. Map pf sample locations with metamorphic facies.
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Figure 22. Maps of sample locations. A. Sample locations with protolith terranes. B. Sample
locations with metamorphic facies.

Map of Study Area Metamorphic

49

50

4.1.2 Sample Descriptions
The following sample descriptions focus on features which may influence porosity (degree of
interconnection, pore geometry, average grain volumes, sizes and distribution) or presence of grain
boundary films, such as phyllosilicate or opaque phases. Mineral volume percentages were
determined by visual approximation. The scale bar present on all hand sample images is in
centimetres.
Sample 01A1 – Haast Semi Schist

B.

500

C.

A

200

Figure 23. Sample 01A1 Haast Semi Schist. A. Hand sample. B. Thin section under
plane polarized light. C. Thin section under plane polarized light.

Sample 01A1 is a Haast semi schist collected 300 km from the Alpine Fault. It is within the Rakaia
Terrane, and the pumpellyite - actinolite metamorphic facies zone. Rock porosity is 4.9%. Some
pores, defined here as void space in the rock, are in a minority of continuous quartz rich
compositional bands, are visible to the naked eye and have a rough measured diameter of 0.1 to 0.4
mm. Mineralogy is 55% quartz, 40% biotite, 4% opaques and 1% accessory phases. Quartz grains are
50 – 200 µm in diameter, are well sorted and exhibit a subangular to rounded geometry. Fine grained
biotite and opaques of indeterminable size wrap around and separate quartz grains. Not evident at 10x
scale and poorly evident at 4x scale, but visible at hand sample scale are continuous quartz rich
composition bands 0.1 to 1 mm in thickness and spaced 0.1 to 5 mm parallel to foliation. Foliation is
spaced and planar.
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Sample 02B1 – Haast Schist

A.

Figure 24.
Sample 02B1 Haast
Schist. A. Hand sample.
B. Thin section under
plan polarized light.. C.
Thin section under plan
polarized light at 10x
objective.

A.

B.

500 µm

200 µm

Sample 02B1 is a Haast Schist collected 13.5 km from the Alpine Fault. It is within the general
Rakaia Terrane and the chlorite greenschist mineral metamorphic facies.
Rock porosity is 5.4%. Sample is visibly porous with pores occurring in quartz rich compositional
bands, grouped into clusters in smallscale fold hinges and the main rock body as well as stringing
along parallel to foliation. Pores measured from hand samples exhibit diameters of 0.1 to 1 mm and
lengths of 0.1 to 2 mm. Mineralogy is 65% quartz, 32% biotite, and 3% opaques.
Quartz grains are 50 to 150 µm in diameter, biotite grains are 50 to 100 µm in length and opaques are
less than 50 µm in length. In addition to the obvious pore structures, the rock is characterized by
discontinuous compositional banding of commonly folded quartz. The compositional bands are sub
planar and 500 µm to 1 mm thick while the folds are 2 to 5 mm in wavelength and display thickened
fold hinges.
52

Sample 02C1 – Haast Schist

B.

A.

500 µm

C.

200 µm

Figure 25. Sample 02C1 Haast Schist. A. Hand sample. B. Thin section under plane polarized light.
C. Thin section under plane polarized light.

Sample 02C1 is a Haast Schist collected 12 km from the Alpine Fault. It is within the Rakaia Terrane
and the chlorite greenschist facies.
Rock porosity is 3.9%. Rock exhibits visible porosity, with pores measured from hand samples to be
0.1 to 1 mm in diameter. Pores occasionally appear to trail subparallel to bedding.
Mineralogy is 45% quartz, 30% biotite, 15% opaques and 10% chlorite.
Quartz grains average 5 – 20 µm in diameter and exhibit a predominately equant to semi-oblong
subrounded to well-rounded geometry. Biotite, opaques and chlorite were too fine grain to be easily
measured. The rock is characterised by compositional bands rich in quartz and chlorite interspersed
with bands rich in biotite and opaques. Compositional bands are discontinuous and occasionally
deformed into folds with wave lengths of 0.5 to 2 cm. Such folds usually exhibit thickened fold
hinges. Despite such occasional folds, foliation is spaced and tends towards sub planar.
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Sample 02E1 - Haast Schist

B.

A.

500 µm

C.

200 µm

Figure 26. Sample 02E1 Haast Schist. A. Hand sample. B. Thin section under plane polarized light. C. Thin
section under plan polarized light.

Sample 02E1 is a Haast Schist collected 10.5 km from the Alpine Fault. It is within the Aspiring
Lithologic Association of the Rakaia Terrane and the biotite greenschist facies.
Rock porosity is 2.1%. Mineralogy is 55% quartz, 25% chlorite, 7% opaques and 3% biotite.
Average grain size is 50 – 100 µm in diameter for quartz grains and 20 to 100 µm in length for
chlorite grains. Quartz grains are rounded and fairly equant while chlorite grains are more elongate,
tending towards acicular. The rock is characterized by isoclinal folds with wavelengths of
approximately 7 cm. Folds are defined by compositional banding of chlorite rich and quartz rich
regions each approximately 1.5 – 2 cm in width. Compositional bands appear continuous.

Sample 08B1 - Alpine Schist
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Figure 27. Sample 08B1 -Alpine Schist. A. Hand sample. B. Thin section under plane polarized light. C.
Thin section under plane polarized light..

Sample 08B1 is an Alpine Schist gathered 3.3 km from the Alpine Fault. It is within the Aspiring
Lithologic Association of the Rakaia Terrane and the garnet amphibolite facies.
Rock porosity is 1.8%. Mineralogy is 38% quartz, 37% biotite, 23% opaques and 2% accessory
phases.
Quartz grains sizes average 20 to 150 µm in diameter, while biotite grains range from 20 to 150 µm in
length. Opaque mineral habits and sizes are quite varied, and include tabular grains ranging from 100
µm to 700 µm in length. Amorphous opaque grains are approximately 50 to 600 µm in diameter. The
rock is characterized by alternating compositional bands of extremely fine grained biotite and opaque
rich layers with quartz rich layers. Quartz rich bands are discontinuous with widths ranging from 0.5
mm to 5 mm, with thicker sections generally due to disjunctive thickened fold hinges. Grain
geometries are subrounded. The foliation is spaced, and generally, sub anastomosing to planar despite
isolated fold hinges.
Sample 08C1 – Alpine Schist

A.
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Figure 28 . Sample 08C1 Alpine Schist. A. Hand sample. B. Thin section under plane polarized light. B Thin
section under plane polarized light.

Sample 08C1 is an Alpine Schist gathered 2.7 km from the Alpine Fault. It is within the Aspiring
Lithologic Association of the Rakaia Terrane and in the garnet amphibolite facies.
Rock porosity is 1.2 %. Mineralogy is 35% quartz, 30% biotite, 30% opaques and 5% accessory
phases.
Quartz grains are 20 – 75 µm in length and biotite grain average 100 – 400 µm in length. Opaque
grains are mostly too small to measure but are few large ones range from 50 to 400 µm in length.
Grain geometry is extremely elongate. The rock is characterized by spaced and discontinuous
compositional bands of alternating quartz rich and biotite/ opaque rich regions with thickness ranging
from 1 mm to 1 cm.

Sample 06D1 – Alpine Fault Protomylonite
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Figure 29. Sample 06D1 Alpine Fault protomylonite. A. Hand sample. B. Thin section under plane
polarized light. C. Thin section under plane polarized light.

Sample 06D1 is an Alpine Fault protomylonite collected 0.54 km from the Alpine Fault. It is in the
Aspiring Lithologic Association of the Rakaia Terrane and the K-feldspar amphibolite facies.
Rock porosity is 1.57%. Mineralogy is 28% plagioclase 25% quartz, 22% oxides. 18% biotite and 7%
accessory phases.
Quartz grains average 20 -100 µm in diameter and biotite grains average 20 to 100 µm in length.
Smaller grains are present but too small to measure. Grain geometry is rounded and extremely
elongate. Foliation is spaced and partitioned into discontinuous anastomosing compositional bands
rich in biotite and opaques (1 to 5mm in length and 0.2 to 1mm in width) or quartz and plagioclase
2mm to 7 cm in length and 0.2 to 2 mm in thickness. Foliation is transitional spaced to continuous and
exhibits an anastomosing to planar geometry.

Sample 06F1 – Alpine Fault Protomylonite
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Figure 30. Sample 06F1 Alpine Fault protomylonite. A. Hand sample. B. Thin section under plane polarized light.
C. Thin section under plane polarized light.

Sample 06F1 is an Alpine Fault protomylonite collected 0.51 km from the Alpine Fault. It is within
the Aspiring Lithologic Association of the Rakaia Terrane and the K-feldspar amphibolite facies.
Rock porosity is 1.99%. Mineralogy is 85% quartz, 10% biotite and 5% accessory phases including
opaques.
Quartz grains average 50 - 200 µm in diameter and biotite grain sizes range from 50 to 700 µm in
length. Quartz grain geometry is rounded and relatively equant. Biotite grains are angular and
elongate. The rock is characterized by quartz rich compositional bands 0.2 to 1.5 mm in thickness
bordered by discontinuous biotite and accessory rich bands 0.1 to 0.5 µm in width. Foliation is spaced
with a planar to sub anastomosing fabric.

Sample 04A1 – Alpine Fault Mylonite
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Figure 31. Sample 04A1 Alpine Mylonite. A. Hand sample. B. Thin section under plane polarized light. C. Thin
section under plane polarized light.

Sample 04A1 is an Alpine Fault mylonite collected 0.375 km from the Alpine Fault. It is in the
Aspiring Lithologic Association of the Rakaia Terrane and the K-feldspar amphibolite facies.
Rock porosity is 1.4%. Mineralogy is 40% quartz, 25% plagioclase, 22% biotite, 10% muscovite and
3% accessory phases.
Plagioclase porphyroclasts average 450 to 525 µm in diameter, in a 20 to 70 µm diameter grain matrix
of micas and quartz. Grain geometry is subrounded to well rounded, and some grains, especially the
small ones, are elongate parallel to the foliation. There is a continuous foliation with occasional
discontinuous quartz bands 0.1 to 1 mm in width. Mineral distribution of the sample exhibits a
substantial degree of homogeneity.

Sample 07B1- Alpine Fault Ultramylonite
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Figure 32. Sample 07B1 Alpine Fault ultramylonite. A. Hand sample. B. Thin section under plane polarized
light. C. Thin section under plane polarized light.

Sample 07B1 is an Alpine Fault ultramylonite collected 80 m from the Alpine Fault. It is in the
Aspiring Lithologic Association of the Rakaia Terrane and the K-feldspar amphibolite facies.
Rock porosity 1.0%. Mineralogy is 40% plagioclase, 30% quartz, 20% biotite, 7% opaques and 3%
accessory phases.
Plagioclase porphyroclasts average 275 to 600 µm in diameter with a matrix of mica and quartz grains
averaging 20 – 70 µm in diameter. Most porphyroclasts are well rounded, rarely up to sub angular.
Matrix grains are rounded and elongate. There is a continuous planar foliation with little to no
compositional banding. Overall, the rock is characterized by a fine-grained matrix of homogenous
mineral distribution with unevenly dispersed porphyroclasts.

Sample 07A1 – Alpine Fault Ultramylonite
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Figure 33. Sample 07A1 Alpine Fault ultramylonite. A. Hand sample. B. Thin section under plane polarized light.
C. Thin section under plane polarized light.

Sample 07A1 is an Alpine Fault ultramylonite collected 55 m from the Alpine Fault. It is within the
Aspiring Lithologic Association of the Rakaia Terrane and the K-feldspar amphibolite facies.
Rock porosity is 1.7%. Mineralogy is 45% plagioclase, 25% quartz, 20% biotite and 10% opaques.
This sample is characterized by its homogeneity. Plagioclase grains average 100 to 200 µm in
diameter, quartz grains average 50 to 100 µm in diameter, biotite grains average 10 to 100 µm in
length and opaques of amorphous habits average 25 to 75 µm in diameter. Occasional plagioclase
range up to 1 mm diameter. Mineral phases and grain sizes are well mixed.
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4.2 Sample Resistivity
Samples were measured at atmospheric pressure (table top, or TT) and under confining pressure. Data
provided comparable values for various sample lithologies at constant temperature, pressure and fluid
composition; modelling parameters and SIGHT survey analogues.
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Samples are colour coded, with blues being schists, oranges being protomylonites and mylonites and
reds being ultramylonites. Colour saturation indicates maturity of deformation fabric.

4.2.1 Resistivity Measurements at Atmospheric Pressure
Table top measurements were used for testing sample resistivity at different brine concentrations, as
the saturating fluid was easier to change in the table top assembly than in the confining pressure
vessel and associated pore fluid system. In this section, resistivity of outcrop samples under confining
pressure is compared to porosity, and salt concentration. Electrical resistivity was measured over two
cycles of increased confining pressure. Both runs (A & B) had a pore pressure of 2 MPa. Run A
measured effective confining pressure at peff = 5, 10, 20, 50, 100, 150, 200 MPa and Run B measure
effective confining pressure at peff = 5, 10, 20, 50, 100, 150, 200 MPa.
Porosity
In the following section, samples are considered in terms of volume of contained saline fluid, and the
real component of rock resistivity is compared to the corresponding sample resistivity. Pore space is
the basis for both potential conduction pathways in saturated rock, bulk pore fluid and surface
conductance. An inverse relationship between porosity and resistivity of the rock is expected. Samples
tested at table top conditions are indicative of values expected of surface outcrops, with no laboratory
induced alteration to porosity or microstructures.

Figure 34. Plot of ρ’ versus porosity for al table top samples at 20 Hz, 0.01 M.
Sample resistivities cover a range of 932.38 Ω•m between the highest measured resistivity, which was
Alpine Schist sample 08B1 with a value of 1358.97 Ω•m, and the lowest measured resistivity, which
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was Haast Schist sample 02E1 with a value of 426.59 Ω•m [Figure 34]. Sample 08B1 has a porosity
of 1.83% and sample 02E1 has a porosity of 2.11%. Schists have both the highest and lowest
resistivities. Mylonite resistivity spans a range of 221.5 Ω•m in comparison. The lowest mylonite
resistivity is exhibited by Alpine Fault mylonite 04A1, with a porosity of 1.47%, at 775.077 Ω•m and
the highest mylonite resistivity is exhibited by Alpine Fault protomylonite 06D1, with a porosity of
1.57% at 996.6 Ω•m. Haast Schist sample 01A1 has the highest characteristic porosity at 4.97%, but
appears to have a resistivity near the average. There appears to be little to no correlation between
mylonite sample resistivity and porosity.

Figure 35. Plot of ρ’ versus porosity for all table top samples at 20 Hz, 0.1 M.

Sample resistivities cover a range of 483.64 Ω•m with the most resistive sample again being Alpine
Schist 08B1 with a resistivity of 691.00 Ω•m, and the least resistive sample again being 02E1 with a
resistivity of 207.36 Ω•m. Mylonites are less grouped and cover a range of 283.73 Ω•m. Samples
have nearly the same relative resistivity when compared to one another as they did at 0.01 M. There
appears to be little to no dependence of mylonite sample resistivity on porosity (Figure 35).
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Figure 36. Plot of ρ’ versus porosity for all table top samples at 20 Hz, 0.4 M.
Samples cover a resistivity range of 300 Ω•m. Schists again constitute both the highest and lowest ρ’
values. Alpine Schist 08B1 exhibits the highest resistivity value at 378.8 Ω•m, and Haast Schist 01A1
exhibits the lowest resistivity value at 78.4 Ω•m. Relative sample resistivities differ slightly from
those seen at 0.01 and 0.1 M.
Sample resistivity exhibits no correlation to porosity at table top conditions (figure 36). The relative
differences between sample resistivities varies slightly with increasing brine concentration.
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Concentration
The simplicity of the table top resistivity under atmospheric pressure facilitated certain tests that did
not require elevated pressures and used a large range of different solutions, especially those including
higher salt concentrations which would be detrimental to the pressure apparatus.

A

B

Figure 37. A. Plot of ρ’ versus concentration for all table top samples at 20 Hz. B. Log-log plot of
resistivity versus concentration for all table top sample at 20 Hz. Included is predicted KCl brine
conductivity modelled at room temperature.
Figure 37 shows variations in sample resistivity over the range of brine concentrations at table top
conditions. Resistivity changes at a different rate for different samples [Figure 37 A.]. The rate of
resistivity decreases less for measured samples than it does for the modelled KCl brine [Figure 37 B.].
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4.2.2 Resistivity Measurements at Confining Pressure
Confining pressure measurements were used to test sample resistivity at selected pressures, and to
determine the effect of closing micro-fractures and pore spaces on current flow, as well as the effect
of the pressure on the permeability itself (i.e. elastic behaviour and recovery). The proportion of
difference between the first cycle (Run A) and the second cycle (Run B) are related to the nonrecoverable collapsed pore and micro-fracture space in the rock due to confining pressure.
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Figure 38. Plots of ρ′ versus confining
pressure for first and second runs, at
20 Hz and 0.1 M saturating brine.
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Relative differences between absolute, as opposed to log, values of resistivity at different pressures
and in different cycles are listed below.
Haast Schist sample 02B1 experienced a 1473.33 Ω•m increase of resistivity of between 10 MPa and
100 MPa confining pressure for Run A, and a 1594.29 Ω•m increase of resistivity for Run B between
10 MPa and 100 MPa confining pressure. At 10 MPa confining pressure, there was a difference of
341.49 Ω•m between Run A and Run B. At 100 MPa confining pressure, there was a difference of
462.45 Ω•m between Run A and Run B. Run A and Run B resistivities converge at higher pressures.
[Figure 38. A]
Haast Schist sample 02C1 experienced a 1414.19 Ω•m increase of resistivity between 10 MPa and
100 MPa confining pressure for Run A, and a 1251.47 Ω•m increase of resistivity between 10 MPa
and 100 MPa confining pressure for Run B. At 10 MPa confining pressure, there was a difference of
283.30 Ω•m between Run A and Run B. At 100 MPa confining pressure, there was a difference of
120.57 Ω•m between Run A and Run B. Run A and Run B resistivities converge at higher pressures.
[Figure 38. B]
Haast Schist sample 02E1 experienced a 4249.05 Ω•m increase of resistivity between 10 MPa and
100 MPa confining pressure for Run A, and a 4635.55 Ω•m increase of resistivity between 10 MPa
and 100 MPa confining pressure for Run B. At 10 MPa confining pressure, there was a difference of
396.58 Ω•m between Run A and Run B. At 100 MPa confining pressure, there was a difference of
783.10 Ω•m between Run A and Run B. Run A and Run B resistivities converge at higher pressures.
[Figure 38. C]
Alpine Schist sample 08C1 experienced a 96718.99 Ω•m increase of resistivity between 10 MPa and
100 MPa confining pressure for Run A, and a 105053.89 Ω•m increase of resistivity between 10 MPa
and 100 MPa confining pressure for Run B. At 10 MPa confining pressure, there was a difference of
3852.66 Ω•m between Run A and Run B. At 100 MPa confining pressure, there was a difference of
12187.55 Ω•m between Run A and Run B. Run A and Run B resistivities converge at higher
pressures. [Figure 38. D]
Alpine Fault mylonite sample 04A1 experienced a 1659.50 Ω•m increase of resistivity between 10
MPa and 100 MPa confining pressure for Run A, and a 2626.42 Ω•m increase of resistivity between
10 MPa and 100 MPa confining pressure for Run B. At 10 MPa confining pressure, there was a
difference of 30.70 Ω•m between Run A and Run B. At 100 MPa confining pressure, there was a
difference of 997.61 Ω•m between Run A and Run B. There is a very small difference in resistivity
between Run A and Run B at 10 MPa confining pressure, though they diverge at higher pressures.
[Figure 38. E]
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Alpine Fault ultramylonite sample 07B1 experienced a 1644.45 Ω•m increase of resistivity between
10 MPa and 100 MPa confining pressure for Run A, and a 1948.05 Ω•m increase of resistivity
between 10 MPa and 100 MPa confining pressure for Run B. At 10 MPa confining pressure, there
was a difference of 231.22 Ω•m between Run A and Run B. At 100 MPa confining pressure, there
was a difference of 534.82 Ω•m between Run A and Run B. There is a very small difference in
resistivity between Run A and Run B at 10 MPa confining pressure, though they diverge at higher
pressures. [Figure 38. F]
Alpine Fault ultramylonite sample 07A1 experienced a 982.38 Ω•m increase of resistivity between 10
MPa and 100 MPa confining pressure for Run A, and a 146.30 Ω•m increase of resistivity between 10
MPa and 100 MPa confining pressure for Run B. At 10 MPa confining pressure, there was a
difference of 982.38 Ω•m between Run A and Run B. At 100 MPa confining pressure, there was a
difference of 146.30 Ω•m between Run A and Run B. There is a very small difference in resistivity
between Run A and Run B at 10 MPa confining pressure and then converge at higher pressures.
[Figure 38. G]
The differences between Run A and Run B converge towards a shared resistivity value for schists,
diverge for Alpine Fault mylonite 04A1 and remain constant for Alpine Fault ultramylonites over the
range of increasing effective confining pressure.
Porosity
This section considers the real component of resistivity versus sample porosity for confining pressure
samples. Since a method to measure porosity while under confining pressure was not available, I
compare confining pressure resistivity values to porosity measurements made at table top conditions.
Resistivity measurements were taken at an effective pressure of 200 MPa, or the equivalent of about
13 km depth. For the effective pressure gradient, see Table 1.
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Haast Schist
Alpine Schist

Mylonites

Figure 39. Plot of ρ’ versus porosity for all confining pressure samples at second cycle 200 MPa and
20 Hz.
These results show a similar relative distribution to that of the table top measurements. The most
resistive sample is Alpine Schist 08C1. Mylonites and ultramylonites are grouped together in terms of
lower porosity and lower resistivity, while schists are more spread in both regards. Schist samples
appear to exhibit a general trend of lower porosity correlating to higher resistivity, but this trend
doesn’t hold with mylonite samples.
Alpine Fault Proximity
In this section, rock resistivity and porosity are considered as a function of sample location distance to
the Alpine Fault. This distance is intended as a proxy for the degree deformation accommodated by
the samples.
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B

Figure 40. Plot of porosity versus sample distance to the Alpine Fault. A. All samples shown. B.
Sample 01A1 was removed, as its distance of 300 km obscured distribution of other samples, all of
which lie within 14 km of the fault.
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B

Figure 41. Plot of resistivity versus sample distance to the fault. Resistivity measurements were made
at 5 MPa confining pressure, 0.1 M saline concentration and 20 Hz frequency. A. All confining
pressure samples are shown. B. All confining pressure samples except Alpine Schist 08C1 are shown.

The porosity of schist samples increases towards the Alpine Fault [Figure 40]. However, there is no
systematic trend for mylonite samples as a function of distance to the Alpine Fault.
Sample 08C1 has such a high resistivity that it obscures the relation of other sample’s resistivity to
distance from the Alpine Fault [Figure 42]. When Figure 40 and Figure 41 are considered together, it
becomes clear schist sample resistivity with increases in approaching the fault. Figure 41 also clearly
shows that mylonite resistivity decreases the closer they get to the Alpine Fault.
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4.3 Modelling Results
Laboratory measurements were taken over a range of confining pressures to simulate the effects of
increasing overburden pressure. However, these measurements do not replicate fluid compositions or
temperature at depth beneath the Southern Alps. To realistically compare resistivity results to those
recorded by the SIGHT MT surveys, measurements were adjusted for the effects of salinity, salt
species and temperature. The full fluid composition profile, geothermal gradient and effective
confining pressure gradient of the Alpine Fault is given in Table 1. The laboratory resistivities of
mylonite samples, adjusted for in situ Alpine Fault conditions are presented in Table 3.These
predicted values do not include the effects of surface conductance. We discuss the implication of this
omission in Section 5.1.

4.3.1 Predicted Sample Conductivity
The predicted sample conductivities are given in Table 3 and depicted in Figure 42. They account for
the effects of confining pressure (which reduces porosity), the geothermal gradient, the effects of in
situ NaCl brine composition and concentration. The only major influence on conductivity which was
not accounted for is surface conductance.

Table 3. Predicted Conductivity and Resistivity
Depth
(km)

0
0.625
1.25
3.125
6.25
9.37

Approximate
Effective
Confining
Pressure (MPa)
0
10
20
50
100
150

Temperature
(◦C)

Fluid
Composition
(NaCl, M)

Formation
Factor (F)

Predicted
Rock
Conductivity

Predicted
Rock
Resistivity

25
87.5
150
183.3
283.3
361.1

8.555x10-3
8.555x10-3
8.555x10-3
0.4278
0.4278
0.5070

953.82
1020.1
1027.1
1538.1
1979.3
2437.7

1x10-4
3x10-4
5x10-4
1.33x10-2
1.25x10-2
1.04x10-2

9266.0
3085.7
1994.2
75.2
80.1
95.9
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Conductivity (S/m)

0.025
0.02
0.015
0.01
0.005
0
0

1

2

3

4

5

6

7

Depth (km)

Figure 42. Plot of projected conductivity with depth.
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Chapter 5
Discussion
It was expected, due to relationships between conductivity and porosity established by models such as
Archie’s Law in Eq. 12, that there would be a positive association between the rock porosity and
resistivity. Only schist samples exhibit correlation between porosity and resistivity, mylonite samples
do not [Figure 40]. This may be due to the measure of porosity, which is simply a percent ratio of
pore space volume to mineral grain volume. It is well known that permeability, not porosity, is a
controlling feature of charge transport (Olhoeft, 1981). It may be that other characteristics related to
porosity, in addition to pore interconnectedness, outweigh the contribution of pore volume itself.
Such features possibly include surface conductance, graphite films, and grain polarization. Surface
conductance, which is related to pore geometry, pore surface area, grain-pore interface continuity, and
the proximity of electrical double layers (EDLs) from opposing pore channel surfaces, are all
dependent on pore space. But as Weller (2013) noted, the influence of surface conductance on
relationships of conductivity with porosity can be extremely complex. It is also possible that clear
relationships between resistivity and porosity are obscured by the presence of conductive graphite
films on grain boundaries. Wannamaker (2002) speculated conductivity contributions from
interconnected grain boundary graphite was a potential source of the Southern Alps conductive
anomaly. Indeed, significant amounts of graphite have been found in metamorphosed greywackes of
the South Island (Grapes, 1998). Effects of conductive graphite films would manifest as surface
conductance (Cheldize, 1999), with contributions from distorting resistivity relationships with
porosity enough to obscure possible positive correlations.
The effect of complex relationships between resistivity and rock type or environmental conditions is
further illustrated by Figure 37, where the relationship of resistivity and saline concentration is
considered. The differing rate of change of sample resistivities with saline concentration
demonstrates there must be effects from parameters other than those outlined in Archie’s Law, which
as an aide-memoire includes fluid connectivity, rock porosity, formation factor, and cementation
factor. If the measured porous rock systems solely adhered to that model, samples would exhibit the
same rate of change demonstrated by brine resistivity with increasing concentration, since fluid
conductivity is the only varying factor. Not only are there different trends of sample resistivity and
fluid resistivity, but the predicted sample resistivity is systematically less than the measured sample
resistivity. It is most likely that these unexpected observations are also the consequence of enigmatic
surface conductance effects, which could not be investigated systematically in our experiments.
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This study was intended to examine the effects of upper to mid crustal pressures, similar to those
present in the Southern Alps Conductor on electrical properties. The study’s experimental effective
confining pressure maximum is 200 MPa, the equivalent of approximately 12.5 km depth, given the
pressure gradient in Table 1. The Southern Alps Conductor extends from 5 km depth to 30 or 40 km
depth [Figure 4]. Rocks experience a critical pressure, above which pore space begins to collapse.
Experiments conducted by Brace (1965) and Christensen (1989) found this critical pressure to be
between 100 and 200 MPa, for granitic and gneissic rock types. Brace (1965) found that the critical
pressure is associated with the change in resistivity rate increase with confining pressure. He
speculated resistivity increase below the critical pressure is related to the closure of micro fractures in
the rock whereas the increase in resistivity above the critical pressure is due to closure of pore space.
This critical pressure appears to have never been reached in the confining pressure experiments
conducted in this study as the relationship between confining pressure and resistivity never appears to
establish a linear slope as it does in the results reported by Brace (1965). The results reported by
Brace (1965) and those of this study are compared in Figure 43.

Figure 43. Plot of log resistivity versus confining pressure. Alpine Schist 08C1 resistivity
measurements were taken at 23.5°C in 0.1M KCl brine and 20 Hz. Granodiorite measurements from
Brace (1965) were taken at 20°C in tap water saturating fluid. The measurement frequency was not
reported.
It is enigmatic that the Southern Alps Conductor extends to such great depths, up to 40 km, as Brace
(1965) found that pore spaces begin to close at 100 to 200 MPa confining pressure, the equivalent of
6.25 to 12.5 km depth. Collapse of the pore matrix would reduce permeability which consequently
should result in an increase of resistivity. However, it has already been established the samples do not
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display systematic variations in resistivity with porosity and it is only fitting that the relationship
perpetuates with depth.
Regardless, some interpretations can be made from the confining pressure experiments. Because
increased resistivity is associated with decreased permeability due to closure of micro fractures and
pore space, resistivity can be used as a proxy for rock deformation due to confining pressure.
Effects of confining pressure on sample deformation are apparent when considering differences
between Run A and Run B measurements [Figure 38]. The gradual increase in resistivity with
effective confining pressure results from elastic strain of pore space deformation and is mostly
recovered on the removal of the load. However, a small amount also reflects plastic (permanent) strain
from the first loading, which produces the difference in ρ between Run A and Run B. The relative
differences between Run A and Run B appear to have an association with rock type. Moving from
Haast Schist to Alpine Schist, or rather with increasing maturity of schistose fabric (i.e. increasing
“textural zone” (Turnbull et al., 2001)), there appears to be a shift from plastic to elastic deformation
as the difference in resistivity between Run A and Run B grows smaller. This trend doesn’t hold as
strongly with mylonitic rocks, and is perhaps due to the differences in fabric.
Both schists and mylonites show a strong association between certain features and proximity to the
Alpine Fault. Distance to the Alpine Fault is used here as a proxy for degree of deformation
experienced by the sampled rock. Schist samples [Figure 41] decrease steadily in porosity as they
approach the fault. Mylonites, though tightly grouped, do not display any association between
porosity and fault proximity.
However, resistivity of both schists and mylonites display systematic relations over 300 km towards
the Alpine Fault, though they exhibit opposing trends [Figure 44]. Schist resistivity steadily increases
in approaching the fault, while resistivity of mylonites rapidly falls over the last half of kilometre.
These opposing relations of schists and mylonites resistivity with fault proximity imply different
processes of deformation. In schists, it is known that while moving from Haast Schist to Alpine
Schist, development of schistose fabric matures and this appears to be associated with a reduction in
porosity. Mylonites, due to their fault adjacency, experience deformation as a measure of simple
shear, increase in grade from protomylonite to ultramylonite, and undergo destruction of schistose
fabric to form a mylonitic texture.
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Schist

Mylonite

Schist

Mylonite

Distance to Alpine Fault (km)

Figure 44. Alpine Fault proximity versus A. Porosity and B. resistivity. C. pictures of thin sections for C1.
Mylonite (07A1). 2. Alpine schist (08C1). 3. Haast schist (01A1).

Given the lack of correspondence between porosity and distance in mylonites, it is uncertain upon
what attribute the association between proximity and resistivity is based. This lack of an otherwise
expected association is confined to mylonites alone, as it does appear to exist for schists. Given the
known existence of graphite in the protolith, and the processes of simple shear, the rapid fall of
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resistivity may be due to increasing efficiency of grain boundary graphite film continuity. It has been
shown that interconnected graphite networks may be established in shear zones and result in strong
regional conductivity anomalies, as discussed in 2.1.6. Perhaps the rapid decrease of resistivity with
the increasing measures of simple shear observed in our samples is the manifestation of this process at
smaller scale.

5.1 Modelling Conductivity to Depth
By the procedure described in Section 4.3, confining pressure measurements were adjusted to account
for conditions at depth, to enable comparison with findings from the SIGHT MT surveys. Predicted
conductivity and resistivity values are presented in Table 3 and extend down to 9.4 km depth. The
predicted conductivity is based on mylonite measurements only, as the conductor is spatially
coincident with shear zones.
To review, the Southern Alps Electrical Conductor extends from a depth of approximately 5 and 35
km. It has an inferred conductivity between (3.3x10-3 to 0.1 S/m) and at its maximum may be as low
as 1 S/m.
Our predicted conductivities, which should correlate to values from within the Southern Alps
Conductor, range from 1x10-3 S/m to 0.0133 S/m between 6 and 9 km depth and decrease with
effective confining pressure.
The predicted conductivities fall within the lower range of values inferred by the SIGHT MT surveys.
They do not, as SIGHT observations indicate for the modelled depth, approach the high conductivities
of 0.1 to 1 S/m. Though modelled values do approximate the lower conductivities MT surveys
observed for the Southern Alps Conductor, higher conductivities were expected from the depth of 9.4
km. There are a few reasons for why the predicted and observed values are not similar. The conductor
region may be more saline, or hotter than assumed. It is also possible that variables not accounted for
here, namely surface conductivity, generate significant contributions to conductivity at depth.
Conductive graphite films along grain boundaries could supplement saturating saline fluids to produce
the abnormally high electrical conductance characteristic of the Southern Alps Electrical Conductor.
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5.2 Future Work
Though this study succeeded in outlining basic electrical properties of Haast Schist, Alpine Schist and
Alpine Fault mylonites, more work remains to fully understand the electrical characteristics of these
rocks and to identify the source of the Southern Alp electrical conductor.
Contributions from surface conductivity should elicit further study to better model predicted sample
conductivity. Sample resistivity, either at confining pressure or table top conditions, should be
measured with dilute saturating brine concentrations to provide data points from within the functional
realm of the Poisson-Boltzmann equation so that they may be used in the more appropriate Trend
Line Method to find a more accurate approximation for surface conductance, formation factor and
cementation factor. Successful application of this method was done by Revil (2012) and yielded
surface conductance values with minimal error. Finding reliable values for these parameters would
enable application of a more sophisticated prediction model.
More samples should be gathered to improve the integrity of observed relationships between strain
versus porosity and resistivity that are demonstrated in Figure 41 and Figure 42.
Future samples should be measured for permeability, to see if it is the missing control on mylonite
resistivity.
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Chapter 6
Conclusion
The Southern Alps Electrical Conductor is a region of abnormally high electrical conductance
adjacent to the Alpine Fault and extends 60 km into the hanging wall. It has been speculated that this
conductor is due do the presence of a network of interconnected saline fluids. This is enigmatic,
however, as the conductor has a depth of 35 to 40 km. The critical pressure threshold, where pore
spaces begin to collapse, is located at approximately 6 km depth. Below 6 km, pore volume
diminishes with a corresponding decrease of saline fluid volume and, one would expect, electrical
conductivity. Observations from SIGHT MT surveys, however, observe electrical conductivity peaks
between 5 and 25 km depth.
Laboratory characterization of electrical properties of smaller scale samples was measured under
confining pressure and over a range of saturating fluid salinities. Data provided by these
measurements and in situ conditions were then used to model conductivity values at depth. The major
findings are presented here.
1. Mylonite conductivity was found to be independent of porosity volume, which is defined here
as the ratio of void space volume to rock volume. However, a correlation between schist
conductivity and porosity was observed (Figure 40-41). Though mylonite conductivity is not
related to porosity it may be correlated to permeability, which is defined here as pore
interconnectedness. Measured schist porosity decreases towards the Alpine Fault. Though the
range of mylonite porosity is small, it is independent of fault proximity (Figure 40). I believe
that this negative trend of schist porosity with increasing fault proximity is because of
increasing development of schistose fabric.
2. Both mylonites and schists demonstrate a correlation between resistivity and distance to the
Alpine Fault. Schists grow more resistive towards the Alpine Fault, likely due to the reduction
of porosity volume discussed above. Mylonites grow more conductive the closer they get to
the Alpine Fault [Figure 41]. Since mylonite porosity doesn’t have an association with
resistivity or fault proximity, there must be another feature which controls their electrical
properties. I speculate that it is due to increased permeability or surface conductivity, possibly
from grain boundary continuity or conductive grain boundary films. The increased efficiency
of these features may be caused by effects of simple shear. Rock fabric, which Alpine Fault
proximity is a proxy for, appears to be the cause of trends seen in both porosity and
resistivity.
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3. Conductivity was modelled [Table 3] and the results fall within the range of values recorded
by the SIGHT MT surveys at the equivalent of 3 km depth, but modelled conductivity
continues to decrease with additional effective confining pressure. The SIGHT MT surveys
exhibit higher conductivity, which increases with depth to reach its maximum between 5 and
25 km. There is some aspect of lithology or environmental conditions which were not
incorporated in our predictions which results in the Southern Alps Electrical Conductor.
4. The Southern Alps Electrical conductor is spatially coincident with the Alpine Fault, the
decollement, and the backshear array-which all express a component of strain in the form of
simple shear. The existence of the conductor below the critical confining pressure (beyond
which pore spaces begin to collapse) and the apparent lack of association of mylonite
conductivity with porosity, some feature of surface conductance through mechanisms of
simple shear is the source of the Southern Alps conductive anomaly.
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Appendix 1. List of Abbreviations
Symbol or
Short Hand

Definition

Symbol or
Short Hand

Definition

SIGHT

South Island Geophysical Transect

MT

Magnetotelluric

Combined
DC

Multiple – source dipole –dipole

LOTEM

Long offset time domain

SAC

Southern Alp Conductor

R

Resistance (Ω)

C

Capacitance (F)

V

Voltage (V)

I

Current (A)

E

Electrical field (V/m)

A

Surface area (cm2)

L

Length (cm)

ρ

Resistivity (Ω•m)

V

Sample volume

σ

Conductivity (S/m)

φ or θ

Phase shift (°)

ρ’

Real component of resistivity

ρ’’

Imaginary component of
resistivity

σ’

Real component of resistivity

σ’’

Imaginary component of
resistivity

i

Imaginary number

σr or σm

Conductivity of rock media

σw

Conductivity of fluid

σs

Surface conductivity

Φ

Porosity volume (%)

Wd

Weight of dehydrated rock

Ws

Weight of saturated rock

PT

Platinum black

Ag

Silver – silver chloride

Cu

Copper

EDL

Electric double layer

F

Formation factor

m

Cementation, or geometric factor

Peff

Effective confining
pressure
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Appendix 2. Theoretic Basis of Electricity and Magnetism
A brief review is given on the fundamentals of electrical properties and nomenclature, based on
Fundamentals of Electricity and Magnetism by Arthur F. Kip.
Electric charge (q), measured in coulombs, is the physical property of matter derived from the
imbalance of protons or electrons that characterizes how that material interacts with an
electromagnetic field. A single electron carries a negative charge of 1.6 x 10 -19 C and a proton carries
a positive charge of an equivalent magnitude, where the signs of both are arbitrarily assigned. Charge
is conservative and the total force on a given charge obeys the principle of superposition.
Force due to charges at rest is expressed as the vector sum
𝑭𝑭∝ ∑(𝒒𝒒𝒊𝒊 𝒒𝒒′)𝒓𝒓𝟐𝟐𝟏𝟏

Coulomb's Law

The electric force acting on a point charge q0 due to the presence of multiple charges:
𝐹𝐹 = 𝑲𝑲 ∙ �

𝒒𝒒𝟎𝟎 𝒒𝒒𝒊𝒊

Where constant K = (4π∊0)-1

𝒓𝒓𝟐𝟐𝒊𝒊

𝐫𝐫𝐫𝒊𝒊

Charge distribution
Charge density considers the distribution of charge over unit space and is expressed as
ρ = dq/dV

coul/m3

σ = dq/dA

coul/m2

µ = dq/dL

coul/m

Where V is volume, A is area and L is length
In an isotropic medium, it is assumed that the charge density is uniform and follows
ρ=q/V

coul/m3 etc.

Electric field
An electric field (E) is a vector field, with a continuous charge distribution given by
E = K ∫ (dq / r2) r̂
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newtons/coul

And a magnitude at any given point of
E = F/q

newtons/coul

Where F = electric force

Dipoles in an electric field
Dipole moment
The electric moment for a dipole (p) of opposite charges of magnitude q, is defined as the product of q
and the distance them (a).
p = qa

The torque (τ ) on a dipole experiencing an external, constant and uniform E tends to align the dipole
moment (p) parallel to E.
τ = p E sin θ

newton m

Torque, in vector notation, is expressed as
τ=pXE

newton m

Circuits and Potential Voltage
An electrical circuit is a conduit which transfers charge from one point in the circuit to another, driven
by the gradient of potential voltage (V). This potential V is the external work required to move a unit
positive charge from infinity to a defined point against the forces of field E.
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VP = -P∫0 E·dl volts

Current (i), measured in amperes, consists of the flow of charge over time in a circuit due to the
gradient in voltage.
i = j * A amp
Capacitance (C) measures the amount of charge necessary to increase the potential of a conductor by
one volt.
C = Q/V

coul/volt = farads

The system in which capacitance is measured, known as a capacitor, is typified by two conductors in
a parallel plate arrangement where the two conductors are so close together that the field between
them is minimally affected by external bodies.

Electrical resistance (R), commonly defined in Ohm’s Law, is the ratio of the magnitude of the
current flow in a circuit component to the voltage difference between the terminals.
I = V/R

amps

This can be rearranged to give resistance as
R = V/I

ohms

Where I is the magnitude of the current
V is the magnitude of the voltage
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Resistivity
The value of resistance, however, doesn’t account for the geometry of the circuit component through
which the current flows, and is contingent upon. Therefore resistivity (ρ), defined as the resistance of
a unit volume of material having unit length and unit cross-section area, is a more meaningful value.
ρ = R*(A/L)

ohm*meters

Conductivity (σ), defined as the reciprocal of resistivity, is the measure of which a material conducts
electrical flow. Like resistivity, conductivity is a scalar quantity in isotropic materials.
σ =1/ρ

seimen*meters (S/m)

A resistor, the electrical circuit component used to implement electrical resistance, is a passive two
terminal element that regulates current and voltage.

Capacitors in parallel
C = Σi Ci

where Ci = Q i / V ab

Capacitors in series

1/C = Σi 1 / Ci

Resistances in series:
Requiv = Σi Ri
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Resistances in parallel:

1 / Requiv = Σi 1 / Ri

Dielectrics and effects of physical matter
Dielectric materials are those through which a stead electric field may be established without creating
notable current flow. When the space between the plates of a capacitor is filled with a dielectric
material, more charge is transferred to the plates due to dielectric polarization and the capacitance is
consequently multiplied by a factor K greater than 1. (Scaife, Kip). K, called the dielectric constant,
varies for different materials and is independent of geometry. For reference, air has a value of 1.0006,
and water has a value of 81. Dielectric constants vary significantly depending a number of factors,
including the physical conditions of the material and the nature of the applied voltage. Indeed, the
dielectric constant is a function of applied voltage frequency with an inverse relationship between the
two.
Polarization
The nature of dielectrics is contingent on small relative displacements of charges within the
framework of the material as a result of an external electric field, compared the current flow of
charges of conductors. This charge displacement is called polarization, and the extent of
displacement due to polarization is measure by the dielectric constant.
The figure below shows polarization modeled at an atomic level, with positive and negative charges
having finite opposite displacements from their original superimposed positions when experiencing an
external electric field.
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The averaged effect of polarization behavior on relative displacement is shown below. Polarization
surface charge can be seen where charges appear on the ends of the polarized specimen.
The polarization charge (qp) and resulting terminal surface density of charge (σp) are related by

σ p = dq p / dS

coul/m2

Where dS is a surface area element
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The polarization effect of dielectric material may also be quantified in terms of dipole moments of
constituent atoms or molecules. This is expressed as the dipole moment per unit volume, a vector
quantity (P).
P=np
Where p is induced atomic dipole moment
n is number of dipoles per unit volume
The dipole moment per unit volume is related to the surface density of charge by
P = ne dx = σp
Where n is the number of charged particles of each sign per unit volume
e is the charge of each
dx is the relative displacement of each
Dielectrics in capacitors
The capacitance increase effect due to the polarization of an added dielectric within the capacitor may
be expressed as

Where σ f is the free charge density

E = ∊ 0-1 (σ f + σ p)

∊0 is a constant
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Permittivity
The nature of a dielectric in a capacitor allows permittivity (∊) to be defined as the capacity of a
dielectric to store charge in a capacitor:

Electromotive force

∊=∊0 K

The flow of current around a circuit requires an energy source, known as electromotive force or emf
(ε), and a destination, known as the load. Emf is a non-electrostatic energy source and is measured in
volts. Two fundamental circuit properties help to understand this.
At any point in a circuit the current entering that point equals the current exiting.
Σi = 0
The sum of emf across a circuit equals the voltage drop due to all resistance around the circuit.
Σ Ɛ = ΣiR
Magnetic field and force
It is found that a magnetic force is associated with moving charges. This force is geometrically
dependent. For a current element of idl, a magnetic field (B) is established with field lines of
concentric circles about the current with the field and magnetic force (F) described as
B = (µ0/4π) ∫ (i dl x r̂) r -2
F = ∫ (i dl x B )
Where r = distance from current element
l = length of current element
i = current
µ0 = 4π x 10 -7 webers / amp-m
weber = kg⋅m2⋅s-2⋅A-1
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Webers
Newtons

Magnetic field flux
The magnetic field flux (φ) is the measure of the magnetic field passing through a given area, and is
defined as
φ = ∫ B dS

webers

Induced emf
Changes in the magnetic field generate an additional force, acting upon the electric charge, that is
known as the Faraday induced emf.

Ɛ = - dφ(dt) -1

volts

This can be seen below, where the magnetic flux due to current flow in circuit 1 generates an induced
current.

Changes in magnetic flux, generated by changes due to current flow, may be caused by multiple
things but ultimately effectuates induced emf.

Self-inductance
Faraday induction has effects in the single circuit as well. Varying current produces self-inductance
(L) in the same circuit in which the current varies. Inductance has an effect similar to inertia, and
tends to counteract the changes in steady current.
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L = N1φ11 (i1)

Henrys

Sinusoidal time variation
Electric circuits develop varying currents and voltages describable by sinusoidal time variation. The
nature of time varying sinusoidal functions can be best represented as a rotating vector projected onto
a two dimensional time lapse.

The vector starts at 0 and rotates counter clock wise to generate a sinusoidal function.

V(t) = A sin (ωt)
Where the amplitude (V0) is the length of the rotating vector
angular frequency (ω) is the rate of vector rotation in radians / second.
ω = 2πƒ
frequency (ƒ) is the rotational rate of vector revolutions / second.
Signal phase is given by the angular position of the generating vector with respect to its initial
position.
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Resistor

Shows the time varying current and voltage in a circuit containing a resistor, which results in the
amplitude difference between the two.
I0 = V0 / R
V

Inductor
When the current passes through an inductor, it creates a phase lag
of 90° between the voltage and the current, where the voltage
leads the current.
I0 = V0 / ωL
The current here is also frequency dependent, where frequency
and current have an inverse relationship.

Capacitor
When the current passes through a capacitor, it again creates a
phase lag of 90° but this time the current leads the voltage.
I0 = ω C V0
V
Application of complex numbers
Aspects of current-voltage relation analysis are best demonstrated through use of complex numbers.
The two dimensional complex plane is characterized by the real axis (horizontal) and the imaginary
axis (vertical). Every point in the infinite plane is described by an ordered pair of numbers in terms of
a vector from the origin, where the vector is the vector sum of the real number, given by the length of
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vector A on the real axis, and the imaginary number, given by the length of vector B imaginary axis.
The imaginary number is denoted by the product of the real number magnitude of vector B by the
value j. Thereby the point P on the complex plane is given as
P = A + jB
Where A = real number
jB = imaginary number
j 2 = −1
As a complex number is a vector, it has a modulus (magnitude) and a direction. The modulus square is
the product of the complex number by its complex conjugate, where the complex conjugate is defined
as the complex number with the signs on all j containing terms reversed.
Therefore, if P = A + jB
The complex conjugate is P* = A – jB
It can then be seen that PP* = A2 + B2
This gives the modulus of P as PP*

Expressing a complex number in polar form uses Euler’s formula,
e jθ = cos θ + j sin θ
This allows
→

P = A + jB
Cartesian form

P = Ne jθ
Polar form

When describing ac rotating vectors with complex numbers, it is best to express θ as a function of
time, using θ = ωt making Euler’s equation
e jω t = cos ωt + j sin ωt
Where e jω t is the unit vector of constant angular velocity ω
The cos ωt term gives the real component, and j sin ωt the imaginary component, of the
rotating vector.
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The current through each of the passive circuit elements in terms of polar complex numbers is
iR (t) = V0 R-1 e jω t
iI (t) = V0 (jωL)-1 e jω t
iC (t) = j ω c V0 e jω t
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Appendix 3. Raw Data
This Appendix has data in the same form in which the LCR meter produced it.
Table Top Measurements

Pt. black electrode, 0.01 M
Frequency
(HZ)

Resistance
(Ω)

Pt. black electrode, 0.1 M
Phase Shift Frequency
(°)

(HZ)

Resistance
(Ω)

Phase Shift
(°)

+2.00000E+01 +3.41918E+03 -3.30320E-01

+2.00000E+01 +1.33475E+01 +4.29557E-02

+2.29991E+01 +3.41981E+03 -3.02013E-01

+2.29991E+01 +1.33476E+01 +6.13879E-02

+3.00000E+01 +3.41679E+03 -3.10912E-01

+3.00000E+01 +1.33649E+01 +3.54518E-02

+4.00000E+01 +3.41552E+03 -3.05117E-01

+4.00000E+01 +1.33758E+01 +2.47757E-02

+5.49954E+01 +3.41297E+03 -3.02518E-01

+5.49954E+01 +1.33658E+01 +6.06729E-03

+7.50000E+01 +3.41007E+03 -3.02459E-01

+7.50000E+01 +1.33731E+01 +8.56584E-04

+1.00000E+02 +3.40695E+03 -3.12943E-01

+1.00000E+02 +1.33716E+01 -1.24832E-02

+1.29983E+02 +3.40400E+03 -3.11892E-01

+1.29983E+02 +1.33769E+01 -1.25104E-02

+1.69972E+02 +3.40081E+03 -3.07791E-01

+1.69972E+02 +1.33761E+01 -1.47294E-02

+2.30061E+02 +3.39761E+03 -2.97836E-01

+2.30061E+02 +1.33639E+01 -1.38251E-02

+3.00000E+02 +3.39532E+03 -2.87218E-01

+3.00000E+02 +1.33674E+01 -7.85131E-03

+4.00000E+02 +3.39326E+03 -2.81593E-01

+4.00000E+02 +1.33765E+01 -7.59234E-03

+5.50459E+02 +3.39136E+03 -2.89213E-01

+5.50459E+02 +1.33647E+01 -1.23225E-02

+7.50000E+02 +3.38952E+03 -3.07247E-01

+7.50000E+02 +1.33621E+01 -1.72764E-02

+1.00000E+03 +3.38768E+03 -3.29266E-01

+1.00000E+03 +1.33694E+01 -1.94351E-02

+1.30208E+03 +3.38598E+03 -3.65281E-01

+1.30208E+03 +1.33725E+01 -3.15366E-02

+1.70455E+03 +3.38410E+03 -4.12452E-01

+1.70455E+03 +1.33659E+01 -4.34958E-02

+2.30769E+03 +3.38190E+03 -4.81097E-01

+2.30769E+03 +1.33513E+01 -5.36834E-02

+3.00000E+03 +3.37993E+03 -5.59811E-01

+3.00000E+03 +1.33398E+01 -6.34286E-02

+4.00000E+03 +3.37760E+03 -6.75218E-01

+4.00000E+03 +1.33333E+01 -7.31811E-02

+5.45455E+03 +3.37486E+03 -8.40810E-01

+5.45455E+03 +1.33346E+01 -7.93007E-02

+7.50000E+03 +3.37192E+03 -1.07099E+00

+7.50000E+03 +1.33250E+01 -5.58498E-02

+1.00000E+04 +3.36903E+03 -1.34776E+00

+1.00000E+04 +1.33167E+01 -1.28151E-02

+1.30435E+04 +3.36607E+03 -1.68245E+00

+1.30435E+04 +1.33201E+01 +1.70633E-02

+1.71429E+04 +3.36273E+03 -2.12741E+00

+1.71429E+04 +1.33333E+01 +3.16199E-02

+2.30769E+04 +3.35864E+03 -2.76363E+00

+2.30769E+04 +1.33472E+01 +4.70463E-02

+3.00000E+04 +3.35459E+03 -3.49855E+00

+3.00000E+04 +1.33647E+01 +6.26488E-02

+4.00000E+04 +3.34954E+03 -4.54841E+00

+4.00000E+04 +1.33959E+01 +3.78201E-02
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+5.45455E+04 +3.34313E+03 -6.05958E+00

+5.45455E+04 +1.34476E+01 -8.37728E-02

+7.50000E+04 +3.33592E+03 -8.16208E+00

+7.50000E+04 +1.35115E+01 -3.69245E-01

+1.00000E+05 +3.32964E+03 -1.07105E+01

+1.00000E+05 +1.35724E+01 -8.19544E-01

+1.25000E+05 +3.32642E+03 -1.32592E+01

+1.25000E+05 +1.36150E+01 -1.33449E+00

+1.66667E+05 +3.32766E+03 -1.75792E+01

+1.66667E+05 +1.36508E+01 -2.22164E+00

+2.40000E+05 +3.34702E+03 -2.57341E+01

+2.40000E+05 +1.36181E+01 -3.67473E+00

+3.00000E+05 +3.36958E+03 -3.35004E+01

+3.00000E+05 +1.35207E+01 -4.45150E+00

+4.00000E+05 +3.23908E+03 -5.05534E+01

+4.00000E+05 +1.33958E+01 -5.72920E+00

+6.00000E+05 +2.09947E+03 -6.85959E+01

+6.00000E+05 +1.31565E+01 -8.21478E+00

+8.00000E+05 +1.79247E+03 -7.41866E+01

+8.00000E+05 +1.28556E+01 -1.03147E+01

+1.00000E+06 +1.60299E+03 -8.36000E+01

+1.00000E+06 +1.25640E+01 -1.17754E+01
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Cu electrode, 0.01 M
Frequency
(HZ)

Cu electrode, 0.1 M

Resistance
(Ω)

Phase Shift Frequency
(°)

(HZ)

Resistance
(Ω)

Phase Shift
(°)

+2.00000E+01 +1.26692E+02 -1.88316E-01

+2.00000E+01 +1.30504E+01 -2.36432E-01

+2.29991E+01 +1.26714E+02 -1.74278E-01

+2.29991E+01 +1.30413E+01 -1.99317E-01

+3.00000E+01 +1.26645E+02 -1.99927E-01

+3.00000E+01 +1.30488E+01 -1.81605E-01

+4.00000E+01 +1.26580E+02 -2.12076E-01

+4.00000E+01 +1.30527E+01 -1.45772E-01

+5.49954E+01 +1.26478E+02 -2.23401E-01

+5.49954E+01 +1.30385E+01 -1.20121E-01

+7.50000E+01 +1.26375E+02 -2.37336E-01

+7.50000E+01 +1.30439E+01 -9.46325E-02

+1.00000E+02 +1.26238E+02 -2.51567E-01

+1.00000E+02 +1.30423E+01 -8.74463E-02

+1.29983E+02 +1.26122E+02 -2.48474E-01

+1.29983E+02 +1.30493E+01 -7.72737E-02

+1.69972E+02 +1.25989E+02 -2.33966E-01

+1.69972E+02 +1.30490E+01 -7.33466E-02

+2.30061E+02 +1.25863E+02 -2.03273E-01

+2.30061E+02 +1.30359E+01 -7.15048E-02

+3.00000E+02 +1.25795E+02 -1.71625E-01

+3.00000E+02 +1.30385E+01 -6.86617E-02

+4.00000E+02 +1.25754E+02 -1.42299E-01

+4.00000E+02 +1.30457E+01 -7.04815E-02

+5.50459E+02 +1.25704E+02 -1.27359E-01

+5.50459E+02 +1.30312E+01 -7.73643E-02

+7.50000E+02 +1.25669E+02 -1.23354E-01

+7.50000E+02 +1.30260E+01 -8.42565E-02

+1.00000E+03 +1.25643E+02 -1.21961E-01

+1.00000E+03 +1.30307E+01 -8.67321E-02

+1.30208E+03 +1.25613E+02 -1.31759E-01

+1.30208E+03 +1.30317E+01 -9.54879E-02

+1.70455E+03 +1.25565E+02 -1.43395E-01

+1.70455E+03 +1.30229E+01 -1.02171E-01

+2.30769E+03 +1.25506E+02 -1.57636E-01

+2.30769E+03 +1.30056E+01 -1.05490E-01

+3.00000E+03 +1.25455E+02 -1.73345E-01

+3.00000E+03 +1.29942E+01 -1.06793E-01

+4.00000E+03 +1.25412E+02 -1.96547E-01

+4.00000E+03 +1.29873E+01 -1.11241E-01

+5.45455E+03 +1.25361E+02 -2.28042E-01

+5.45455E+03 +1.29894E+01 -1.17908E-01

+7.50000E+03 +1.25304E+02 -2.69625E-01

+7.50000E+03 +1.29800E+01 -1.11201E-01

+1.00000E+04 +1.25248E+02 -3.17201E-01

+1.00000E+04 +1.29680E+01 -9.29282E-02

+1.30435E+04 +1.25224E+02 -3.87231E-01

+1.30435E+04 +1.29628E+01 -9.29236E-02

+1.71429E+04 +1.25195E+02 -4.94119E-01

+1.71429E+04 +1.29555E+01 -9.60941E-02

+2.30769E+04 +1.25127E+02 -6.45506E-01

+2.30769E+04 +1.29450E+01 -1.56303E-02

+3.00000E+04 +1.25043E+02 -7.99348E-01

+3.00000E+04 +1.29466E+01 +9.02915E-02

+4.00000E+04 +1.24992E+02 -1.01504E+00

+4.00000E+04 +1.29617E+01 +1.95432E-01

+5.45455E+04 +1.24947E+02 -1.33025E+00

+5.45455E+04 +1.29939E+01 +2.66938E-01

+7.50000E+04 +1.24925E+02 -1.79992E+00

+7.50000E+04 +1.30314E+01 +2.62779E-01

+1.00000E+05 +1.24894E+02 -2.38013E+00

+1.00000E+05 +1.30648E+01 +1.98164E-01

+1.25000E+05 +1.24855E+02 -2.96424E+00

+1.25000E+05 +1.30872E+01 +1.10234E-01

+1.66667E+05 +1.24777E+02 -3.93582E+00

+1.66667E+05 +1.31130E+01 -3.08832E-02

+2.40000E+05 +1.24596E+02 -5.63543E+00

+2.40000E+05 +1.31323E+01 -2.26782E-01
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+3.00000E+05 +1.24423E+02 -7.02789E+00

+3.00000E+05 +1.31420E+01 -3.64314E-01

+4.00000E+05 +1.24108E+02 -9.31511E+00

+4.00000E+05 +1.31667E+01 -5.83987E-01

+6.00000E+05 +1.23339E+02 -1.38636E+01

+6.00000E+05 +1.32432E+01 -1.02237E+00

+8.00000E+05 +1.22388E+02 -1.83607E+01

+8.00000E+05 +1.33399E+01 -1.44154E+00

+1.00000E+06 +1.21271E+02 -2.28093E+01

+1.00000E+06 +1.34617E+01 -1.90886E+00

121

Ag electrode, 0.01 M
Frequency
(HZ)

Ag electrode, 0.1 M

Resistance
(Ω)

Phase Shift Frequency
(°)

(HZ)

Resistance
(Ω)

Phase Shift
(°)

+2.00000E+01 +1.28875E+02 -1.56857E-01

+2.00000E+01 +1.33430E+01 -3.18556E-01

+2.29991E+01 +1.28892E+02 -1.33376E-01

+2.29991E+01 +1.33316E+01 -2.83427E-01

+3.00000E+01 +1.28821E+02 -1.46880E-01

+3.00000E+01 +1.33351E+01 -2.69150E-01

+4.00000E+01 +1.28781E+02 -1.46132E-01

+4.00000E+01 +1.33344E+01 -2.32597E-01

+5.49954E+01 +1.28712E+02 -1.48580E-01

+5.49954E+01 +1.33151E+01 -2.02434E-01

+7.50000E+01 +1.28640E+02 -1.52311E-01

+7.50000E+01 +1.33155E+01 -1.76691E-01

+1.00000E+02 +1.28542E+02 -1.62060E-01

+1.00000E+02 +1.33089E+01 -1.67168E-01

+1.29983E+02 +1.28454E+02 -1.56051E-01

+1.29983E+02 +1.33120E+01 -1.50627E-01

+1.69972E+02 +1.28359E+02 -1.41456E-01

+1.69972E+02 +1.33078E+01 -1.41084E-01

+2.30061E+02 +1.28261E+02 -1.12611E-01

+2.30061E+02 +1.32911E+01 -1.29639E-01

+3.00000E+02 +1.28224E+02 -8.26998E-02

+3.00000E+02 +1.32907E+01 -1.16454E-01

+4.00000E+02 +1.28218E+02 -5.70871E-02

+4.00000E+02 +1.32959E+01 -1.06938E-01

+5.50459E+02 +1.28209E+02 -4.25178E-02

+5.50459E+02 +1.32798E+01 -1.01616E-01

+7.50000E+02 +1.28214E+02 -3.83355E-02

+7.50000E+02 +1.32737E+01 -9.64713E-02

+1.00000E+03 +1.28222E+02 -3.56409E-02

+1.00000E+03 +1.32784E+01 -8.79278E-02

+1.30208E+03 +1.28227E+02 -4.45688E-02

+1.30208E+03 +1.32801E+01 -8.90845E-02

+1.70455E+03 +1.28216E+02 -5.53706E-02

+1.70455E+03 +1.32720E+01 -8.99817E-02

+2.30769E+03 +1.28195E+02 -6.96132E-02

+2.30769E+03 +1.32565E+01 -8.88950E-02

+3.00000E+03 +1.28176E+02 -8.64496E-02

+3.00000E+03 +1.32465E+01 -8.87546E-02

+4.00000E+03 +1.28157E+02 -1.11173E-01

+4.00000E+03 +1.32415E+01 -9.35063E-02

+5.45455E+03 +1.28139E+02 -1.43908E-01

+5.45455E+03 +1.32456E+01 -1.06247E-01

+7.50000E+03 +1.28114E+02 -1.86808E-01

+7.50000E+03 +1.32372E+01 -1.09044E-01

+1.00000E+04 +1.28089E+02 -2.35569E-01

+1.00000E+04 +1.32251E+01 -1.03943E-01

+1.30435E+04 +1.28084E+02 -3.01427E-01

+1.30435E+04 +1.32186E+01 -1.13684E-01

+1.71429E+04 +1.28073E+02 -3.94357E-01

+1.71429E+04 +1.32085E+01 -1.25332E-01

+2.30769E+04 +1.28058E+02 -5.20877E-01

+2.30769E+04 +1.31947E+01 -4.25967E-02

+3.00000E+04 +1.28047E+02 -6.67718E-01

+3.00000E+04 +1.31948E+01 +6.66767E-02

+4.00000E+04 +1.28046E+02 -8.83236E-01

+4.00000E+04 +1.32091E+01 +1.74148E-01

+5.45455E+04 +1.28047E+02 -1.20216E+00

+5.45455E+04 +1.32404E+01 +2.49266E-01

+7.50000E+04 +1.28046E+02 -1.65891E+00

+7.50000E+04 +1.32775E+01 +2.49033E-01

+1.00000E+05 +1.28029E+02 -2.21795E+00

+1.00000E+05 +1.33109E+01 +1.88339E-01

+1.25000E+05 +1.27998E+02 -2.77705E+00

+1.25000E+05 +1.33334E+01 +1.04325E-01

+1.66667E+05 +1.27929E+02 -3.70344E+00

+1.66667E+05 +1.33593E+01 -3.32330E-02

+2.40000E+05 +1.27763E+02 -5.31883E+00

+2.40000E+05 +1.33787E+01 -2.24440E-01
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+3.00000E+05 +1.27603E+02 -6.63173E+00

+3.00000E+05 +1.33885E+01 -3.58214E-01

+4.00000E+05 +1.27308E+02 -8.80248E+00

+4.00000E+05 +1.34132E+01 -5.75101E-01

+6.00000E+05 +1.26598E+02 -1.31136E+01

+6.00000E+05 +1.34905E+01 -1.00312E+00

+8.00000E+05 +1.25718E+02 -1.73760E+01

+8.00000E+05 +1.35876E+01 -1.41411E+00

+1.00000E+06 +1.24695E+02 -2.15945E+01

+1.00000E+06 +1.37103E+01 -1.87336E+00
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Sample 01A1, 0.01M
Frequency
(HZ)

Sample 04A1, 0.01M

Resistance
(Ω)

Phase Shift Frequency
(°)

(HZ)

Resistance
(Ω)

Phase Shift
(°)

+2.00000E+01 +4.04316E+04 -5.45159E-01

+2.00000E+01 +3.97171E+04 -2.90028E-01

+2.29991E+01 +4.04137E+04 -5.15811E-01

+2.29991E+01 +3.97152E+04 -2.61681E-01

+3.00000E+01 +4.03405E+04 -5.21016E-01

+3.00000E+01 +3.96727E+04 -2.70352E-01

+4.00000E+01 +4.02804E+04 -5.12962E-01

+4.00000E+01 +3.96449E+04 -2.64972E-01

+5.49954E+01 +4.02175E+04 -5.10981E-01

+5.49954E+01 +3.96142E+04 -2.62799E-01

+7.50000E+01 +4.01532E+04 -5.18032E-01

+7.50000E+01 +3.95853E+04 -2.72393E-01

+1.00000E+02 +4.00913E+04 -5.40059E-01

+1.00000E+02 +3.95536E+04 -2.94399E-01

+1.29983E+02 +4.00367E+04 -5.60359E-01

+1.29983E+02 +3.95269E+04 -3.13142E-01

+1.69972E+02 +3.99792E+04 -5.91193E-01

+1.69972E+02 +3.94976E+04 -3.40851E-01

+2.30061E+02 +3.99110E+04 -6.36088E-01

+2.30061E+02 +3.94614E+04 -3.80438E-01

+3.00000E+02 +3.98477E+04 -6.85947E-01

+3.00000E+02 +3.94257E+04 -4.23663E-01

+4.00000E+02 +3.97748E+04 -7.51874E-01

+4.00000E+02 +3.93854E+04 -4.79413E-01

+5.50459E+02 +3.96894E+04 -8.47981E-01

+5.50459E+02 +3.93365E+04 -5.61478E-01

+7.50000E+02 +3.95994E+04 -9.62967E-01

+7.50000E+02 +3.92843E+04 -6.59099E-01

+1.00000E+03 +3.95066E+04 -1.09022E+00

+1.00000E+03 +3.92288E+04 -7.67121E-01

+1.30208E+03 +3.94147E+04 -1.23916E+00

+1.30208E+03 +3.91749E+04 -8.96913E-01

+1.70455E+03 +3.93130E+04 -1.42275E+00

+1.70455E+03 +3.91155E+04 -1.05932E+00

+2.30769E+03 +3.91853E+04 -1.67597E+00

+2.30769E+03 +3.90424E+04 -1.28919E+00

+3.00000E+03 +3.90642E+04 -1.94757E+00

+3.00000E+03 +3.89706E+04 -1.54459E+00

+4.00000E+03 +3.89157E+04 -2.31748E+00

+4.00000E+03 +3.88819E+04 -1.90102E+00

+5.45455E+03 +3.87347E+04 -2.82140E+00

+5.45455E+03 +3.87691E+04 -2.39942E+00

+7.50000E+03 +3.85211E+04 -3.48664E+00

+7.50000E+03 +3.86275E+04 -3.07323E+00

+1.00000E+04 +3.82973E+04 -4.25470E+00

+1.00000E+04 +3.84675E+04 -3.86151E+00

+1.30435E+04 +3.80591E+04 -5.14714E+00

+1.30435E+04 +3.82875E+04 -4.78359E+00

+1.71429E+04 +3.77742E+04 -6.29673E+00

+1.71429E+04 +3.80612E+04 -5.97907E+00

+2.30769E+04 +3.74054E+04 -7.88430E+00

+2.30769E+04 +3.77531E+04 -7.64459E+00

+3.00000E+04 +3.70138E+04 -9.65573E+00

+3.00000E+04 +3.74022E+04 -9.52796E+00

+4.00000E+04 +3.64895E+04 -1.20989E+01

+4.00000E+04 +3.68860E+04 -1.21533E+01

+5.45455E+04 +3.57765E+04 -1.54666E+01

+5.45455E+04 +3.60985E+04 -1.57863E+01

+7.50000E+04 +3.48362E+04 -1.99212E+01

+7.50000E+04 +3.49275E+04 -2.05570E+01

+1.00000E+05 +3.37673E+04 -2.50103E+01

+1.00000E+05 +3.34502E+04 -2.59013E+01

+1.25000E+05 +3.27971E+04 -2.97963E+01

+1.25000E+05 +3.19736E+04 -3.07890E+01

+1.66667E+05 +3.14359E+04 -3.73417E+01

+1.66667E+05 +2.95651E+04 -3.80706E+01

+2.40000E+05 +2.98565E+04 -5.04898E+01

+2.40000E+05 +2.57319E+04 -4.88756E+01
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+3.00000E+05 +2.92784E+04 -6.36475E+01

+3.00000E+05 +2.30023E+04 -5.62021E+01

+4.00000E+05 +2.36162E+04 -9.67656E+01

+4.00000E+05 +1.92415E+04 -6.59486E+01

+6.00000E+05 +8.87919E+03 -1.03931E+02

+6.00000E+05 +1.45543E+04 -8.02132E+01

+8.00000E+05 +6.79376E+03 -1.00499E+02

+8.00000E+05 +1.14005E+04 -9.31048E+01

+1.00000E+06 +5.63164E+03 -1.03709E+02

+1.00000E+06 +9.03507E+03 -1.03420E+02
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Sample 02E1, 0.1 M
Frequency
(HZ)

Sample 06D1, 0.1 M

Resistance
(Ω)

Phase Shift Frequency
(°)

(HZ)

Resistance
(Ω)

Phase Shift
(°)

+2.00000E+01 +1.54241E+04 -6.74385E-01

+2.00000E+01 +1.53384E+04 -4.17945E-01

+2.29991E+01 +1.54144E+04 -6.50540E-01

+2.29991E+01 +1.53366E+04 -3.95109E-01

+3.00000E+01 +1.53799E+04 -6.65240E-01

+3.00000E+01 +1.53152E+04 -4.13121E-01

+4.00000E+01 +1.53489E+04 -6.62350E-01

+4.00000E+01 +1.52976E+04 -4.14609E-01

+5.49954E+01 +1.53155E+04 -6.59997E-01

+5.49954E+01 +1.52780E+04 -4.17938E-01

+7.50000E+01 +1.52821E+04 -6.60113E-01

+7.50000E+01 +1.52583E+04 -4.23531E-01

+1.00000E+02 +1.52499E+04 -6.71519E-01

+1.00000E+02 +1.52377E+04 -4.41043E-01

+1.29983E+02 +1.52216E+04 -6.77075E-01

+1.29983E+02 +1.52198E+04 -4.52152E-01

+1.69972E+02 +1.51922E+04 -6.86726E-01

+1.69972E+02 +1.52010E+04 -4.66973E-01

+2.30061E+02 +1.51590E+04 -7.01548E-01

+2.30061E+02 +1.51792E+04 -4.88060E-01

+3.00000E+02 +1.51295E+04 -7.17299E-01

+3.00000E+02 +1.51596E+04 -5.09298E-01

+4.00000E+02 +1.50974E+04 -7.39275E-01

+4.00000E+02 +1.51381E+04 -5.37710E-01

+5.50459E+02 +1.50619E+04 -7.74076E-01

+5.50459E+02 +1.51134E+04 -5.79093E-01

+7.50000E+02 +1.50264E+04 -8.15593E-01

+7.50000E+02 +1.50889E+04 -6.28583E-01

+1.00000E+03 +1.49931E+04 -8.61188E-01

+1.00000E+03 +1.50653E+04 -6.81697E-01

+1.30208E+03 +1.49619E+04 -9.19308E-01

+1.30208E+03 +1.50427E+04 -7.48582E-01

+1.70455E+03 +1.49294E+04 -9.92940E-01

+1.70455E+03 +1.50190E+04 -8.32447E-01

+2.30769E+03 +1.48916E+04 -1.09753E+00

+2.30769E+03 +1.49907E+04 -9.51643E-01

+3.00000E+03 +1.48576E+04 -1.21325E+00

+3.00000E+03 +1.49645E+04 -1.08290E+00

+4.00000E+03 +1.48185E+04 -1.37643E+00

+4.00000E+03 +1.49335E+04 -1.26752E+00

+5.45455E+03 +1.47737E+04 -1.60465E+00

+5.45455E+03 +1.48959E+04 -1.52574E+00

+7.50000E+03 +1.47241E+04 -1.91287E+00

+7.50000E+03 +1.48518E+04 -1.87224E+00

+1.00000E+04 +1.46748E+04 -2.27616E+00

+1.00000E+04 +1.48050E+04 -2.27540E+00

+1.30435E+04 +1.46244E+04 -2.70545E+00

+1.30435E+04 +1.47541E+04 -2.74362E+00

+1.71429E+04 +1.45657E+04 -3.26495E+00

+1.71429E+04 +1.46919E+04 -3.34330E+00

+2.30769E+04 +1.44913E+04 -4.04887E+00

+2.30769E+04 +1.46110E+04 -4.16637E+00

+3.00000E+04 +1.44124E+04 -4.93287E+00

+3.00000E+04 +1.45251E+04 -5.08284E+00

+4.00000E+04 +1.43059E+04 -6.16576E+00

+4.00000E+04 +1.44078E+04 -6.35450E+00

+5.45455E+04 +1.41564E+04 -7.88350E+00

+5.45455E+04 +1.42417E+04 -8.11641E+00

+7.50000E+04 +1.39480E+04 -1.01781E+01

+7.50000E+04 +1.40077E+04 -1.04421E+01

+1.00000E+05 +1.36906E+04 -1.28206E+01

+1.00000E+05 +1.37176E+04 -1.30777E+01

+1.25000E+05 +1.34275E+04 -1.53106E+01

+1.25000E+05 +1.34258E+04 -1.55166E+01

+1.66667E+05 +1.29769E+04 -1.91603E+01

+1.66667E+05 +1.29423E+04 -1.92162E+01
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+2.40000E+05 +1.21738E+04 -2.51169E+01

+2.40000E+05 +1.21199E+04 -2.48435E+01

+3.00000E+05 +1.15306E+04 -2.93131E+01

+3.00000E+05 +1.14874E+04 -2.87817E+01

+4.00000E+05 +1.05185E+04 -3.50895E+01

+4.00000E+05 +1.05146E+04 -3.42334E+01

+6.00000E+05 +8.99778E+03 -4.29446E+01

+6.00000E+05 +9.07001E+03 -4.17903E+01

+8.00000E+05 +7.95917E+03 -4.96631E+01

+8.00000E+05 +8.07830E+03 -4.84713E+01

+1.00000E+06 +7.11681E+03 -5.53935E+01

+1.00000E+06 +7.25281E+03 -5.42843E+01
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Sample 08B1, 0.1M
Frequency
(HZ)

Coors #2, 0.4

Resistance
(Ω)

Phase Shift Frequency
(°)

(HZ)

Resistance
(Ω)

Phase Shift
(°)

+2.00000E+01 +4.91314E+04 -2.44544E+00

+2.00000E+01 +4.93813E+02 -1.04086E-01

+2.29991E+01 +4.89592E+04 -2.42058E+00

+2.29991E+01 +4.93913E+02 -7.13822E-02

+3.00000E+01 +4.85831E+04 -2.42680E+00

+3.00000E+01 +4.93657E+02 -7.95140E-02

+4.00000E+01 +4.82027E+04 -2.40789E+00

+4.00000E+01 +4.93580E+02 -6.64918E-02

+5.49954E+01 +4.77950E+04 -2.37987E+00

+5.49954E+01 +4.93507E+02 -4.98645E-02

+7.50000E+01 +4.74033E+04 -2.35320E+00

+7.50000E+01 +4.93416E+02 -3.49444E-02

+1.00000E+02 +4.70473E+04 -2.33427E+00

+1.00000E+02 +4.93362E+02 -4.13285E-02

+1.29983E+02 +4.67342E+04 -2.31160E+00

+1.29983E+02 +4.93308E+02 -3.09093E-02

+1.69972E+02 +4.64214E+04 -2.29328E+00

+1.69972E+02 +4.93259E+02 -2.54314E-02

+2.30061E+02 +4.60767E+04 -2.27792E+00

+2.30061E+02 +4.93207E+02 -1.99363E-02

+3.00000E+02 +4.57807E+04 -2.26912E+00

+3.00000E+02 +4.93184E+02 -1.95841E-02

+4.00000E+02 +4.54678E+04 -2.27187E+00

+4.00000E+02 +4.93164E+02 -1.56870E-02

+5.50459E+02 +4.51284E+04 -2.29208E+00

+5.50459E+02 +4.93139E+02 -1.53470E-02

+7.50000E+02 +4.48057E+04 -2.33021E+00

+7.50000E+02 +4.93140E+02 -1.50064E-02

+1.00000E+03 +4.45081E+04 -2.38260E+00

+1.00000E+03 +4.93133E+02 -9.37218E-03

+1.30208E+03 +4.42372E+04 -2.46140E+00

+1.30208E+03 +4.93129E+02 -1.20105E-02

+1.70455E+03 +4.39619E+04 -2.57033E+00

+1.70455E+03 +4.93123E+02 -1.39556E-02

+2.30769E+03 +4.36520E+04 -2.73530E+00

+2.30769E+03 +4.93119E+02 -1.54170E-02

+3.00000E+03 +4.33801E+04 -2.92666E+00

+3.00000E+03 +4.93111E+02 -1.82855E-02

+4.00000E+03 +4.30772E+04 -3.20315E+00

+4.00000E+03 +4.93105E+02 -2.35419E-02

+5.45455E+03 +4.27400E+04 -3.59872E+00

+5.45455E+03 +4.93117E+02 -3.16344E-02

+7.50000E+03 +4.23773E+04 -4.14182E+00

+7.50000E+03 +4.93124E+02 -4.33002E-02

+1.00000E+04 +4.20261E+04 -4.78758E+00

+1.00000E+04 +4.93149E+02 -5.71645E-02

+1.30435E+04 +4.16783E+04 -5.54302E+00

+1.30435E+04 +4.93181E+02 -7.79905E-02

+1.71429E+04 +4.12835E+04 -6.49954E+00

+1.71429E+04 +4.93232E+02 -1.09321E-01

+2.30769E+04 +4.07851E+04 -7.90091E+00

+2.30769E+04 +4.93258E+02 -1.58082E-01

+3.00000E+04 +4.02649E+04 -9.48377E+00

+3.00000E+04 +4.93238E+02 -2.12086E-01

+4.00000E+04 +3.95655E+04 -1.16895E+01

+4.00000E+04 +4.93210E+02 -2.84759E-01

+5.45455E+04 +3.86055E+04 -1.47020E+01

+5.45455E+04 +4.93206E+02 -3.87642E-01

+7.50000E+04 +3.73021E+04 -1.86091E+01

+7.50000E+04 +4.93218E+02 -5.33920E-01

+1.00000E+05 +3.57457E+04 -2.29854E+01

+1.00000E+05 +4.93254E+02 -7.13531E-01

+1.25000E+05 +3.42236E+04 -2.69839E+01

+1.25000E+05 +4.93270E+02 -8.93366E-01

+1.66667E+05 +3.17735E+04 -3.29170E+01

+1.66667E+05 +4.93303E+02 -1.19336E+00

128

+2.40000E+05 +2.78265E+04 -4.14954E+01

+2.40000E+05 +4.93301E+02 -1.72420E+00

+3.00000E+05 +2.50087E+04 -4.70727E+01

+3.00000E+05 +4.93000E+02 -2.16127E+00

+4.00000E+05 +2.11005E+04 -5.39628E+01

+4.00000E+05 +4.92106E+02 -2.50456E+00

+6.00000E+05 +1.63206E+04 -6.20408E+01

+6.00000E+05 +5.02720E+02 -3.77988E+00

+8.00000E+05 +1.33839E+04 -6.91292E+01

+8.00000E+05 +5.05712E+02 -5.66204E+00

+1.00000E+06 +1.12295E+04 -7.46399E+01

+1.00000E+06 +5.08006E+02 -7.04582E+00
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Sample 02E1, 0.01M
Frequency
(HZ)

Sample 06D1, 0.01M

Resistance
(Ω)

Phase Shift Frequency
(°)

(HZ)

Resistance
(Ω)

Phase Shift
(°)

+2.00000E+01 +3.17323E+04 -8.08754E-01

+2.00000E+01 +5.94757E+04 -8.99384E-01

+2.29991E+01 +3.17082E+04 -7.82794E-01

+2.29991E+01 +5.94759E+04 -8.85407E-01

+3.00000E+01 +3.16279E+04 -7.94745E-01

+3.00000E+01 +5.94101E+04 -9.18506E-01

+4.00000E+01 +3.15553E+04 -7.90966E-01

+4.00000E+01 +5.92586E+04 -9.39486E-01

+5.49954E+01 +3.14755E+04 -7.88479E-01

+5.49954E+01 +5.90893E+04 -9.65323E-01

+7.50000E+01 +3.13983E+04 -7.89395E-01

+7.50000E+01 +5.89160E+04 -9.97971E-01

+1.00000E+02 +3.13231E+04 -8.06074E-01

+1.00000E+02 +5.87462E+04 -1.04666E+00

+1.29983E+02 +3.12563E+04 -8.18450E-01

+1.29983E+02 +5.85912E+04 -1.09027E+00

+1.69972E+02 +3.11875E+04 -8.36827E-01

+1.69972E+02 +5.84295E+04 -1.14625E+00

+2.30061E+02 +3.11093E+04 -8.65255E-01

+2.30061E+02 +5.82413E+04 -1.22352E+00

+3.00000E+02 +3.10406E+04 -8.98100E-01

+3.00000E+02 +5.80729E+04 -1.30705E+00

+4.00000E+02 +3.09665E+04 -9.45816E-01

+4.00000E+02 +5.78831E+04 -1.41909E+00

+5.50459E+02 +3.08826E+04 -1.02002E+00

+5.50459E+02 +5.76656E+04 -1.58423E+00

+7.50000E+02 +3.07997E+04 -1.11460E+00

+7.50000E+02 +5.74452E+04 -1.78803E+00

+1.00000E+03 +3.07195E+04 -1.22529E+00

+1.00000E+03 +5.72247E+04 -2.02623E+00

+1.30208E+03 +3.06441E+04 -1.36153E+00

+1.30208E+03 +5.70122E+04 -2.31340E+00

+1.70455E+03 +3.05639E+04 -1.53627E+00

+1.70455E+03 +5.67785E+04 -2.67913E+00

+2.30769E+03 +3.04679E+04 -1.78987E+00

+2.30769E+03 +5.64879E+04 -3.20681E+00

+3.00000E+03 +3.03790E+04 -2.07297E+00

+3.00000E+03 +5.62026E+04 -3.79161E+00

+4.00000E+03 +3.02734E+04 -2.47247E+00

+4.00000E+03 +5.58393E+04 -4.60591E+00

+5.45455E+03 +3.01460E+04 -3.03633E+00

+5.45455E+03 +5.53620E+04 -5.73715E+00

+7.50000E+03 +2.99954E+04 -3.80342E+00

+7.50000E+03 +5.47398E+04 -7.24432E+00

+1.00000E+04 +2.98340E+04 -4.71129E+00

+1.00000E+04 +5.40130E+04 -8.97695E+00

+1.30435E+04 +2.96547E+04 -5.78373E+00

+1.30435E+04 +5.31514E+04 -1.09548E+01

+1.71429E+04 +2.94267E+04 -7.18130E+00

+1.71429E+04 +5.19561E+04 -1.34286E+01

+2.30769E+04 +2.91078E+04 -9.12811E+00

+2.30769E+04 +5.03687E+04 -1.66502E+01

+3.00000E+04 +2.87396E+04 -1.13042E+01

+3.00000E+04 +4.86066E+04 -2.00270E+01

+4.00000E+04 +2.82039E+04 -1.42962E+01

+4.00000E+04 +4.62303E+04 -2.43453E+01

+5.45455E+04 +2.74090E+04 -1.83724E+01

+5.45455E+04 +4.31218E+04 -2.97564E+01

+7.50000E+04 +2.62790E+04 -2.36302E+01

+7.50000E+04 +3.93473E+04 -3.61670E+01

+1.00000E+05 +2.49163E+04 -2.94214E+01

+1.00000E+05 +3.55044E+04 -4.27185E+01

+1.25000E+05 +2.36074E+04 -3.46360E+01

+1.25000E+05 +3.23192E+04 -4.83351E+01

+1.66667E+05 +2.15891E+04 -4.23206E+01

+1.66667E+05 +2.79936E+04 -5.61353E+01
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+2.40000E+05 +1.85584E+04 -5.36306E+01

+2.40000E+05 +2.25436E+04 -6.70063E+01

+3.00000E+05 +1.65124E+04 -6.14108E+01

+3.00000E+05 +1.93481E+04 -7.43274E+01

+4.00000E+05 +1.37699E+04 -7.23256E+01

+4.00000E+05 +1.54823E+04 -8.46082E+01

+6.00000E+05 +1.00726E+04 -8.95167E+01

+6.00000E+05 +1.07386E+04 -1.01185E+02

+8.00000E+05 +7.62468E+03 -1.03386E+02

+8.00000E+05 +7.82099E+03 -1.14625E+02

+1.00000E+06 +5.92673E+03 -1.15028E+02

+1.00000E+06 +5.89831E+03 -1.25899E+02
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Sample 08B1, 0.01M
Frequency
(HZ)

Sample 06F1 0.01M

Resistance
(Ω)

Phase Shift Frequency
(°)

(HZ)

Resistance
(Ω)

Phase Shift
(°)

+2.00000E+01 +9.66914E+04 -3.24020E+00

+2.00000E+01 +8.31194E+04 -5.21666E-01

+2.29991E+01 +9.62725E+04 -3.21054E+00

+2.29991E+01 +8.30967E+04 -5.05336E-01

+3.00000E+01 +9.53330E+04 -3.21229E+00

+3.00000E+01 +8.29565E+04 -5.37365E-01

+4.00000E+01 +9.43724E+04 -3.18442E+00

+4.00000E+01 +8.28370E+04 -5.58170E-01

+5.49954E+01 +9.33192E+04 -3.14445E+00

+5.49954E+01 +8.26710E+04 -6.08227E-01

+7.50000E+01 +9.23399E+04 -3.08591E+00

+7.50000E+01 +8.25585E+04 -6.23178E-01

+1.00000E+02 +9.14586E+04 -3.04138E+00

+1.00000E+02 +8.24139E+04 -6.81299E-01

+1.29983E+02 +9.06962E+04 -2.99305E+00

+1.29983E+02 +8.22816E+04 -7.34180E-01

+1.69972E+02 +8.99577E+04 -2.95058E+00

+1.69972E+02 +8.21404E+04 -8.01377E-01

+2.30061E+02 +8.91589E+04 -2.91895E+00

+2.30061E+02 +8.19715E+04 -8.96954E-01

+3.00000E+02 +8.85019E+04 -2.90892E+00

+3.00000E+02 +8.18285E+04 -9.98779E-01

+4.00000E+02 +8.78055E+04 -2.92671E+00

+4.00000E+02 +8.16371E+04 -1.14345E+00

+5.50459E+02 +8.70373E+04 -2.99718E+00

+5.50459E+02 +8.14252E+04 -1.35061E+00

+7.50000E+02 +8.63155E+04 -3.11530E+00

+7.50000E+02 +8.11985E+04 -1.61028E+00

+1.00000E+03 +8.56499E+04 -3.28123E+00

+1.00000E+03 +8.09547E+04 -1.91652E+00

+1.30208E+03 +8.50326E+04 -3.49977E+00

+1.30208E+03 +8.07046E+04 -2.27880E+00

+1.70455E+03 +8.44005E+04 -3.79508E+00

+1.70455E+03 +8.04092E+04 -2.73996E+00

+2.30769E+03 +8.36583E+04 -4.23492E+00

+2.30769E+03 +8.00079E+04 -3.39339E+00

+3.00000E+03 +8.29840E+04 -4.73180E+00

+3.00000E+03 +7.95758E+04 -4.10458E+00

+4.00000E+03 +8.21856E+04 -5.43279E+00

+4.00000E+03 +7.89850E+04 -5.07128E+00

+5.45455E+03 +8.12442E+04 -6.41138E+00

+5.45455E+03 +7.81786E+04 -6.38844E+00

+7.50000E+03 +8.01650E+04 -7.72870E+00

+7.50000E+03 +7.70986E+04 -8.06870E+00

+1.00000E+04 +7.90456E+04 -9.26584E+00

+1.00000E+04 +7.58626E+04 -9.93482E+00

+1.30435E+04 +7.78544E+04 -1.10541E+01

+1.30435E+04 +7.44620E+04 -1.20634E+01

+1.71429E+04 +7.64076E+04 -1.33512E+01

+1.71429E+04 +7.27232E+04 -1.46453E+01

+2.30769E+04 +7.44556E+04 -1.65137E+01

+2.30769E+04 +7.04138E+04 -1.80620E+01

+3.00000E+04 +7.23191E+04 -1.99981E+01

+3.00000E+04 +6.78535E+04 -2.17948E+01

+4.00000E+04 +6.93474E+04 -2.47056E+01

+4.00000E+04 +6.44876E+04 -2.66188E+01

+5.45455E+04 +6.51853E+04 -3.09432E+01

+5.45455E+04 +5.99334E+04 -3.28633E+01

+7.50000E+04 +5.96592E+04 -3.86727E+01

+7.50000E+04 +5.40253E+04 -4.04280E+01

+1.00000E+05 +5.35217E+04 -4.67176E+01

+1.00000E+05 +4.78867E+04 -4.80267E+01

+1.25000E+05 +4.81630E+04 -5.35392E+01

+1.25000E+05 +4.26786E+04 -5.42694E+01

+1.66667E+05 +4.08172E+04 -6.29094E+01

+1.66667E+05 +3.58648E+04 -6.26211E+01
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+2.40000E+05 +3.15110E+04 -7.54872E+01

+2.40000E+05 +2.76451E+04 -7.34526E+01

+3.00000E+05 +2.61973E+04 -8.32354E+01

+3.00000E+05 +2.31262E+04 -8.03119E+01

+4.00000E+05 +2.02223E+04 -9.39701E+01

+4.00000E+05 +1.80021E+04 -8.97125E+01

+6.00000E+05 +1.31871E+04 -1.10739E+02

+6.00000E+05 +1.20432E+04 -1.04402E+02

+8.00000E+05 +9.26902E+03 -1.23724E+02

+8.00000E+05 +8.66686E+03 -1.15854E+02

+1.00000E+06 +6.80491E+03 -1.34180E+02

+1.00000E+06 +6.53885E+03 -1.25562E+02
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Sample 01A1, 0.1M
Frequency
(HZ)

Sample 04A1, 0.1M

Resistance
(Ω)

Phase Shift Frequency
(°)

(HZ)

Resistance
(Ω)

Phase Shift
(°)

+2.00000E+01 +1.38738E+04 -2.63310E-01

+2.00000E+01 +2.34348E+04 -1.81015E-01

+2.29991E+01 +1.38751E+04 -2.33893E-01

+2.29991E+01 +2.34382E+04 -1.53392E-01

+3.00000E+01 +1.38628E+04 -2.41773E-01

+3.00000E+01 +2.34213E+04 -1.63434E-01

+4.00000E+01 +1.38553E+04 -2.33370E-01

+4.00000E+01 +2.34129E+04 -1.57602E-01

+5.49954E+01 +1.38472E+04 -2.26700E-01

+5.49954E+01 +2.34038E+04 -1.53320E-01

+7.50000E+01 +1.38391E+04 -2.22736E-01

+7.50000E+01 +2.33954E+04 -1.52932E-01

+1.00000E+02 +1.38304E+04 -2.34637E-01

+1.00000E+02 +2.33853E+04 -1.67738E-01

+1.29983E+02 +1.38230E+04 -2.40782E-01

+1.29983E+02 +2.33769E+04 -1.77366E-01

+1.69972E+02 +1.38151E+04 -2.51924E-01

+1.69972E+02 +2.33673E+04 -1.92471E-01

+2.30061E+02 +1.38054E+04 -2.70290E-01

+2.30061E+02 +2.33557E+04 -2.16238E-01

+3.00000E+02 +1.37963E+04 -2.90746E-01

+3.00000E+02 +2.33444E+04 -2.42149E-01

+4.00000E+02 +1.37864E+04 -3.17582E-01

+4.00000E+02 +2.33320E+04 -2.77411E-01

+5.50459E+02 +1.37745E+04 -3.58454E-01

+5.50459E+02 +2.33154E+04 -3.29597E-01

+7.50000E+02 +1.37616E+04 -4.06517E-01

+7.50000E+02 +2.32968E+04 -3.90923E-01

+1.00000E+03 +1.37483E+04 -4.57056E-01

+1.00000E+03 +2.32777E+04 -4.57104E-01

+1.30208E+03 +1.37354E+04 -5.19116E-01

+1.30208E+03 +2.32576E+04 -5.36315E-01

+1.70455E+03 +1.37207E+04 -5.94720E-01

+1.70455E+03 +2.32345E+04 -6.32628E-01

+2.30769E+03 +1.37026E+04 -6.97946E-01

+2.30769E+03 +2.32051E+04 -7.64468E-01

+3.00000E+03 +1.36852E+04 -8.09008E-01

+3.00000E+03 +2.31766E+04 -9.05901E-01

+4.00000E+03 +1.36635E+04 -9.61081E-01

+4.00000E+03 +2.31421E+04 -1.10099E+00

+5.45455E+03 +1.36378E+04 -1.16820E+00

+5.45455E+03 +2.31007E+04 -1.36946E+00

+7.50000E+03 +1.36074E+04 -1.44201E+00

+7.50000E+03 +2.30536E+04 -1.73077E+00

+1.00000E+04 +1.35761E+04 -1.75890E+00

+1.00000E+04 +2.30060E+04 -2.15711E+00

+1.30435E+04 +1.35430E+04 -2.12886E+00

+1.30435E+04 +2.29567E+04 -2.66385E+00

+1.71429E+04 +1.35037E+04 -2.60741E+00

+1.71429E+04 +2.28988E+04 -3.33210E+00

+2.30769E+04 +1.34534E+04 -3.27274E+00

+2.30769E+04 +2.28239E+04 -4.27947E+00

+3.00000E+04 +1.34003E+04 -4.02057E+00

+3.00000E+04 +2.27444E+04 -5.36205E+00

+4.00000E+04 +1.33297E+04 -5.06465E+00

+4.00000E+04 +2.26346E+04 -6.89402E+00

+5.45455E+04 +1.32326E+04 -6.52874E+00

+5.45455E+04 +2.24792E+04 -9.06808E+00

+7.50000E+04 +1.30991E+04 -8.50735E+00

+7.50000E+04 +2.22637E+04 -1.20248E+01

+1.00000E+05 +1.29351E+04 -1.08278E+01

+1.00000E+05 +2.20089E+04 -1.54985E+01

+1.25000E+05 +1.27666E+04 -1.30577E+01

+1.25000E+05 +2.17805E+04 -1.88496E+01

+1.66667E+05 +1.24730E+04 -1.65996E+01

+1.66667E+05 +2.15025E+04 -2.42966E+01
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+2.40000E+05 +1.19218E+04 -2.23535E+01

+2.40000E+05 +2.15852E+04 -3.44223E+01

+3.00000E+05 +1.14451E+04 -2.66263E+01

+3.00000E+05 +2.25256E+04 -4.66847E+01

+4.00000E+05 +1.06224E+04 -3.27272E+01

+4.00000E+05 +1.29997E+04 -7.60324E+01

+6.00000E+05 +9.38075E+03 -4.17259E+01

+6.00000E+05 +7.26758E+03 -6.38026E+01

+8.00000E+05 +8.40811E+03 -4.98746E+01

+8.00000E+05 +6.35074E+03 -6.35021E+01

+1.00000E+06 +7.58497E+03 -5.67534E+01

+1.00000E+06 +5.39068E+03 -6.82729E+01
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Sample 06F1, 0.1 M
Frequency
(HZ)

Sample 06F1, 0.4M

Resistance
(Ω)

Phase Shift Frequency
(°)

(HZ)

Resistance
(Ω)

Phase Shift
(°)

+2.00000E+01 +4.91306E+04 -3.72243E-01

+2.00000E+01 +2.41158E+04 -2.86129E-01

+2.29991E+01 +4.91237E+04 -3.55656E-01

+2.29991E+01 +2.41165E+04 -2.67778E-01

+3.00000E+01 +4.90572E+04 -3.86037E-01

+3.00000E+01 +2.40910E+04 -2.95133E-01

+4.00000E+01 +4.90032E+04 -4.04230E-01

+4.00000E+01 +2.40719E+04 -3.09033E-01

+5.49954E+01 +4.89399E+04 -4.24093E-01

+5.49954E+01 +2.40498E+04 -3.28679E-01

+7.50000E+01 +4.88724E+04 -4.54226E-01

+7.50000E+01 +2.40251E+04 -3.48790E-01

+1.00000E+02 +4.88027E+04 -4.92613E-01

+1.00000E+02 +2.39974E+04 -3.82627E-01

+1.29983E+02 +4.87383E+04 -5.23699E-01

+1.29983E+02 +2.39723E+04 -4.08950E-01

+1.69972E+02 +4.86685E+04 -5.62246E-01

+1.69972E+02 +2.39445E+04 -4.39393E-01

+2.30061E+02 +4.85854E+04 -6.12126E-01

+2.30061E+02 +2.39104E+04 -4.78060E-01

+3.00000E+02 +4.85088E+04 -6.61093E-01

+3.00000E+02 +2.38785E+04 -5.14795E-01

+4.00000E+02 +4.84217E+04 -7.26387E-01

+4.00000E+02 +2.38426E+04 -5.58626E-01

+5.50459E+02 +4.83217E+04 -8.16829E-01

+5.50459E+02 +2.38001E+04 -6.17624E-01

+7.50000E+02 +4.82188E+04 -9.23967E-01

+7.50000E+02 +2.37566E+04 -6.83342E-01

+1.00000E+03 +4.81149E+04 -1.04440E+00

+1.00000E+03 +2.37138E+04 -7.51980E-01

+1.30208E+03 +4.80179E+04 -1.18783E+00

+1.30208E+03 +2.36731E+04 -8.32278E-01

+1.70455E+03 +4.79112E+04 -1.37071E+00

+1.70455E+03 +2.36294E+04 -9.31093E-01

+2.30769E+03 +4.77828E+04 -1.62932E+00

+2.30769E+03 +2.35771E+04 -1.06708E+00

+3.00000E+03 +4.76616E+04 -1.91630E+00

+3.00000E+03 +2.35292E+04 -1.21482E+00

+4.00000E+03 +4.75149E+04 -2.31765E+00

+4.00000E+03 +2.34727E+04 -1.42014E+00

+5.45455E+03 +4.73358E+04 -2.87912E+00

+5.45455E+03 +2.34072E+04 -1.70440E+00

+7.50000E+03 +4.71200E+04 -3.64167E+00

+7.50000E+03 +2.33331E+04 -2.08689E+00

+1.00000E+04 +4.68852E+04 -4.54117E+00

+1.00000E+04 +2.32583E+04 -2.53561E+00

+1.30435E+04 +4.66223E+04 -5.60684E+00

+1.30435E+04 +2.31815E+04 -3.06473E+00

+1.71429E+04 +4.62859E+04 -6.99712E+00

+1.71429E+04 +2.30918E+04 -3.75426E+00

+2.30769E+04 +4.58059E+04 -8.94426E+00

+2.30769E+04 +2.29790E+04 -4.72302E+00

+3.00000E+04 +4.52406E+04 -1.11301E+01

+3.00000E+04 +2.28620E+04 -5.81811E+00

+4.00000E+04 +4.43907E+04 -1.41512E+01

+4.00000E+04 +2.27084E+04 -7.35256E+00

+5.45455E+04 +4.30834E+04 -1.82748E+01

+5.45455E+04 +2.25024E+04 -9.50651E+00

+7.50000E+04 +4.11335E+04 -2.35834E+01

+7.50000E+04 +2.22343E+04 -1.24128E+01

+1.00000E+05 +3.86759E+04 -2.93502E+01

+1.00000E+05 +2.19355E+04 -1.58052E+01

+1.25000E+05 +3.62524E+04 -3.43932E+01

+1.25000E+05 +2.16753E+04 -1.90621E+01

+1.66667E+05 +3.24793E+04 -4.14143E+01

+1.66667E+05 +2.13502E+04 -2.43389E+01
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+2.40000E+05 +2.69389E+04 -5.05776E+01

+2.40000E+05 +2.12573E+04 -3.40697E+01

+3.00000E+05 +2.34021E+04 -5.59455E+01

+3.00000E+05 +2.16737E+04 -4.50852E+01

+4.00000E+05 +1.90274E+04 -6.18461E+01

+4.00000E+05 +1.43132E+04 -6.79227E+01

+6.00000E+05 +1.43652E+04 -6.88837E+01

+6.00000E+05 +8.84731E+03 -7.14236E+01

+8.00000E+05 +1.15707E+04 -7.50390E+01

+8.00000E+05 +6.92831E+03 -7.23852E+01

+1.00000E+06 +9.69258E+03 -7.97162E+01

+1.00000E+06 +5.85421E+03 -7.37032E+01
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Sample 01A1, 0.4M
Frequency
(HZ)

Sample 04A1, 04M

Resistance
(Ω)

Phase Shift Frequency
(°)

(HZ)

Resistance
(Ω)

Phase Shift
(°)

+2.00000E+01 +4.38474E+03 -1.50752E-01

+2.00000E+01 +8.24518E+03 -1.11666E-01

+2.29991E+01 +4.38576E+03 -1.21634E-01

+2.29991E+01 +8.24726E+03 -8.39138E-02

+3.00000E+01 +4.38301E+03 -1.27131E-01

+3.00000E+01 +8.24255E+03 -9.08142E-02

+4.00000E+01 +4.38199E+03 -1.17698E-01

+4.00000E+01 +8.24101E+03 -8.26408E-02

+5.49954E+01 +4.38109E+03 -1.06261E-01

+5.49954E+01 +8.23981E+03 -7.14291E-02

+7.50000E+01 +4.37986E+03 -9.84755E-02

+7.50000E+01 +8.23824E+03 -6.64384E-02

+1.00000E+02 +4.37868E+03 -1.05066E-01

+1.00000E+02 +8.23663E+03 -7.42317E-02

+1.29983E+02 +4.37776E+03 -1.04742E-01

+1.29983E+02 +8.23554E+03 -7.58699E-02

+1.69972E+02 +4.37666E+03 -1.08417E-01

+1.69972E+02 +8.23387E+03 -8.17860E-02

+2.30061E+02 +4.37537E+03 -1.15423E-01

+2.30061E+02 +8.23211E+03 -9.20286E-02

+3.00000E+02 +4.37423E+03 -1.23043E-01

+3.00000E+02 +8.23033E+03 -1.02970E-01

+4.00000E+02 +4.37293E+03 -1.32657E-01

+4.00000E+02 +8.22834E+03 -1.17430E-01

+5.50459E+02 +4.37121E+03 -1.50165E-01

+5.50459E+02 +8.22569E+03 -1.41171E-01

+7.50000E+02 +4.36946E+03 -1.68962E-01

+7.50000E+02 +8.22275E+03 -1.67900E-01

+1.00000E+03 +4.36773E+03 -1.85261E-01

+1.00000E+03 +8.21956E+03 -1.93283E-01

+1.30208E+03 +4.36609E+03 -2.10402E-01

+1.30208E+03 +8.21639E+03 -2.28230E-01

+1.70455E+03 +4.36412E+03 -2.39617E-01

+1.70455E+03 +8.21241E+03 -2.68666E-01

+2.30769E+03 +4.36172E+03 -2.78159E-01

+2.30769E+03 +8.20709E+03 -3.22449E-01

+3.00000E+03 +4.35942E+03 -3.19572E-01

+3.00000E+03 +8.20184E+03 -3.78750E-01

+4.00000E+03 +4.35659E+03 -3.76673E-01

+4.00000E+03 +8.19518E+03 -4.53418E-01

+5.45455E+03 +4.35329E+03 -4.53540E-01

+5.45455E+03 +8.18676E+03 -5.51859E-01

+7.50000E+03 +4.34943E+03 -5.53308E-01

+7.50000E+03 +8.17695E+03 -6.75790E-01

+1.00000E+04 +4.34554E+03 -6.66746E-01

+1.00000E+04 +8.16720E+03 -8.13995E-01

+1.30435E+04 +4.34187E+03 -7.98160E-01

+1.30435E+04 +8.15760E+03 -9.71931E-01

+1.71429E+04 +4.33807E+03 -9.65721E-01

+1.71429E+04 +8.14733E+03 -1.17330E+00

+2.30769E+04 +4.33441E+03 -1.19703E+00

+2.30769E+04 +8.13646E+03 -1.45276E+00

+3.00000E+04 +4.33229E+03 -1.45691E+00

+3.00000E+04 +8.12774E+03 -1.76919E+00

+4.00000E+04 +4.33257E+03 -1.82282E+00

+4.00000E+04 +8.12073E+03 -2.21850E+00

+5.45455E+04 +4.33871E+03 -2.34859E+00

+5.45455E+04 +8.11870E+03 -2.86673E+00

+7.50000E+04 +4.35831E+03 -3.09516E+00

+7.50000E+04 +8.12994E+03 -3.78764E+00

+1.00000E+05 +4.39939E+03 -4.05908E+00

+1.00000E+05 +8.16198E+03 -4.97870E+00

+1.25000E+05 +4.46005E+03 -5.14430E+00

+1.25000E+05 +8.21033E+03 -6.28039E+00

+1.66667E+05 +4.60332E+03 -7.43927E+00

+1.66667E+05 +8.29034E+03 -8.89213E+00
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+2.40000E+05 +4.93434E+03 -1.39218E+01

+2.40000E+05 +8.18691E+03 -1.43112E+01

+3.00000E+05 +5.09460E+03 -2.21292E+01

+3.00000E+05 +7.89768E+03 -1.79326E+01

+4.00000E+05 +4.96152E+03 -3.80868E+01

+4.00000E+05 +7.54248E+03 -1.80942E+01

+6.00000E+05 +2.82324E+03 -5.61357E+01

+6.00000E+05 +8.78572E+03 -3.27227E+01

+8.00000E+05 +2.23712E+03 -4.83514E+01

+8.00000E+05 +7.48463E+03 -4.57556E+01

+1.00000E+06 +2.06607E+03 -4.49035E+01

+1.00000E+06 +6.87748E+03 -5.07977E+01
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Sample 02E1, 0.4M
Frequency
(HZ)

Sample 06D1, 0.4M

Resistance
(Ω)

Phase Shift Frequency
(°)

(HZ)

Resistance
(Ω)

Phase Shift
(°)

+2.00000E+01 +5.89599E+03 -5.18689E-01

+2.00000E+01 +4.93408E+03 -2.60678E-01

+2.29991E+01 +5.89341E+03 -4.97614E-01

+2.29991E+01 +4.93369E+03 -2.36255E-01

+3.00000E+01 +5.88256E+03 -5.17666E-01

+3.00000E+01 +4.92809E+03 -2.50668E-01

+4.00000E+01 +5.87303E+03 -5.22493E-01

+4.00000E+01 +4.92392E+03 -2.49327E-01

+5.49954E+01 +5.86271E+03 -5.22881E-01

+5.49954E+01 +4.91977E+03 -2.45805E-01

+7.50000E+01 +5.85211E+03 -5.27662E-01

+7.50000E+01 +4.91522E+03 -2.45759E-01

+1.00000E+02 +5.84207E+03 -5.42244E-01

+1.00000E+02 +4.91090E+03 -2.58157E-01

+1.29983E+02 +5.83300E+03 -5.48662E-01

+1.29983E+02 +4.90705E+03 -2.62557E-01

+1.69972E+02 +5.82349E+03 -5.57877E-01

+1.69972E+02 +4.90314E+03 -2.69923E-01

+2.30061E+02 +5.81261E+03 -5.70151E-01

+2.30061E+02 +4.89850E+03 -2.80217E-01

+3.00000E+02 +5.80297E+03 -5.81092E-01

+3.00000E+02 +4.89436E+03 -2.90173E-01

+4.00000E+02 +5.79245E+03 -5.94864E-01

+4.00000E+02 +4.88987E+03 -3.00892E-01

+5.50459E+02 +5.78069E+03 -6.14815E-01

+5.50459E+02 +4.88475E+03 -3.19376E-01

+7.50000E+02 +5.76915E+03 -6.36988E-01

+7.50000E+02 +4.87969E+03 -3.38806E-01

+1.00000E+03 +5.75826E+03 -6.56469E-01

+1.00000E+03 +4.87504E+03 -3.55069E-01

+1.30208E+03 +5.74824E+03 -6.85561E-01

+1.30208E+03 +4.87056E+03 -3.80167E-01

+1.70455E+03 +5.73768E+03 -7.19523E-01

+1.70455E+03 +4.86594E+03 -4.11190E-01

+2.30769E+03 +5.72567E+03 -7.66284E-01

+2.30769E+03 +4.86064E+03 -4.52789E-01

+3.00000E+03 +5.71511E+03 -8.17541E-01

+3.00000E+03 +4.85589E+03 -4.99215E-01

+4.00000E+03 +5.70326E+03 -8.89387E-01

+4.00000E+03 +4.85054E+03 -5.64740E-01

+5.45455E+03 +5.69007E+03 -9.89361E-01

+5.45455E+03 +4.84453E+03 -6.56929E-01

+7.50000E+03 +5.67609E+03 -1.12315E+00

+7.50000E+03 +4.83809E+03 -7.81186E-01

+1.00000E+04 +5.66302E+03 -1.27916E+00

+1.00000E+04 +4.83194E+03 -9.27445E-01

+1.30435E+04 +5.65047E+03 -1.46427E+00

+1.30435E+04 +4.82606E+03 -1.10206E+00

+1.71429E+04 +5.63733E+03 -1.70538E+00

+1.71429E+04 +4.81990E+03 -1.33135E+00

+2.30769E+04 +5.62283E+03 -2.04467E+00

+2.30769E+04 +4.81309E+03 -1.65596E+00

+3.00000E+04 +5.61014E+03 -2.42991E+00

+3.00000E+04 +4.80736E+03 -2.02644E+00

+4.00000E+04 +5.59712E+03 -2.97237E+00

+4.00000E+04 +4.80180E+03 -2.55080E+00

+5.45455E+04 +5.58564E+03 -3.74258E+00

+5.45455E+04 +4.79807E+03 -3.29820E+00

+7.50000E+04 +5.58137E+03 -4.80051E+00

+7.50000E+04 +4.80061E+03 -4.32739E+00

+1.00000E+05 +5.59291E+03 -6.07347E+00

+1.00000E+05 +4.81583E+03 -5.56658E+00

+1.25000E+05 +5.62373E+03 -7.35866E+00

+1.25000E+05 +4.84601E+03 -6.81644E+00

+1.66667E+05 +5.72264E+03 -9.66509E+00

+1.66667E+05 +4.93563E+03 -9.05951E+00
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+2.40000E+05 +6.07672E+03 -1.50944E+01

+2.40000E+05 +5.24503E+03 -1.43710E+01

+3.00000E+05 +6.55524E+03 -2.33755E+01

+3.00000E+05 +5.64461E+03 -2.25605E+01

+4.00000E+05 +4.70384E+03 -4.37830E+01

+4.00000E+05 +4.35954E+03 -2.18300E+01

+6.00000E+05 +3.34361E+03 -4.26389E+01

+6.00000E+05 +4.40449E+03 -3.45582E+01

+8.00000E+05 +2.99007E+03 -4.22361E+01

+8.00000E+05 +3.73488E+03 -4.46916E+01

+1.00000E+06 +2.78628E+03 -4.38153E+01

+1.00000E+06 +3.43801E+03 -4.89037E+01
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Sample 06F1, 0.4M
Frequency
(HZ)

Sample 08B1, 0.4M

Resistance
(Ω)

Phase Shift Frequency
(°)

(HZ)

Resistance
(Ω)

Phase Shift
(°)

+2.00000E+01 +2.41158E+04 -2.86129E-01

+2.00000E+01 +2.69330E+04 -2.33364E+00

+2.29991E+01 +2.41165E+04 -2.67778E-01

+2.29991E+01 +2.68422E+04 -2.32380E+00

+3.00000E+01 +2.40910E+04 -2.95133E-01

+3.00000E+01 +2.66403E+04 -2.36002E+00

+4.00000E+01 +2.40719E+04 -3.09033E-01

+4.00000E+01 +2.64336E+04 -2.36959E+00

+5.49954E+01 +2.40498E+04 -3.28679E-01

+5.49954E+01 +2.62081E+04 -2.36926E+00

+7.50000E+01 +2.40251E+04 -3.48790E-01

+7.50000E+01 +2.59893E+04 -2.35772E+00

+1.00000E+02 +2.39974E+04 -3.82627E-01

+1.00000E+02 +2.57886E+04 -2.35142E+00

+1.29983E+02 +2.39723E+04 -4.08950E-01

+1.29983E+02 +2.56110E+04 -2.33532E+00

+1.69972E+02 +2.39445E+04 -4.39393E-01

+1.69972E+02 +2.54326E+04 -2.31749E+00

+2.30061E+02 +2.39104E+04 -4.78060E-01

+2.30061E+02 +2.52365E+04 -2.29805E+00

+3.00000E+02 +2.38785E+04 -5.14795E-01

+3.00000E+02 +2.50683E+04 -2.28156E+00

+4.00000E+02 +2.38426E+04 -5.58626E-01

+4.00000E+02 +2.48913E+04 -2.26738E+00

+5.50459E+02 +2.38001E+04 -6.17624E-01

+5.50459E+02 +2.47000E+04 -2.26234E+00

+7.50000E+02 +2.37566E+04 -6.83342E-01

+7.50000E+02 +2.45192E+04 -2.26746E+00

+1.00000E+03 +2.37138E+04 -7.51980E-01

+1.00000E+03 +2.43547E+04 -2.28239E+00

+1.30208E+03 +2.36731E+04 -8.32278E-01

+1.30208E+03 +2.42067E+04 -2.31529E+00

+1.70455E+03 +2.36294E+04 -9.31093E-01

+1.70455E+03 +2.40578E+04 -2.36674E+00

+2.30769E+03 +2.35771E+04 -1.06708E+00

+2.30769E+03 +2.38915E+04 -2.45282E+00

+3.00000E+03 +2.35292E+04 -1.21482E+00

+3.00000E+03 +2.37480E+04 -2.55838E+00

+4.00000E+03 +2.34727E+04 -1.42014E+00

+4.00000E+03 +2.35899E+04 -2.71699E+00

+5.45455E+03 +2.34072E+04 -1.70440E+00

+5.45455E+03 +2.34181E+04 -2.94979E+00

+7.50000E+03 +2.33331E+04 -2.08689E+00

+7.50000E+03 +2.32376E+04 -3.27509E+00

+1.00000E+04 +2.32583E+04 -2.53561E+00

+1.00000E+04 +2.30697E+04 -3.66600E+00

+1.30435E+04 +2.31815E+04 -3.06473E+00

+1.30435E+04 +2.29083E+04 -4.13346E+00

+1.71429E+04 +2.30918E+04 -3.75426E+00

+1.71429E+04 +2.27334E+04 -4.74873E+00

+2.30769E+04 +2.29790E+04 -4.72302E+00

+2.30769E+04 +2.25284E+04 -5.62046E+00

+3.00000E+04 +2.28620E+04 -5.81811E+00

+3.00000E+04 +2.23287E+04 -6.61384E+00

+4.00000E+04 +2.27084E+04 -7.35256E+00

+4.00000E+04 +2.20773E+04 -8.01275E+00

+5.45455E+04 +2.25024E+04 -9.50651E+00

+5.45455E+04 +2.17485E+04 -9.97421E+00

+7.50000E+04 +2.22343E+04 -1.24128E+01

+7.50000E+04 +2.13167E+04 -1.25979E+01

+1.00000E+05 +2.19355E+04 -1.58052E+01

+1.00000E+05 +2.08101E+04 -1.56134E+01

+1.25000E+05 +2.16753E+04 -1.90621E+01

+1.25000E+05 +2.03142E+04 -1.84470E+01

+1.66667E+05 +2.13502E+04 -2.43389E+01

+1.66667E+05 +1.94906E+04 -2.28354E+01
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+2.40000E+05 +2.12573E+04 -3.40697E+01

+2.40000E+05 +1.79770E+04 -2.96858E+01

+3.00000E+05 +2.16737E+04 -4.50852E+01

+3.00000E+05 +1.64906E+04 -3.40378E+01

+4.00000E+05 +1.43132E+04 -6.79227E+01

+4.00000E+05 +1.56471E+04 -2.97011E+01

+6.00000E+05 +8.84731E+03 -7.14236E+01

+6.00000E+05 +2.03293E+04 -6.80581E+01

+8.00000E+05 +6.92831E+03 -7.23852E+01

+8.00000E+05 +1.25070E+04 -8.14538E+01

+1.00000E+06 +5.85421E+03 -7.37032E+01

+1.00000E+06 +1.05209E+04 -8.41212E+01
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Westerly Granite, 0.01 M
Frequency
(HZ)

Resistance
(Ω)

Westerly Granite, 0.1M
Phase Shift Frequency
(°)

(HZ)

Resistance
(Ω)

Phase Shift
(°)

+2.00000E+01 +1.07488E+05 -7.78371E-01

+2.00000E+01 +6.87868E+04 -6.34743E-01

+2.29991E+01 +1.07405E+05 -7.61640E-01

+2.29991E+01 +6.87504E+04 -6.18580E-01

+3.00000E+01 +1.07132E+05 -7.87441E-01

+3.00000E+01 +6.86035E+04 -6.47610E-01

+4.00000E+01 +1.06879E+05 -7.98058E-01

+4.00000E+01 +6.84691E+04 -6.63864E-01

+5.49954E+01 +1.06614E+05 -8.14824E-01

+5.49954E+01 +6.83210E+04 -6.84101E-01

+7.50000E+01 +1.06316E+05 -8.41392E-01

+7.50000E+01 +6.81624E+04 -7.05777E-01

+1.00000E+02 +1.06042E+05 -8.77609E-01

+1.00000E+02 +6.80120E+04 -7.39209E-01

+1.29983E+02 +1.05799E+05 -9.10450E-01

+1.29983E+02 +6.78738E+04 -7.65267E-01

+1.69972E+02 +1.05549E+05 -9.55481E-01

+1.69972E+02 +6.77317E+04 -7.99310E-01

+2.30061E+02 +1.05261E+05 -1.01970E+00

+2.30061E+02 +6.75667E+04 -8.44849E-01

+3.00000E+02 +1.04998E+05 -1.08691E+00

+3.00000E+02 +6.74215E+04 -8.93235E-01

+4.00000E+02 +1.04716E+05 -1.18842E+00

+4.00000E+02 +6.72594E+04 -9.57368E-01

+5.50459E+02 +1.04396E+05 -1.33653E+00

+5.50459E+02 +6.70799E+04 -1.05326E+00

+7.50000E+02 +1.04076E+05 -1.52513E+00

+7.50000E+02 +6.69030E+04 -1.17331E+00

+1.00000E+03 +1.03757E+05 -1.74873E+00

+1.00000E+03 +6.67299E+04 -1.31473E+00

+1.30208E+03 +1.03452E+05 -2.02502E+00

+1.30208E+03 +6.65686E+04 -1.48914E+00

+1.70455E+03 +1.03117E+05 -2.37997E+00

+1.70455E+03 +6.63975E+04 -1.71673E+00

+2.30769E+03 +1.02695E+05 -2.89969E+00

+2.30769E+03 +6.61927E+04 -2.04558E+00

+3.00000E+03 +1.02278E+05 -3.47580E+00

+3.00000E+03 +6.59998E+04 -2.41884E+00

+4.00000E+03 +1.01740E+05 -4.28800E+00

+4.00000E+03 +6.57652E+04 -2.94715E+00

+5.45455E+03 +1.01020E+05 -5.42620E+00

+5.45455E+03 +6.54708E+04 -3.69601E+00

+7.50000E+03 +1.00066E+05 -6.95793E+00

+7.50000E+03 +6.51022E+04 -4.71998E+00

+1.00000E+04 +9.89211E+04 -8.74081E+00

+1.00000E+04 +6.46797E+04 -5.93468E+00

+1.30435E+04 +9.75290E+04 -1.07995E+01

+1.30435E+04 +6.41804E+04 -7.36901E+00

+1.71429E+04 +9.56431E+04 -1.34059E+01

+1.71429E+04 +6.34997E+04 -9.23512E+00

+2.30769E+04 +9.28694E+04 -1.68836E+01

+2.30769E+04 +6.24941E+04 -1.18142E+01

+3.00000E+04 +8.96433E+04 -2.05656E+01

+3.00000E+04 +6.12599E+04 -1.46622E+01

+4.00000E+04 +8.51173E+04 -2.52905E+01

+4.00000E+04 +5.93857E+04 -1.84956E+01

+5.45455E+04 +7.89739E+04 -3.11834E+01

+5.45455E+04 +5.65482E+04 -2.35214E+01

+7.50000E+04 +7.13411E+04 -3.80540E+01

+7.50000E+04 +5.25483E+04 -2.96057E+01

+1.00000E+05 +6.34775E+04 -4.48680E+01

+1.00000E+05 +4.79466E+04 -3.57276E+01

+1.25000E+05 +5.69651E+04 -5.04612E+01

+1.25000E+05 +4.38424E+04 -4.07042E+01

+1.66667E+05 +4.83908E+04 -5.79414E+01

+1.66667E+05 +3.81410E+04 -4.71567E+01
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+2.40000E+05 +3.79062E+04 -6.77105E+01

+2.40000E+05 +3.08623E+04 -5.50921E+01

+3.00000E+05 +3.19801E+04 -7.37787E+01

+3.00000E+05 +2.66342E+04 -5.97062E+01

+4.00000E+05 +2.51397E+04 -8.12671E+01

+4.00000E+05 +2.16598E+04 -6.51986E+01

+6.00000E+05 +1.80131E+04 -9.27640E+01

+6.00000E+05 +1.61101E+04 -7.24646E+01

+8.00000E+05 +1.36306E+04 -1.04154E+02

+8.00000E+05 +1.28615E+04 -7.84364E+01

+1.00000E+06 +1.05974E+04 -1.13462E+02

+1.00000E+06 +1.07163E+04 -8.32374E+01
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Berea, 0.04
Frequency
(HZ)

Westerly Granite, 0.4M
Resistance
(Ω)

Phase Shift Frequency
(°)

(HZ)

Resistance
(Ω)

Phase Shift
(°)

+2.00000E+01 +2.62079E+02 -1.17940E-01

+2.00000E+01 +4.19938E+04 -5.52580E-01

+2.29991E+01 +2.62121E+02 -8.23555E-02

+2.29991E+01 +4.19761E+04 -5.35786E-01

+3.00000E+01 +2.61988E+02 -9.42763E-02

+3.00000E+01 +4.18958E+04 -5.65074E-01

+4.00000E+01 +2.61931E+02 -8.30387E-02

+4.00000E+01 +4.18253E+04 -5.80270E-01

+5.49954E+01 +2.61887E+02 -6.47631E-02

+5.49954E+01 +4.17428E+04 -5.99060E-01

+7.50000E+01 +2.61810E+02 -4.83259E-02

+7.50000E+01 +4.16580E+04 -6.21865E-01

+1.00000E+02 +2.61761E+02 -6.10916E-02

+1.00000E+02 +4.15737E+04 -6.53153E-01

+1.29983E+02 +2.61711E+02 -4.90830E-02

+1.29983E+02 +4.14963E+04 -6.76475E-01

+1.69972E+02 +2.61656E+02 -4.08010E-02

+1.69972E+02 +4.14151E+04 -7.04034E-01

+2.30061E+02 +2.61610E+02 -3.20085E-02

+2.30061E+02 +4.13199E+04 -7.37385E-01

+3.00000E+02 +2.61590E+02 -3.33481E-02

+3.00000E+02 +4.12344E+04 -7.69368E-01

+4.00000E+02 +2.61574E+02 -2.64386E-02

+4.00000E+02 +4.11400E+04 -8.08774E-01

+5.50459E+02 +2.61562E+02 -2.50353E-02

+5.50459E+02 +4.10347E+04 -8.64857E-01

+7.50000E+02 +2.61554E+02 -2.51409E-02

+7.50000E+02 +4.09307E+04 -9.30463E-01

+1.00000E+03 +2.61548E+02 -2.19411E-02

+1.00000E+03 +4.08316E+04 -1.00151E+00

+1.30208E+03 +2.61538E+02 -2.62593E-02

+1.30208E+03 +4.07404E+04 -1.09325E+00

+1.70455E+03 +2.61526E+02 -3.05585E-02

+1.70455E+03 +4.06452E+04 -1.20748E+00

+2.30769E+03 +2.61509E+02 -3.45072E-02

+2.30769E+03 +4.05353E+04 -1.37328E+00

+3.00000E+03 +2.61493E+02 -3.99724E-02

+3.00000E+03 +4.04362E+04 -1.56052E+00

+4.00000E+03 +2.61469E+02 -4.87069E-02

+4.00000E+03 +4.03218E+04 -1.82600E+00

+5.45455E+03 +2.61439E+02 -6.01655E-02

+5.45455E+03 +4.01890E+04 -2.20273E+00

+7.50000E+03 +2.61412E+02 -7.44754E-02

+7.50000E+03 +4.00365E+04 -2.71884E+00

+1.00000E+04 +2.61387E+02 -8.89839E-02

+1.00000E+04 +3.98791E+04 -3.33220E+00

+1.30435E+04 +2.61373E+02 -1.05097E-01

+1.30435E+04 +3.97118E+04 -4.06051E+00

+1.71429E+04 +2.61380E+02 -1.24861E-01

+1.71429E+04 +3.95065E+04 -5.01332E+00

+2.30769E+04 +2.61441E+02 -1.52303E-01

+2.30769E+04 +3.92291E+04 -6.35162E+00

+3.00000E+04 +2.61577E+02 -1.83827E-01

+3.00000E+04 +3.89209E+04 -7.85762E+00

+4.00000E+04 +2.61877E+02 -2.31788E-01

+4.00000E+04 +3.84828E+04 -9.94609E+00

+5.45455E+04 +2.62500E+02 -3.07936E-01

+5.45455E+04 +3.78453E+04 -1.28276E+01

+7.50000E+04 +2.63772E+02 -4.25759E-01

+7.50000E+04 +3.69472E+04 -1.66095E+01

+1.00000E+05 +2.66025E+02 -5.89169E-01

+1.00000E+05 +3.58701E+04 -2.08534E+01

+1.25000E+05 +2.69177E+02 -8.00793E-01

+1.25000E+05 +3.48598E+04 -2.47469E+01

+1.66667E+05 +2.76864E+02 -1.37787E+00

+1.66667E+05 +3.34043E+04 -3.06719E+01
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+2.40000E+05 +3.00014E+02 -3.92752E+00

+2.40000E+05 +3.18671E+04 -4.06158E+01

+3.00000E+05 +3.30010E+02 -9.75921E+00

+3.00000E+05 +3.16470E+04 -5.12630E+01

+4.00000E+05 +2.73568E+02 -3.26340E+01

+4.00000E+05 +2.03790E+04 -7.31965E+01

+6.00000E+05 +1.71923E+02 -2.50874E+01

+6.00000E+05 +1.21756E+04 -7.49915E+01

+8.00000E+05 +1.66549E+02 -1.62495E+01

+8.00000E+05 +9.46825E+03 -7.41788E+01

+1.00000E+06 +1.69367E+02 -1.28337E+01

+1.00000E+06 +8.02738E+03 -7.43677E+01
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Confining Pressure Measurements
All data is at 20 Hz and 0.1M brine. The full frequency range is not included due to the large amount
of data that wasn’t referenced in this study.

Confining
Pressure (MPa)
5
10
20
50
100
150
200
10
20
50
100
150
200

Sample 02B1
Resistance
(Ω)
3.19E+04
3.52E+04
4.03E+04
5.21E+04
8.26E+04
1.05E+05
1.40E+05
5.95E+04
6.69E+04
7.92E+04
1.06E+05
1.36E+05
1.73E+05

Phase Shift
(°)
-2.58E-01
-2.76E-01
-2.97E-01
-3.39E-01
-4.09E-01
-4.61E-01
-5.24E-01
-3.33E-01
-3.58E-01
-3.96E-01
-4.55E-01
-5.08E-01
-5.63E-01

Confining
Sample 07B1
Pressure (MPa) Resistance Phase
(Ω)
Shift (°)
5
2.80E+04
-3.94E-01

Sample 08C1
Resistance
Phase Shift
(Ω)
(°)
4.66E+04
-5.45E-01

Sample 07A1
Resistance Phase Shift
(Ω)
(°)
1.27E+04
-7.14E-01

10

3.27E+04

-4.32E-01

5.61E+04

-5.73E-01

1.48E+04

-7.14E-01

20

3.99E+04

-4.93E-01

7.36E+04

-6.11E-01

1.81E+04

-7.54E-01

50

5.15E+04

-5.80E-01

1.26E+05

-6.96E-01

2.56E+04

-8.47E-01

100

7.02E+04

-6.91E-01

2.17E+05

-7.92E-01

3.94E+04

-1.04E+00

150

9.21E+04

-7.89E-01

3.62E+05

-9.00E-01

5.37E+04

-1.29E+00

200

1.16E+05

-8.82E-01

4.93E+05

-9.87E-01

6.89E+04

-1.49E+00

10

4.45E+04

-5.60E-01

7.35E+04

-6.37E-01

6.89E+04

-1.65E+00

20

4.89E+04

-6.46E-01

9.16E+04

-6.69E-01

6.89E+04

-1.65E+00

50

6.08E+04

-7.85E-01

1.53E+05

-7.50E-01

3.23E+04

-1.17E+00

100

9.61E+04

-8.65E-01

2.75E+05

-8.58E-01

4.57E+04

-1.38E+00

150

1.17E+05

-9.33E-01

4.21E+05

-9.52E-01

6.17E+04

-1.56E+00

200

1.43E+05

-9.53E-01

5.48E+05

-1.02E+00

7.69E+04

-1.71E+00
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Confining
Sample 02E1
Pressure (MPa) Resistance Phase Shift
(Ω)
(°)
5
2.77E+04
-3.92E-01

Sample 02C1
Resistance
Phase Shift
(Ω)
(°)
2.95E+04
-1.73E+00

Sample 04A1
Resistance Phase
(Ω)
Shift (°)
3.53E+04
-3.84E-01

10

3.40E+04

-4.14E-01

3.27E+04

-1.81E+00

4.57E+04

-4.42E-01

20

4.68E+04

-4.99E-01

3.92E+04

-1.91E+00

6.20E+04

-5.32E-01

50

7.79E+04

-6.47E-01

5.29E+04

-2.04E+00

6.20E+04

-5.32E-01

100

1.16E+05

-7.82E-01

7.18E+04

-2.17E+00

8.36E+04

-6.26E-01

150

1.71E+05

-9.07E-01

9.63E+04

-2.31E+00

1.08E+05

-7.05E-01

200

2.24E+05

-1.02E+00

1.15E+05

-2.41E+00

1.32E+05

-7.71E-01

10

5.17E+04

-5.38E-01

4.92E+04

-2.08E+00

4.73E+04

-4.56E-01

20

6.21E+04

-5.91E-01

5.25E+04

-2.11E+00

5.37E+04

-5.02E-01

50

9.16E+04

-7.05E-01

6.71E+04

-2.20E+00

7.73E+04

-6.08E-01

100

1.47E+05

-8.54E-01

8.36E+04

-2.28E+00

1.13E+05

-7.20E-01

150

2.07E+05

-9.69E-01

1.06E+05

-2.37E+00

1.49E+05

-8.05E-01

200

2.60E+05

-1.07E+00

1.22E+05

-2.44E+00

1.84E+05

-8.45E-01
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