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Abstract: Quantifying groundwater storage in weathered/fractured basement rock aquifers can be
challenging owing to both their high degree of heterogeneity and their overall low storage capacity.
Therefore, in these aquifers, the use of direct borehole hydraulic data is usually insufficient. Here we
assessed the popular method of electrical resistivity tomography (ERT), combined with borehole data
and including associated uncertainties, to resolve the spatial variability of groundwater storage
properties at high resolution within a fractured mica schist aquifer in Ireland. Porosity distributions
across both the saturated and unsaturated zones were calculated from two-dimensional (2D) ERT
resistivities using two standard petrophysical models, Archie and Waxman & Smits (WS), the latter
accounting for the influence of clay minerals on resistivity data. Our results demonstrated the
importance of the hydrogeological conceptual constraints provided by ERT when parametrizing the
2D petrophysical models from borehole point data. They also confirmed the importance of accounting
for clay minerals (the products of bedrock weathering processes) in the WS model, whereas
predictions from Archie’s model produced unrealistically high porosity values of over an order of

magnitude higher than the WS model. The WS model predicted porosities decreasing exponentially
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with depth, with values ranging from a few % in the shallowest, most-weathered part of the bedrock
(upper 5 m on average) and deep fractured zones (to about 20 m deep), to less than 1% in the
underlying fissured aquifer, and possibly down another order of magnitude in the deep massive
bedrock. WS-derived porosities were in agreement with independent vertical water content profiles
derived from magnetic resonance sounding (MRS), as well as point storativity values estimated from
borehole hydraulic testing at the study site, with particularly good matches in the upper
weathered/fractured bedrock and deeply weathered/fractured zones associated with regional faults.
Detailed comparison suggested that WS provides an upper-bound estimate of groundwater storage in
this environment. In the deep massive, un-weathered, and poorly fractured bedrock, however,
discrepancies between groundwater storage estimate obtained from the three methods (ERT, MRS,
and hydraulic) prevented reliable storage quantification, owing to the methods’ inherent technical
limitations in such low porosity rocks. Our results demonstrated the suitability of resistivity
tomography to quantify groundwater storage heterogeneity in weathered/fractured basement rock
aquifers at high resolution and with reasonable overall uncertainty given the relative high
uncertainties in petrophysical parameters at the kilometric scale. The results are promising for better
characterization of groundwater storage variations in these hydrogeological systems, which are crucial

to predict their response to climate variability and human exploitation.

Keywords: Hydrogeophysics; Hard rock aquifer; Petrophysics; Clays; Porosity; Storativity.
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1. Introduction

More than 90% of the total liquid fresh water is groundwater (Gleick, 1993) with a fraction of this
water being stored in weathered/fractured basement rocks. Basement rock aquifers, including igneous
and metamorphic rocks, are devoid of primary porosity and groundwater flow and storage take place
through fractures and secondary porosity created by weathering processes. They are also often
referred to as hard rock aquifers (Lachassagne et al., 2011). Some authors however also included
under the definition of hard rock aquifers cemented sedimentary rocks (which can exhibit primary
porosity) and hard carbonate rocks (which can also exhibit primary porosity and karstification)
because of their similarly poor drillability, but these are not considered here. Basement, hard rock
aquifers cover a fifth of the Earth’s land surface (Singhal, 2008) and locally constitute socio-
economically and ecologically important water resources. The distribution and overall volume of
water contained in these reservoirs are the least known primarily because of their high degree of
heterogeneity and overall low productivity (Comte et al., 2012a). It is however acknowledged that
most of groundwater flow and storage take place at a relatively shallow depth within the most
weathered/fractured bedrock (Abdulaziz et al., 2012; Kumar et al., 2016). Such shallow depths of
interest (tens of meters) make near-surface geophysical techniques suitable to characterize and

understand weathered/fractured basement rock aquifers (Day-Lewis et al., 2017).

Until recently, the difficulties to locate and extract water from basement rock aquifers implied that
they have been largely disregarded for water supply outside local rural use (MacDonald and Davies,
2000; Singhal, 2008). However, as a source more resilient than surface water to the predicted impact
of climate change, basement rock aquifers, similarly to better known, more productive regional
aquifer system, could play a strategic role in sustaining local drinking water supplies in an adaptation
to predicted long-term climate change trends and short-term extreme drought events (Taylor et al.,
2013). Therefore, new developments in basement rock aquifers characterization and sustainable

exploitation are key for water security in the near future.

Understanding the function of weathered/fractured hard rock groundwater systems requires a good

characterization of the complex geology, including structural heterogeneity such as fracture systems
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and weathering that characterize this type of aquifers (Lachassagne et al., 2001, 2011). There have
been a significant amount of studies in this field (Ahmed et al., 2008; Singhal and Gupta, 2010;
Ofterdinger et al. 2019), all of which stress the need to improve the knowledge and characterizations
of hard rock reservoirs in terms of spatial distributions of hydrodynamic properties at appropriate
scales (Butler, 2005; Lachassagne et al., 2014). This type of water source is not as productive as
sedimentary, karstic or volcanic aquifers however it is geographically widespread (Dewandel et al.,
2011) which makes it well suited to be a fresh water source for farms, villages as well as small and

medium size cities (Lachassagne et al., 2011).

Hard rock aquifers are characterized by low to null primary porosity and permeability (Singhal,
2008). Thus, aquifer productivity is mainly linked to fracturing and weathering processes producing a
secondary porosity and secondary permeability (Krasny and Sharp, 2007). The hydrogeological
structure of hard rock aquifers is commonly divided in three conceptual horizons; from top to bottom
(1) a weathered zone with a thickness of up to several tens of meters commonly referred to as
saprolite; (2) a fractured zone with depths of a few to hundreds of meters characterized by well-
connected fractures/fissures networks in which the permeability and porosity decrease with depth; and
(3) a massive zone usually formed by a massive bedrock with low density of poorly connected
fractures and faults acting more as individual flow paths rather than an interconnected network

(Krasny et al., 2014).

Geophysical methods are fast, flexible, non-invasive techniques suitable to characterize the spatial
variations of subsurface geological structures and hydrogeological properties at various scales and
resolutions including in the near surface (Rubin and Hubbard, 2005; Binley et al., 2015), i.e. the first
100 m that typically host hard rock aquifers (Lachassagne, 2008). One of the main advantages of
using geophysics resides in their abilities to provide high resolution, near continuous (Spatial and or
temporal) information, instead of only dealing with point data (discrete) typically associated with

traditional hydrology studies.

The relationship between geophysical measurements and reservoir properties through the use of

petrophysical models has been the focus of much work specifically in the oil industry (Ellis and



105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

Singer, 2007; Kirsch, 2009; Tiab and Donaldson, 2016) and their application in groundwater studies
have been rapidly increasing in the last two decades, which has defined the emergence of an
interdisciplinary research field called Hydrogeophysics (Binley et al., 2015; Day-Lewis et al., 2017).
A variety of research studies have successfully applied geophysics to solve different quantitative
problems in hydrology (Vereecken et al., 2006) and some other used these approaches specifically to
model petrophysical properties in carbonate aquifers (Whitman and Yeboah-Forson, 2015) and hard
rock aquifers (Descloitres et al., 2008) providing further quantitative information on the aquifer

properties including storage properties (porosity, specific yield) and recharge processes.

Very few studies have combined different geophysical methods to model hydraulic properties in
complex hard rock aquifers and even less have assessed the uncertainty of these properties (Massuel
et al., 2006; Slater, 2007; Chaudhuri et al., 2013;). Electrical resistivity tomography (ERT) is suitable
for weathered/fractured aquifer characterization (Pellerin, 2002), particularly to constrain reservoir
geometries i.e. to estimate the thickness and variability of weathered (laminated layer) and fractured
horizons as well as localized deep fractures zones (Chaudhuri et al., 2013; Belle et al., 2019) or as a
monitoring tool for salt tracer tests in complex hard rock systems (Robert et al., 2012). Only a few
studies have assessed the relation of geophysical measurements (resistivity and conductivity) with
hydraulic properties (porosity and water saturation) in hard rock aquifers due to their complexity and
lack for information on petrophysical model input parameters (Leopold et al., 2013; Flinchum et al.,

2018, 2019).

This study aimed at assessing the capabilities of the popular ERT technique to quantify the spatial
variability of aquifer storage properties in weathered/fractured rock aquifers with high resolution. The
study uses in situ ERT data from a 1,305 m hillslope transect obtained in a mica schist aquifer in
Ireland as an analog for basement rock aquifers. Two alternative petrophysical models were
considered to estimate porosity from measured resistivities with the aid of complementary in situ
information, used for both model parameterization and verification. These data included multi-depth
borehole hydraulic data and geophysical logging along with information on the vertical distribution of

aquifers’ water content as obtained from magnetic resonance sounding, MRS (Legchenko et al., 2017,
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Comte et al., 2019). Specifically, this research builds on, and uses in situ data and conceptual
knowledge acquired from previous work at the site over the past decade. Comte et al. (2012a)
established the aquifer conceptual model including hillslope spatial variability and lateral continuity
of weathering profiles, through combining the ERT and borehole hydraulic data with groundwater
level monitoring. Caulfield et al. (2014) performed petrographic and mineralogical analyses of
borehole cores along with groundwater chemistry to further highlight modern weathering processes
and weathering controls on groundwater contribution to surface water. Legchenko et al. (2017)
applied Magnetic Resonance Sounding (MRS) to provide estimates, with associated uncertainties, of
vertical groundwater storage profiles at several locations along the hillslope. Comte et al. (2019)
reconciled previous hydrogeological, ERT, and MRS water content data and further integrated them
into a numerical groundwater model to test and verify the conceptual model, including groundwater
flow pathways and residence times, against spatiotemporal hydrological monitoring data
(groundwater level time series and groundwater ages). These works, in addition to provide relevant
data for the present study, suggested a high heterogeneity of groundwater storage, and highlighted the
challenges associated with achieving storage characterization and high enough spatial resolution
required for better understanding basement rock groundwater regimes and resources response to both
short term and long term climate and anthropogenic forcing. In this present study, we therefore
focused on a detailed quantitative assessment of the resolution and reliability, including sensitivity
and uncertainty analysis, of ERT-derived groundwater storage estimates using popular petrophysical
models, along with additional geological information and constraints (conceptual hydrogeological
units, water saturation, clay content), and we further verify the results again independent groundwater

storage data.

Thus, the specific objectives of this work were: (1) to model the 2D spatial distribution of the aquifer
petrophysical properties based on 1D borehole data and the structural-conceptual information
provided by the interpretation of 2D electrical resistivity data; (2) produce 2D porosity models from
the combination of resistivity and petrophysical parameters distributions within the Archie and

Waxman & Smits models; and (3) quantify the sensitivity of the petrophysical models and the
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uncertainty of the final aquifer porosity models (expected to be considerable due to larger parameter
uncertainty associated to large scale studies), and further verify them against independent geophysical

water content estimates and borehole hydraulic data.

2. Hydrogeological setting

The studied aquifer is located in County Donegal, Ireland. (Fig. 1). The Gortinlieve catchment is an
upland basin with permanent stream flow, underlain by Precambrian psammites and mica schist of the
Dalradian Southern Highland Group and composed of quartz, muscovite, chlorite, albite with
secondary minerals such as calcite and iron oxides (Caulfield et al., 2014). The bedrock is covered in
places by overburden deposits of glacial till, alluvium, and thin soil/peat layer (Fig. 2). In 2006, the
Irish Environmental Protection Agency drilled three borehole clusters (Table 1) as part of a national
groundwater monitoring program. They were distributed along the study area at strategic locations
that comprehended three elevations (GO1 at 174 m a.m.s.l.; GO2 at 88 m a.m.s.l.; GO3 at 33 m
a.m.s.l.) within the catchment (Comte et al., 2012a, 2019; Moe et al., 2010). A first interpretation
carried by Moe et al., (2010) identified four hydrogeological units, subsoil (1-3 m below ground
surface), transition zone (4-5 m b.g.s.), shallow bedrock (8-19 m b.g.s.) and deep bedrock (30-67 m
b.g.s.). Average monthly temperatures fluctuate from 6-14°C with an annual rainfall of 1000-1200
mm (Caulfield et al., 2014). See Comte et al. (2012a, 2019) for a detailed description of hydraulic

tests and interpretations.
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3. Data and methods

3.1. Petrophysical relationship between resistivity and porosity

The resistivity measurements were the main inputs in the petrophysical modelling used for porosity
calculation. The two petrophysical models used in this study were based on Archie’s law (Archie,
1942) and its extension developed by Waxman & Smits (1968). Archie describes a relationship
between the electrical conductivity of a clay-free rock, its porosity, and the electrical conductivity of

the fluid saturating the pores. Archie’s Law is expressed as

aRy,

=)

R;

where R; is the formation resistivity (ohm.m), ¢ is the fractional pore volume, i.e. the porosity (-), Sy
is the fraction of pores containing water, i.e. the saturation (-), R,, (ohm.m) is the water resistivity, and
a, m and n are empirical constants known as tortuosity, cementation exponent and saturation exponent

respectively. These constants are dimensionless.

To account for clay mineral electrical properties, several studies have proposed empirical
modifications of Archie and the most commonly accepted was proposed by Waxman & Smits (1968).
The Waxman & Smits equation includes additional parameters to quantify the influence of clay and is

given by

Lo (140, )

R¢ a Ry, w
where B is the equivalent counterion mobility (mho cm?*/meq) expressed as
B=[1-0.6exp(—-0.77/R,)]46 (3)

and Qyis the volumetric charge density (meq/mL) expressed by

1—
Qv = py 5L CEC (4

where p, is the grain density of the aquifer and CEC (meq/g) cation exchange capacity (Revil, 1998).

For a mixture of clay minerals, the total CEC is given by

10
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CEC = ¢y Y.X; CEC; (5)

X; is the relative fraction of each clay minerals in the fraction of the rock, CEC; is the cation exchange

capacity of each of these clay minerals and ¢ is the mass fraction of clay in the rock.

Before applying these models, both formation and pore water resistivities must be normalized to a
temperature of 25°C, as temperature also influences electrical conductivity, and 25°C is the
temperature at which the water saturation equations were developed. The conversion is done using the

following equation (Arps, 1953):

T+21.5]
Tp+21.5

R=Rp| (©6)

where R is the new resistivity calculated at the temperature desired (25°C), Rr resistivity at formation

temperature, T is the temperature desired (25°C) and Tr is the formation temperature (°C).

3.2. Petrophysical model input data

3.2.1. Structural-conceptual interpretation of ERT geophysical data

Geophysical data comprised an ERT profile of 1,305 m along a catchment hillslope transect crossing
the three borehole clusters locations (Fig. 1). The tomography was carried out using a Syscal Pro
resistivity meter with 60 electrodes distributed on 5 cables with a spacing of 5 meters, extending the
acquisition length by using the roll-along technique. Dipole-dipole (DD) and multi-gradient (mGD)
arrays were combined to optimize the resolution of geological structures (Comte et al., 2012b).
Measurement errors (standard deviation after stacking) higher than 4% were filtered out, in total 1.6%
of the pre-processed raw dataset. The average error for the remaining dataset was 0.13% with only
2.2% of the data having errors between 1% and 4%. Data inversion was implemented using
RES2DINV v3.58 (Geotomo Software) with a depth of investigation analysis (DOI) index of 0.1 as
proposed by Oldenburg and Li (1999). The overall inversion error was 9.6% and the model block
resistivity uncertainty ranged 1-21% with an average of 4% across the section. Further details of

acquisition and processing are in Comte et al. (2012a).

11
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ERT inversion results revealed a subsurface layering with strong resistivity changes (Fig. 3a). Comte
et al. (2012a) proposed a conceptual interpretation with low resistivities (< 500 ohm.m) representing
the alluvium and clay-till sediments, fully saturated in their majority. A high resistivity zone (> 1,000
ohm.m) mainly characterized by unsaturated psammite schist with low clay content in the NNW zone
of the study area. Below this layer, the resistivity increased ranging from 500-2500 ohm.m interpreted
as the weathered/fissured schist. At the bottom of the profile, the most resistant zone (> 1000 ohm.m)

is formed by unweathered mica schist with very low fracture density (Fig. 3b).

A refined interpretation was proposed in this case study. Using prior understandings (Moe et al.,
2010; Comte et al., 2012a) of borehole and ERT data, a model comprised of five hydrogeological
units has been used: (1) a deepest layer (massive bedrock, MB) of high resistivities (> 1,000 ohm.m)
with low to null clay content and a low fracture density; (2) over the MB, the resistivities ranging
from 500-3,000 ohm.m represents a weathered/fissured schist (fissured bedrock, FB) with higher clay
content and the major thickness variability (5-30m); (3) the third layer (broken bedrock, BB) is
characterized by high resistivities at high elevation (300-2,500 ohm.m) decreasing in SSE direction
with an unsaturated zone and relatively low clay content (clay-leached horizon, Comte et al. 2019);
(4) resistivities below 750 ohm.m are considered as the glacial deposit’s unit, unsaturated in some
areas and intercalated by the BB unit; (5) the alluvium is the fifth unit in this model, with presence
only in the surrounding area of the GO3 borehole, it has the lowest resistivities (< 300 ohm.m) in the

ERT profile (Fig. 3c).

3.2.2.Borehole logging analysis

The boreholes in the Gortinlieve catchment were drilled in three clusters (GO1, GO2, GO3). GO1 and
GO2 have three wells, while GO3 has four wells to monitor the catchment at different
hydrogeological units (Table 1). Logging analysis for this case study included gamma ray (GR) and

temperature (T) logs.

12



262  Table 1. Borehole clusters of monitoring programme by Irish EPA. Modified from Moe et al. (2010).

Uncased

&(:jllltormg ?n‘g) th Borehole completion (open) Zone ﬁ:lev:t;o:l)
Interval (m) e
GO1-Deep 76.20 Uncased 6 in. borehole 46.60-7620 ~ Massive
bedrock
. Fissured
GO1-Shallow 13.11 Uncased 6 in. borehole 4.72-13.11 bedrock 174
6 in. PVC screen with 2mm Broken
GOl1-Transition  2.44 slots, screen covered with 300-  0.65-2.20 oxe
. . bedrock
micron filter fabric
GO2- Deep 67.06 Uncased 6 in. borehole 2926-67.06  Massive
bedrock
GO2-Shallow 1524  Uncased 6 in. borehole 7.92-15.24 Fissured
bedrock 88
6 in. PVC screen with 2mm Broken
GO2-Transition  3.05 slots, screen covered with 300-  0.63-2.85 oxe
. . bedrock
micron filter fabric
GO3-Deep 53.34 Uncased 6 in. borehole 36.27-53.34 ~ Massive
bedrock
GO3-Shallow 2377 Uncased 6 in. borehole 12.19-2377 ~ Fissured
bedrock
6 in. PVC screen with 2mm Broken 33
GO3-Transition  7.15 slots, screen covered with 300-  4.73-6.95 bedoroeck

micron filter fabric
6 in. PVC screen with 2mm

GO3-Subsoil 3.35 slots, screen covered with 300-  1.63-3.20 Subsoil
micron filter fabric
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3.2.3.Characterization of clay minerals and electrical properties

The bedrock in this study area has a significant content of clay deposited in the fractures due to
weathering processes in the aquifer (Caulfield et al., 2014) reducing the pore space. Clays are fined-
grained high porosity minerals or soil material with a low hydraulic conductivity, so the water cannot
easily flow through them (Moreno-Maroto and Alonso-Azcarate, 2018). For the application of the
Waxman & Smits model, unlike Archie’s model, the total CEC of the rock was required and
computed using the Eq. (5) using (1) the nature (with known CEC ranges for individual minerals
CEC; are reported in Table 2) and respective proportions of clay minerals X; for the site as reported
from the analysis of borehole cuttings by Caulfield et al. (2014) and (2) total clay volumes, expressed

a clay mass fraction in the bulk rock ¢, estimated using gamma ray (GR) logs.

The gamma ray log measures the natural radioactivity of a formation (expressed in API units) and it
can be used to estimate the clay weight fraction. The gamma ray logs measure the radioactive material
of the formations surrounding the borehole at a constant rate by measuring three primary isotopes
Potassium (K), Thorium (T) and Uranium (U) which are highly concentrated in clay minerals.
Therefore, GR logs mostly respond to parts of the rock formation matrix that is weathered into clays.
Water circulation is a major factor for weathering, and since it is primarily controlled by fractures, it
is expected that weathering clays predominantly occur in and in the vicinity of hydraulically active

fracture (sometimes subsequently clogging fractures and hampering flow).

Clay weight fractions were obtained from GR by assuming two relations specifically for this case

study. First, a linear relation expressed as

GRlog_GRmin
GRmax—GRmin

(7

Qw =Igg =

where the Igr is the gamma ray index, GRj, is the gamma ray log reading, GRuix is the minimum
gamma ray value corresponding to a clean clay point (0%) and GR .y is the maximum gamma ray
value in a saturated clay point (100%) according to pure clay values for the observed clay mineral as
reported by Revil et al., (1998): Chlorite,180 API; Illite, 250 API; Montmorillonite, 150 API;

Muscovite, 250 API. Second, a non-linear relation expressed as

15
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that compensate for the different clay mineral proportions for shale (Revil et al., 1998; Ellis and
Singer, 2007). The gamma ray index (/gr) was scaled into percentage to estimate the clay weight
fraction of the formations. Borehole analysis for clays (Caulfield et al. 2014) described constant clay
mineralogy across the study area, with variations in clay mineral relative proportions and clay weight
fractions according to the hydrogeological unit. Average values for clay weight fraction were
estimated from GR logs for each borehole and hydrogeological zone (Table 3). For detailed clay

volume analysis, see the supplementary material (S1).

Table 2. Cation exchange capacity (CEC) of the clay minerals present in the Gortinlieve catchment

(Dolcater et al., 1972; Meunier, 2005; Christidis, 2010; Bibi et al. 2016).

Clay mineral CEC Selected C]iiC
(meq/100g) (meq/100g)
Chlorite 10-40 20
llite 10-40 20
Montmorillonite  80-120 90
1

Muscovite 1-10

* Distributed according to their clay mineral volume using method proposed by Revil et al. (1998).

The Igr yielded clay volumes with small variations between boreholes GO1 and GO?2. In contrast, the
GO3 borehole had higher variations of clay volume decreasing from the BB to the FB. The major
impact of clay volume changes was observed when the CEC of each mineral was introduced in the
Waxman & Smits model, quantifying the variations in the total CEC values (Eq. 5). According to the
clay mineralogy, all three main bedrock hydrogeological units (BB, FB, MB) are dominated by
muscovite. Outside the FB in GO2, the most deeply weathered location, muscovite accounts for
between 40% and over 80% of all clay minerals. The FB unit has consistently the most balanced clay

mineralogy (in proportions of muscovite, chlorite, illite, and montmorillonite) and is simultaneously,

16
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because of its highest proportions of illite and montmorillonite, the unit with the highest total CEC. In

contrast, the MB is devoid of both minerals due to insignificant weathering, while the BB has

relatively low proportions of these minerals, finally resulting in lower CECs than the FB for both

units. This distribution is interpreted as secondary clays produced by weathering of predominantly the

BB, and to a lesser extend the FB, being leached from BB and accumulate in fissures and fractures of

the FB unit. As this pattern in clay proportions is very consistent within each hydrogeological unit

(BB, FB, MB) we assumed that mineralogy and CEC, and their associated uncertainty, can reasonably

be interpolated across each unit along the whole 1300 m transect.

Table 3. Clay minerals identified in the groundwater monitoring wells. Gamma ray mean value per

zone using linear and non-linear relation. Clay weight fraction and total CEC per zone. Modified from

Comte et al. (2019).

Natural Clay
Chlorite Illite Montmorillonite Muscovite an:lma weight Total CEC
(%) (%) (%) (%) g fraction (meq/100g)
(cps) 0
(%)
GO1
Broken bedrock (BB) 26.8 7.5 7.9 57.9 116 49.7 5.9
Fissured bedrock (FB)  20.2 21.7 18.1 40.0 111 48.6 11.2
Massive bedrock (MB)  34.2 0.0 0.0 65.8 102 42.6 1.7
GO2
Broken bedrock (BB) 11.5 8.4 4.8 75.4 101 40.1 3.1
Fissured bedrock (FB) 3.3 46.7 319 18.0 102 44.7 17.3
Massive bedrock (MB)  17.5 0.0 0.0 82.5 116 46.6 1.2
GO3
Alluvium 13.5 5.4 3.9 77.2 40 13.3 0.9
Glacial till 13.5 5.4 3.9 77.2 45 15.5 11
Broken bedrock (BB) 13.5 5.4 3.9 77.2 78 30.0 2.0
Fissured bedrock (FB) 5.5 39.6  26.6 28.3 41 14.8 4.8
Massive bedrock (MB) 17.5 0.0 0.0 82.5 116 46.6 1.2

17



328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

3.2.4.0ther input parameters for the Archie and W&S models

Not all the input parameters for the petrophysical models were available from the study site: this
includes the rock density, porous media tortuosity, and cementation exponent which are empirical
parameters that have been constrained from previously published literature (Table 4). The
cementation exponent () is the most important parameter in Archie’s law, depending on the porosity
and fracture density (Archie, 1942; Aguilera, 1976). These authors found a relationship between the
pore connectivity and the fracture network stating that high fracture content is associated with a low
cementation exponent (Aguilera, 1976). Other authors suggested that the shape of the grains and the
pores are more significant for variations of the cementation exponent than other properties (Salem and
Chilingarian, 1999). More recent studies claimed that m is dependent on the connectedness (transport
pathways), taking into account its variation as a function of porosity and the connectivity of the
matrix. The connectedness, also known as conductivity formation factor, describes how the electrical
conductivity of a fluid is modified by the presence of solid non-conducting grains. (Glover, 2009,

2010).

Additionally, the studied hard rock aquifer had a significant volume of clay, which can lead to an
increase of m depending on the volume and type of the clay (Waxman & Smits, 1968; Salem and
Chilingarian, 1999). As a conclusion, the cementation exponent is not easy to determine because is
highly affected by several factors. However, previous studies (Salem, 2001; Tabibi and Emadi, 2013;
Kazakis et al., 2016) have proposed m values for weathered/fractured aquifers with clay content to
predict reservoir quality and performance. In this work, m was calibrated using the range of values

provided by these studies (Table 4).

An average density range was calculated for each hydrogeological unit according to the rock types
identified in the borehole cuttings. The third of these parameters was the tortuosity (a), defined as a
ratio of fluid flow in a porous media (Pisani, 2011; Tokan-Lawal et al., 2014). For this study, the

value of a was fixed at 1.4 (Urish, 1981; Aguilera, 2008; Piedrahita and Aguilera, 2017) for all the
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hydrogeological units due to its low impact in zones with low porosity, a primary characteristic of this

catchment.

Table 4. Parameters used to quantify porosity for Archie and Waxman & Smits model. Modified from

Comte et al. (2019)

Water Cementation Rock density Wa.ter .

temperature exponent® ( /cm3)b resistivity

(°C) P 5 (Q.m)
Alluvium 15.5-16.0 1.8 1.50-2.20 22.22-22.65
Glacial till 13.5-16.0 2.05 1.60-2.0 22.22-29.63
Broken bedrock 12.1-16.0 2.5 2.45-2.55 22.22-37.04
Fissured bedrock 12.8-14.2 2.0 2.6-2.70 20.0-34.48
Massive bedrock 12.7-13.1 1.5 2.75-2.85 17.54-30.03

?Cementation exponent (Salem, 2001; Tabibi and Emadi, 2013; Kazakis et al., 2016)

PRock density (Sharma, 1997; Caulfield et al., 2014; Schén, 2015)

The Archie and Waxman & Smits models were applied considering different saturation values (Sy) in
the aquifer unsaturated zone. Both models were quantified using 4 percentages of saturation (100%,
75%, 50%, and 25%) introduced in the respective equations (Eq. 1,2). The unsaturated zone was
structurally delineated from ERT as representing a thin shallow layer of up to a few meters depending

on the location.

3.3. Spatial interpolation of borehole-based petrophysical parameters

Considering that some of the input data for the petrophysical models were only available at 3 borehole
locations, these parameters were spatially interpolated and extrapolated to provide 2D spatial
distributions over the same grid as the input ERT data. Interpolation was performed following three

conceptual-structural scenarios; (1) simple (unconstrained) interpolation, (2) structurally constrained
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interpolation using 3 conceptual hydrogeological units based on the ERT interpretation and (3)
constrained using 5 conceptual units based on the ERT interpretation. The process was carried out
using SURFER v13.0 by Golden Software considering three interpolations methods; nearest neighbor,

triangular interpolation, and kriging.

Borehole parameters included in the interpolation process were water temperature (7), water
resistivity (R,), cementation exponent (m), rock density (p), and cation exchange capacity (CEC). The
nearest-neighbor method was finally chosen for subsequent work as being less subject to artifacts than

the other two methods.

3.4. Sensitivity and uncertainty analysis

Sensitivity analysis (SA) aimed at exploring the robustness and accuracy of model results for either
Archie or Waxman & Smits by understanding the impact of the variations in individual input
parameters on the outputs of the model (Balaman, 2019). The SA measured the impact of change in
the model by introducing increments or decrements of £15% and +30% in the parameters and
quantifying the percentage change of each of them. This enabled us to distinguish between high-
leverage parameters, whose values have a significant impact on the model behavior and low-leverage
parameters, whose value have minimal impact in the outputs (Jergensen and Fath, 2011), and focus on
the significant parameters to reduce uncertainty and increase the reliability of the model due to the

high sensitivity of Archie’s and Waxman & Smits.

Uncertainty analysis (UA) was further carried out to quantify the variability of the final model output
that is due to the combined variability of all input parameters, which is considerable in a large-scale
study. The following workflow was applied: (1) identify the model input parameters subject to
uncertainty (o and Ry, are fixed values for maximum and minimum models; ERT measurement errors
of 0.13% in average were disregarded as negligible compared to the subsequent resistivity inversion
error of 9.6%, and the average resistivity model block error of 4%, see section 3.2.1); (2) quantify the

variations (uncertainty) of all input parameters, in this case, according to hydrogeological conditions;
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(3) generate maximum and minimum values of each parameter; (4) compute the maximum and

minimum model outputs; and (5) calculate the relative uncertainty (Geffray et al., 2019).

In this work, all input parameter errors were evaluated with minimum and maximum values according
to hydrogeological conditions (Table 5). This provided quantification of the relative uncertainty for
each parameter, and the petrophysical models in a 2D distribution. Additionally, the average relative

uncertainty per zone was obtained for Archie’s and Waxman & Smits models, as in Eq. 9:

_ AU
RU =22 x100%  (9)

where RU is the relative uncertainty, AU is the absolute uncertainty and MM is the magnitude of

measurement.

Table 5. Parameters considered for uncertainty analysis with ranges of values and relative

uncertainties across the three hydrogeological units.

Parameter Full range of Min-Max Rel.
values uncertainty (%)

Cementation exponent () 14-26 4-7

Total CEC (meq/100g) 1.10 - 30.03 49 — 150

Density (g/cm’) 2.35-2.90 2.6-3.0

Formation resistivity (R;) (Q.m) 125-39,301 1-21

Saturation water (Sy) 0.25-1 0-75

3.5. Model verification using water storage estimates from 1D magnetic resonance sounding

For our study, we used NUMISP™ and NUMIS™” MRS equipments manufactured by IRIS
instruments (France). In Gortinlieve catchment, 11 MRS stations were located along the ERT profile
with three stations situated as close as possible to the boreholes (Fig. 1). Three of them were rejected
because of low signal-to-noise ratio (SNR) and the remaining 8 MRS measurements were used in this

study (Comte et al., 2019). SAMOVAR software package was used to run one-dimensional inversion
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of MRS data. See Legchenko et al. (2017) for a detailed description of processing and inversion of
MRS data. Accuracy of MRS results depends on the SNR defined by the ambient electromagnetic
noise, the target location relative to the measuring loop, and the amount of water in the subsurface
(Legchenko et al., 2011). The study area is characterized by a low porosity aquifer and the third
condition caused the major effect in the data quality. In general, MRS resolution and sensitivity
degrade with the increasing depth to investigated aquifer formation, which limits the depth of

investigation with MRS.

3.6. Model comparison with pumping and recovery test

Pumping and recovery tests were previously carried out by Comte et al. (2012a) in each borehole of
the study site and further interpreted to provide values of transmissivity, hydraulic conductivity, and
storativity (see Comte et al., 2012a, for acquisition methodology and interpretation results). These
values, especially storativity, would be representative of a very small volume around the open
boreholes due to the low pumping rate possible in such low productivity aquifer, and more so for the
deep boreholes. As a result, values could be affected by small scale heterogeneities (e.g. preferential
flow pathways) and possibly locally enhanced fracturing associate to the downhole hammer drilling
process as well as washing of clay clogging in existing fractures due to drilling fluids. To limit the
influence of small scale heterogeneities, the storativity values in each bedrock zone intersected by the
boreholes (BB, FB, MB), were averaged to provide one value per zone (Table 6). Average storativity
values were then compared to corresponding average values of ERT-derived porosity (Archie and

Waxman & Smits) and MRS-derived water content for each zone.
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Table 6. Storativity values per zone (from Comte et al., 2012a)

?él(;l;en bedrock s 0.05 0.05 2

fFi;f;lred bedrock 0.01 0.001 0.02 3

1(\1/\[/';1]s3s)ive bedrock s 0.005 0.005 2
4. Results

4.1. Spatial distribution of input parameters for petrophysical models

The results of interpolating all the petrophysical model input parameters using the nearest neighbor
algorithm (Fig. 4) matched overall the constraints (input data values) at the borehole locations.
However, the use of a non-structurally constrained interpolation developed artifacts in the data
distribution producing unrealistic geological structures. In detail, CEC spatial patterns exhibited a
compartmentalized tabular distribution, with strong lateral and vertical changes. The tabularity angle
was controlled by the value applied in the search limits (6.5° taken as the average topographical
slope). Similar behavior was found in the other parameters (m, R, T, p) with a lower degree of
change in all directions due to the low variability of the initial data for the model without structural

constraints.

The two structurally-constrained interpolations (with 3 and 5 zones, respectively) produced more
realistic parameter distributions. Both structurally-constrained interpolations had similar outputs in the
upper 1000 m of the modeled profile, slightly differing in the lower 500 m beneath the valley flat. In
general, the 5 structural unit model distribution suffered a “pull-up” of the data in the vertical direction
over 500 m. Comparing the models of 5 and 3 zones, the 5 zones model suffered a decrease in values
for CEC, m, and R,, in the MB and FB while an increase for 7 and p in the MB and FB in the
surrounding area near the GO3 borehole. CEC interpolation yielded a distribution highly influenced

by the hydrogeological units’ model, having the highest values (> 0.11 meq/g) in the FB specifically
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in the center zone of the aquifer. In the case of m, the difference between the two structurally-
constrained interpolations demonstrated that the major impact occurs in the last 500 m of the modeled
profile, keeping a smooth lateral and vertical distribution of the data that perfectly delineates the two

hydrogeological conceptual models.

Interpolation of rock density, with a low variation (2.4-2.9 g/cm®) for the rock minerals encountered
in the study area produced similar patterns as m, having a distribution with smooth vertical and lateral
changes. R,, and T interpolation exhibited significantly different spatial patterns than other parameters,
with large variability and relative compartmentalization in lateral directions with minor influence of
the structural constraints in the interpolations. This is due to these hydrogeological parameters (R,, and
T) having much larger lateral (upslope-downslope) variability than vertical (depth) variability.
Interpolated ranges of values for these parameters are within the input data limits (R,, = 18-36 ohm.m;

T = 12-16°C).
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Figure 4. Nearest neighbor interpolation results of borehole-based petrophysical parameters; cation
exchange capacity (CEC); cementation exponent (m); water resistivity (Ry); temperature (T) and rock
density (p); without (single unit) and with (3 units and 5 units) structural constraints based on

conceptual interpretation of resistivity model.
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4.2. Porosity predictions

The 2D porosity models resulting from computing the 2D inverted ERT data (Fig. 3a) and the 2D
interpolated parameter distribution (Fig. 4) in the two selected petrophysical models (Archie and
Waxman & Smits) are presented in Fig. 5. As expected, the conceptual constraints used when
interpolating the petrophysical input parameters had a major influence on the final spatial distribution
of porosities. The porosity distribution obtained with no conceptual constraints exhibits tabular
layering of massive, fissured, and broken bedrock. Uphill, porosities were an order of magnitude
lower than in the mid-slope and downslope areas, with abrupt changes in porosities. A distribution

that did not match well the initial structural interpretation of the resistivity profile.

Distributions using 3 and 5-zone structural constraints showed spatial patterns of porosity that better
match the original ERT interpretation and associated conceptual model. Highest porosity values were
found in the shallow (broken) bedrock characterized by lower resistivities. The deep and intermediate
zones (MB and FB) had the lowest values of porosity associated with fracture density and aperture as
well as weathering intensity (secondary clay content) decreasing with depth. The downslope area,
nearby GO3 borehole, exhibited the highest porosity values of all three conceptual models, with a
vertical distribution largely controlled by the applied structural constraints. The generally lower
porosities obtained uphill for all models were consistent with the different, less weathering-prone
psammite lithology as evidenced from outcrop observation and ERT result showing thinner broken

and fissured horizons.

Archie’s model overall produced porosity values ranging between 3 x 107 (i.e. 3%) to 7 x 10" (i.e.
70%) for the three conceptual models with arithmetic mean values of 16% (no zones), 17% (3 zones)
and 16.5% (5 zones). The 3-layer model (3 hydrogeological units) was considered as the best model.
Although both 3-layer and 5-layer models well preserved the geological structure, the alluvium and
glacial deposits which were additionally considered in the 5-layer model (Fig. 3), remained zones of
small volume having very little impact in the final porosity models. Therefore the 3-layer model
appeared as best to compromise in terms of resolution and simplicity of parametrization and

associated computational efficiency. In this model, the MB (massive unweathered and poorly
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fractured mica schist) had the lowest average porosity (8 x 107, i.e. 8%) of the 3 units followed by an
increase of porosity in the FB (2 x 107, i.e. 20%) characterized by a weathered/fractured bedrock. At
the top, the BB reached the highest porosity (3 x 107, i.e. 30%) considering the glacial deposits and
alluvium units as the areas with the higher values. The Waxman & Smits porosity model produced
lower porosities than Archie’s model by an order of magnitude with values for the non-structurally-
constrained model of 9 x 10 (i.e. 0.9%), and for the structural-constrained models of 1.3 x 107 i.e.
1.3% (3 zones) and 1.1 x 107 i.e. 1.1% (5 zones) in average. Waxman & Smits porosities rapidly
decreased with depth dropping from BB (5 x 107, i.e. 5%) by two orders of magnitude at the MB (3 x
10, i.e. 0.03%) in terms of average porosity. The unsaturated zone considered 50% for water
saturation (Sy), increasing the porosities in the BB for both models (Archie and Waxman & Smits),
this applied for the 3 scenarios (1 non-structural and 2 structural-constrained). The unsaturated zone
was tested applying four alternative saturations (Sw = 25%, 50%, 75%, and 100%) producing an
inverse relationship between ¢ and S,.. Archie’s model showed less dispersion of porosity values
showing a normal distribution within and across all the zones including the unsaturated area.
Contrastingly, the Waxman & Smits model had a higher spreading of the calculated porosity with a
log-normal distribution across, and a normal distribution within, each of the three zones (BB, FB, and

MB) (Fig. 6).
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527  Figure 5. Predicted 2D spatial variations of porosity compared to original resistivity data. (a) original
528  (input) inverted ERT profile. (b-g) predicted porosity distributions for different structural constraints
529  and petrophysical models: Archie’s model (b) and Waxman & Smits model (¢) no structural

530  constraint; Archie’s model (d) and Waxman & Smits model (e) with 3 structural units; Archie’s model
531  (f) and Waxman & Smits model (g) with 5 structural units. Triangles at the ground surface indicate

532  the location of MRS soundings (see section 3.5).
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4.3. Sensitivity and uncertainty analysis

The sensitivity analysis enabled us to quantify the weight of the petrophysical parameters involved in
the forward modelling (Fig. 7). When using both Archie and Waxman & Smits models, the
cementation exponent (m) appeared as the parameter responsible for the largest sensitivity. For the
Archie model, a variation of £15% produced porosity changes of £26%. The Waxman & Smits model
was even more sensitive to m, i.e. for the same +15% of variation, porosity changed by 120% and -
68% respectively. Saturation (Sw) was the second most sensitive parameter (18% in a 15% increment)
in Archie’s model close to that of the m parameter while in the Waxman & Smits model the
sensitivity to other parameters was not as high as for m but added together, they introduced significant

uncertainty into the models.

m-30% ®-15% Best fit 15% o 30%

-b)

200 300
1 ]
L
200 300
1

100
|
100
|

fo-foos-f0:{o-00-

parameter variation (%)
100 0
| |
-100
|
"

Porosity change with individual

-200
|
-200
|

300
|

300
|

T T T T T T T ' T T T T T T T T T
Sw Rt n m Rw T(°C) Sw Rt n m a Rw CEC p T(°C)
(Q.m) (Q.m) (Q.m) (Q.m) (meq/g) (g/cm3)

Q

Figure 7. Sensitivity analysis of (a) Archie and (b) Waxman & Smits porosity models.

The uncertainty analysis provided valuable information with regards to the models” accuracy. In this
paper, we present the relative uncertainty computed for the model with 3 hydrogeological units using

the maximum and minimum possible values for each input parameter as estimated from the geological
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556  characteristics of the study area (Table 5). The final porosity predictions for Archie and Waxman &
557  Smits held relative uncertainties in predicted porosities of £16% and £105% (Fig. 8) and absolute

558  uncertainties of +3 and +1 on average, respectively. When looking separately at average uncertainties
559  for each specific hydrogeological conceptual unit (BB, FB, MB), MB had the lowest absolute porosity
560  uncertainty (where porosity is expressed in %) in both models (Archie = 1.44% and W&S = 0.06%)
561  decreasing with depth (Fig. 9a). In terms of relative uncertainty, the BB unit appeared as the zone

562  with the highest values in Archie’s model (22% on average) while in Waxman & Smits the highest
563  relative uncertainty affected the MB, amounting 180% on average and 300% locally (Fig. 9b) i.e.

564  three times the best predicted values.
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566  Figure 8. 2D relative uncertainty of Archie and Waxman & Smits porosity models.
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Figure 9. Box plots of (a) absolute and (b) relative porosity uncertainty per conceptual unit for Archie

and Waxman & Smits models.

The highest contributing factor to porosity uncertainty for the Archie model was the water saturation
(75% on average) while for the Waxman & Smits model the CEC (87% on average) had the highest
contribution (Fig. 10). While the water saturation also contributed to the uncertainty in W&S, the
influence was smaller compared to the uncertainty introduced by the CEC. Despite being the most
sensitive parameter in the model, the cementation exponent (4-7%) did not produce as high relative
uncertainty as the CEC did. In addition to the other parameter uncertainties, the formation resistivity
(R)) obtained from ERT data inversion had a relatively low uncertainty (1-21%) and as such did not
impact significantly the final model uncertainty. Note that the uncertainty in the formation resistivity

only considers the ERT inversion errors but not the ERT measurement errors.
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581  Figure 10. Uncertainty analysis of petrophysical models input parameters: formation resistivity (Ry),
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In this study, the ERT measurements errors (standard deviation of 0.13% on average) were discarded
from the uncertainty analysis due to being negligible compared to the inversion error (9.6%) and
model block resistivity errors (4% on average). The very stable, low noise, measurement conditions
were to be attributed to excellent electrode coupling due to the favorable soil conditions (wet, clay-silt
soils and unsaturated zone), high water table and low anthropogenic noise. In different conditions,
such as drier/more resistant soils (e.g. in more arid regions), deep water table, or presence of
anthropogenic noise such as metal pipes, buried fences, etc. the ERT measurements would be less
stable with higher errors, which may need to be taken into account in the uncertainty analysis as the

would significantly increase the uncertainty in porosity estimates.

4.4. Model verification using independent 1D water content data

At each station, inversion of MRS measurements showed a vertical profile of the water content. The
water content was compared with the boundaries of hydrogeological units identified using the ERT
interpretation. It allowed to develop a correspondence between the water content value and the
geological formation. Thus, the average water content (WC) was estimated with MRS as 1% in the
massive bedrock, 2-3% in the fissured bedrock and in the broken bedrock ranging from 5 to 6%. In
the selected 8 MRS measurements, the highest WC was found in the profile F1 (1-6%) at 480m
NNW-SSE direction, characterized by a thick FB highly fractured and fully saturated. The lowest WC
(<2%) was shared by the profiles D1 and D3, at 240m NNE-SSW direction, located in a high

resistivity zone (MB) with low fracture density.

The water content profiles from MRS surveys were compared with the ERT porosity models (Archie
and Waxman & Smits) extracting the data in the nearest location to each MRS survey and presented
in the logarithmic scale (Fig. 11). Fig. 11 also shows the minimum and maximum models of the MRS
water content and the ERT porosity models. Archie porosity values were distinguished by largely
overestimating the pore space with values ranging 5-35 x 107 (5-35%) i.e. about an order of

magnitude (i.e. ~1000%) higher than water content obtained from MRS surveys for the broken and
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fissured bedrock at all locations but decreasing with depth as expected for the study area. Massive

bedrock estimates showed porosities ranging 1-1.5 x 10" (i.e. 10-15%), range rather expected for the

broken bedrock. Not accounting for the clay content in the aquifer by using Archie’s law

overestimated the porosity of the study area where typical porosities for this geological setting were

widely reported are much lower (metamorphic rocks ¢ =~ 4%) (Earle, 2015). Waxman & Smits

porosity values had a slightly better fit with MRS water content data producing consistent spatial

patterns at three locations. The best match occurred specifically in the profiles F1, F2, and JV1,

locations where the minimum and maximum values for water content and ERT-derived porosities

predicted the highest porosities (2-6 x 107%). In the other 5 soundings, there were significant

discrepancies between ERT-porosities and MRS water contents. The ERT porosity values from

Waxman & Smits were higher than MRS water contents in the broken bedrock (0-10m) but lower in

fissured and massive bedrock, overall providing lower groundwater storage values at higher depths.

The clay content variations in the fissured and the massive bedrock could be a reason for this behavior

but also the uncertainty attributed to this method (Waxman & Smits model) that increases with depth.

Depth (m)

Depth (m)

S

40 |
50 |

1e

D3
- e
10
S
30
60 T
-3 1e-2 1

F2

T
e-1  1e+0

50 —
60

10
20
30
40

E MRS water content (WC) with

30
40
50 —

60
1e:

uncertainty

D1 D2
~ 0
10 o
20
30
40
50
T T 60 T T
-3 1e-2  1e-1  1e+0 1e-3 1e-2 1e-1 1e+0
F4 JV3
0
10 o
20
30
40
50
T T 60 T T
-3 1e-2  1e-1  1e+0 1e-3 1e-2 1e-1 1e+0
¢) )
E Archie (¢) with

. Broken bedrock

uncertainty

. Fissured bedrock

with uncertainty

[I Massive bedrock

F1

10
20 -
30
40

T
-2 le-1

1e+0

30
40
50 —

60 .
1e-3 1e

E Waxman & Smits (¢) _V_ Water table

T
-2 1e-1

1e+0

Figure 11. Comparison between MRS water content and ERT porosity for Archie’s model and

Waxman & Smits model (total porosity, including saturated and unsaturated porosity).
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4.5. Model comparison with storativity values from hydraulic tests

Comparison of storativity data, porosity models and water content showed that Archie’s porosities
poorly matched observed storativity values, with values always higher by an order of magnitude in all
the zones of the aquifer (BB, FB, and MB) and systematically out of the variability range (Fig. 12).
On the other hand, Waxman & Smits porosities, displaying lower values than Archie’s model,
matched reasonably well the storativity values, especially in the broken and fissured bedrock. WS
porosities in the massive bedrock were lower by an order of magnitude but close in the upper limit of
the variability range. MRS water content profiles generally underestimated storativity values close to
the surface (BB) but had a strong correlation between storativity and porosity at larger depth (FB, =

0.97 and MB, r = 0.98).
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Figure 12. Comparison of ERT-derived porosity (Archie and Waxman & Smits porosity models) and
water content (MRS) per hydrogeological zone with their respective ranges of spatial variations (both
on vertical axis), to corresponding borehole storativity values estimated from hydraulic testing

(horizontal axis).
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5. Discussion

The capability of resistivity methods to resolve pore space variability in a low porosity, basement
aquifer system with spatial variations in weathering and fracturing intensity has been explored using
hydrogeological and geophysical data acquired in a fractured metamorphic hard rock aquifer in
Ireland. This study demonstrates that Waxman & Smits” petrophysical model is superior to Archie’s
model because of the presence of clay minerals associated with bedrock weathering, which is

generalizable to most weathered/fractured basement aquifer systems.

5.1. Importance of conceptual constraints when combining borehole data with 2D geophysical

data

Interpolation of point (borehole) petrophysical data was required to provide inputs for the 2D
petrophysical models to obtain 2D porosity distributions from 2D ERT resistivity. Both the
interpolation algorithms and the integration of structural constraints based on conceptual
interpretation of geophysical data as part of the interpolation had a high impact on the spatial
distribution of the parameters across the study area. Combining borehole data and a geological
interpretation increased the accuracy of the distribution (Boyd et al. 2019) while showing where the
geological interpretations (3-zone vs 5-zone) made the higher impact. Triangular interpolation and
kriging methods produced unrealistic distributions lacking geologic sense, the nearest neighbor
algorithm achieved a superior spatial distribution of the data for both Archie and Waxman & Smits
models. The results exposed the fact that the absence in the interpolation of structural constraints
based on hydrogeological boundaries produced spatial distributions of parameters that are
geologically unrealistic as the interpolation tends to yield straight lateral continuity between
boreholes, which disagreed with the structural information provided by ERT data. Constraining the
models with structural boundaries is the most important tool to control the distribution of the
parameters and it should be based on reliable data as is the case of this study (ERT survey). This is

demonstrated when two alternative hydrogeological interpretations assuming a 3-zone and a 5-zone
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layering are incorporated as structural constraints in the interpolation of the input parameters, which
produced a spatial distribution consistent with the conceptual models. As demonstrated by Chen et al.
(2019) using structural constraints in the interpolation helped to achieve a much more realistic
distribution of the parameters (CEC, m, pg, R,, and T) that follows the geological structures of the
study site than a non-structurally constrained interpolation. The difference between the two
structurally-constrained models is only observable in the area surrounding GO3 borehole, where
glacial deposits and alluvium are present. It is however important to note that despite being
geologically more realistic, structurally-constrained interpolations also likely exacerbate the contrasts
in petrophysical properties, and ultimately in the final computed porosities, between the different

conceptual bedrock units as compared to a possible smoother reality.

5.2. Importance of accounting for clay minerals and related uncertainties

Results of this study show that Archie’s porosity values (1.7 x 107, i.e. 17%, in average) are
unrealistic because well above (1) expected porosities for weathered/fractured basement rock aquifers
and (2) independent geophysics data (MRS) and borehole hydraulic data obtained on the site.
According to Palacky (1988), hard rock aquifers are characterized by an average porosity < 4% (4 x
10?). Porosity ranging between 2-4% were reported by laboratory tests carried out by Bagde (2000) in
three types of schists (quartz mica schist, quartz mica schist with quartz veins and biotite schist), a
range of porosities that matches the ERT porosities derived in this work from the Waxman & Smits
model. Johnson (1983) reported low porosity (3%) for metamorphic rocks, and particularly mica
schists with values < 1% (Elbra et al., 2011), which is again consistent with the porosity values
predicted by Waxman & Smits. Nevertheless, the most important distinction between the two models
(Archie and W&S) is that the latter accounts for the effect of clays minerals, which significantly
contribute to the measured resistivity similarly as pore fluid. In this study, Waxman & Smits model
shows that the clay in the bedrock aquifer reduces the porosity predicted from Archie’s model by an

order of magnitude, decreasing with depth as fracture density reduces.
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Sensitivity and uncertainty analysis were only performed for the 3-units conceptual model for both
Archie and Waxman & Smits. The low variability of the results and small areas that represents the
glacial deposits and alluvium which were accounted for in the 5-unit conceptual model do not have a
considerable influence in the final porosity models. The sensitivity analysis demonstrates that Archie
is less affected by variations in the input petrophysical parameters than Waxman & Smits. Despite
both being more sensitive to changes in the cementation exponent (Chen & Fang, 1986), Waxman &
Smits overall has higher sensitivity due to the additional factors in the equation accounting for the
clay content (CEC), a product of the bedrock weathering. Therefore, to build an accurate model, it is
necessary to well constrain the estimates for the cementation exponent for both models and the
influence of clay for Waxman & Smits in order to reduce uncertainty in the results. In the present
analysis, the large uncertainty relating to clay properties (CEC) has a large impact on the porosity
estimate uncertainty in the Waxman & Smits model, whereas, with the Archie model, all parameters
have an equivalent contribution to porosity uncertainty. At shallow depth within the unsaturated zone
(< 10 m), high uncertainty in the values of saturation also largely contributed to porosity uncertainty
for both models. However, as the unsaturated zone is relatively thin in the study area, it did not have a

large impact on the overall relative uncertainty.

5.3. Reconciling the different types of storage properties to which the different methods (ERT,

MRS, hydraulic tests) are sensitive

The predicted 2D porosity distributions were further verified through comparison to independent
subsurface water content data provided by MRS surveys (Legchenko et al., 2017) (Fig. 11). The water
content estimates provided by MRS are considered to reflect a part of the effective saturated porosity
of a reservoir corresponding to mobile water (close to the storativity) (Legchenko et al., 2002;
Vouillamoz et al., 2012), whereas resistivity-derived porosities are widely considered as reflecting the
total saturated porosity of the aquifer including mobile and bound water (Turesson, 2006). This
implies that the ERT-porosity estimate cannot be expected to be lower than the storativity, and the

MRS water content estimates can be equal or lower than the ERT-derived porosities. Johnson (1983)
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reported from laboratory experiments implemented on several samples of metamorphic rocks (mica
schist, muscovite schists, gneiss, etc.) an average total porosity 35% higher than the connected
effective porosity. The Waxman & Smits model produced overall porosity values closer to the MRS
water content estimates, though generally higher by about 40% on average, which is consistent with
the findings by Johnson (1983). The agreement between W&S and MRS porosities is particularly
good for soundings F1, F2, and JV1 (Fig. 11). These specific locations are characterized by areas with
relatively higher porosity (> 4%) and thicker BB (12-25 m) and FB (10-30 m) units associated with
regional fracture systems (Comte et al., 2012a, 2019). At larger depths (MB) for these locations, the
uncertainty of MRS water content (but also of ERT-derived porosity) increased and the correlation
between the two is poor, with ERT porosity significantly higher than MRS water content. This
deviation could be attributed to the decrease in fracture connectivity with depth in the massive
bedrock resulting in a more rapid decrease in effective porosity and/or storativity versus total porosity
and associated loss of sensitivity of the MRS method (Legchenko et al., 2002). In the other 5 profiles
(D1, D2, D3, F4, and JV3), there are some incongruities between the ERT-porosities and MRS water
content. These locations were further away from deeper weathered/fractured zones and characterized
by overall lower water content close to or lower than 1%. There, MRS water content appeared
relatively constant or increasing with depth and was much higher than ERT-derived porosities.
However, the MRS method is known to rapidly lose sensitivity below 1% water content where data
inversion becomes unreliable (Legchenko et al., 2006). Similarly, ERT-derived porosities could be
underestimated in these areas particularly for the massive bedrock due to the ERT inversion tending to
overestimate resistivities below conductive material (FB). Both could explain the large deviation at

depth at these locations.

The overall comparison is consistent with current knowledge that resistivity-derived porosity provides
a close estimate of total porosity (Ellis and Singer, 2007; He et al., 2018) and as such should be higher
than or equal to the aquifer’s effective groundwater storage (storativity). For most of our presented
results, the ERT-derived porosities are indeed equal to or higher than the MRS water content known

to be reflective of aquifer storativity rather than total saturated porosity. More specifically the
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porosities obtained from the application of the Waxman & Smits model are consistent with the
expected difference between effective and total porosity in fractured rocks of about a factor of 2
(Aguilera and Aguilera, 2003; Tiab et al., 2006); whereas Archie’s model is shown to massively
overestimate this difference by a factor of 10 (an order of magnitude) demonstrating that clay

minerals cannot be neglected in the analysis of similar metamorphic rock aquifer settings.

Further comparison of the results with actual aquifer storativity values previously obtained from
hydraulic testing at borehole locations by Comte et al. (2012a) confirmed Archie’s model poor
predicting ability of storage properties. Waxman & Smits porosities in contrast show a good match
with storativities obtained in the broken and fissured bedrock (the weathered-fractured part of the
system). This would suggest either that the porosity derived from this model in this upper part of the
bedrock is reflective of the aquifer’s effective storage capacity rather than the total porosity (including
bound and unconnected groundwater), or that storativity and total porosity are not significantly
different in these horizons. However, it is also likely that storativity values obtained from hydraulic
testing are providing an overestimation of the actual aquifer storativity due to being representative of
a small area abound the boreholes (because of the low pumping rates applicable for hydraulic testing
such low productivity hydrogeological environment) affected by locally increased porosity associated
to the downhole hammer drilling technique (Kirlas and Katsifarakis, 2020; Pongmanda and Suprapti,
2020). Such artificially increased porosity and storativity would have relatively more effect on deeper
(more massive) than shallower bedrock horizons. In the MB specifically, WS-derived porosities
appeared much lower than storativity values. This difference could indeed be due to; (1) as also
discussed above when comparing ERT porosity and MRS water content, an underestimation of
porosity in the MB due to overestimation of inverted resistivities below the lower resistivity FB
together with the uncertainty attributed to the selection of m for the MB; or (2) overestimated
storativities values from hydraulic testing in the MB (artificially increased porosity in the borehole
walls, and local preferential pathways possible due to the large uncased interval characterizing MB
boreholes). MRS water content on another hand is relatively close to storativity values in the FB and

MB. Based on discussions above, the good match for MB might be coincidental due to both (1) a
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possible overestimation of MRS water content in the MB, where MRS profiles often showed illogical
increasing water content with depth likely resulting from lack of accuracy of the MRS inversions
(Legchenko et al., 2017) for low water content values; (2) a possible overestimation of storativity
from hydraulic tests in the MB. MRS water content also appeared slightly lower than storativities in
the BB. Overall, it can be reasonably concluded that the WS porosity provides an upper estimate of

groundwater storage in the weathered/fractured aquifer units (BB and FB).

5.4. Limitations associated to field measurements and geophysical inversion errors and wider

application to 3D heterogeneous hard rock aquifer settings

Modelling petrophysical properties is a challenging process. The high heterogeneity of
weathered/fractured aquifers complicates any attempt to estimate properties, as in this study porosity
(Paillet and Reese, 2000; Doetsch et al., 2010; Whitman and Yeboah-Forson, 2015). This study
encountered limitations typical to field studies in heterogeneous subsurface systems, attributed to: (1)
uncertainties in point-based measurements of parameters used to parameterize the porosity models
(cementation exponent and clay volumes); (2) uncertainty and representativity issues relating to
storativities values obtained from low rate hydraulic testing used for verification, which are likely
overestimations increasing with depth (i.e. with decreasing porosity) (3) poor spatial density of
borehole data providing the petrophysical input parameters and storativity verification data; (4) spatial
distortions and errors relating to inverted geophysical data used as model input parameters (different
averaging between ERT and MRS; ERT use 2-D inversion and MRS 1-D inversion, both in 3-D
geological settings); and (5) possible additional uncertainty attributed to the geophysical measures
errors (noise) prior to geophysical inversion (negligible in this work but potentially significant in
other, more noisy conditions, e.g. drier/more resistant soils and anthropogenic noise). Addressing
some of these limitations would reduce uncertainty, providing more accurate values in porosity
models. Acquiring more data does not always translate into better results, but in this study having
additional borehole data in a reduced spacing would help to control the spatial distribution and

increase the resolution of the models, along with providing additional verification dataset.
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The one- and two- dimensionalities of data and models used might be insufficient in some strongly
three-dimensional settings, which would require 3D ERT acquisition. In this case study, however,
previous hydrogeological studies (Comte et al., 2012a, 2019) suggest lateral continuity of structures
perpendicular to the ERT profile justifying the use of 2D ERT data. Similarly, more confident
validation with borehole and MRS data would be obtained from denser 2D borehole coverage and 2D
MRS acquisition and inversion, with 3D borehole and 3D MRS analyses required for other strongly
3D basement settings. The approach developed overall is applicable to most basement aquifer settings
and bedrock lithologies subject to a certain degree of weathering. Some challenges would arise in; (1)
deeply weathered, argillized basement rocks such as clay rich metamorphic rocks subject to deep
tropical weathering, where ERT inversion would be inaccurate below highly conductive weathering
clays (Bazin and Pfaffhuber, 2013) resulting in poor delineation of weathered vs. fractured vs.
massive bedrock and inaccurate quantification of storage properties (2) unweathered, poorly fractured
basement rocks such as crystalline rocks subject to glacial erosion preventing development of
significant weathering and weathering-aided open fracture networks. Nevertheless, the flexibility of
the ERT methods allowing adjusting its resolution to the expected scale of heterogeneity (Chambers
et al., 2010; Cheng et al., 2019) makes it a useful technique for a range of heterogeneous basement

settings from local-scale variations of fracture density and weathering to regional fault zones.

The higher uncertainty in the approach is attributed to the clay content of the aquifer with limited data
from boreholes to directly estimate mineralogy and clay volume spatial variability in the subsurface
with high accuracy. Implementing an alternative geophysical method (e.g., induced polarization)
providing additional constraints on clay content and/or electrical properties could improve the

outcome of the Waxman & Smits model (Binley et al., 2015; Revil et al., 2019).

5.5. Transferability of methods and findings

Although the methodology developed in this study was applied to a specific location, the approach

can be extended to most basement rock aquifer settings. All basement rocks (intrusive igneous and
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metamorphic rocks such as gneiss, granite, schist) are affected by carriable degree of weathering and
fracturing responsible to a weathering profile as described in Fig. 2, and more generically by e.g.
Lachassagne et al. (2011), which is globally ubiquitous. A possible exception are basement rocks
freshly exposed after deep glacial erosion, which may have been completely removed of their
weathering profile at the exception of the bottommost fresh massive bedrock. Electrical (e.g. ERT)
and electromagnetic geophysical methods are well-established techniques effective to delineate these
weathering patterns in various basement rock types and climate setting (Beauvais et al., 2004; Undul
et al., 2011; Belle et al., 2019). Consequently, the present approach may be potentially implemented
in most basement settings. In addition, the approach can also be applied to any other resistivity
map/models obtained from other electromagnetic survey methods e.g. frequency and time domain
electromagnetics FEM/TEM, magneto-telluric MT (Descloitres et al., 2000; El-Kaliouby, 2009). This
includes data from airborne TEM whose popularity is rapidly increasing for large-scale
hydrogeological mapping including in basement rocks (Chandra et al., 2019). A limitation of the
approach however is the need for data on bedrock clay content and mineralogy, and importantly their
spatial variations, necessary for CEC estimation required for the Waxman & Smits model. While
some data may be obtained from literature for the considered site or extrapolated from other regions,
additional in situ investigations are recommended. This include analysis of core sample and borehole
geophysics to estimate vertical clay properties variation along the weathering profile. Alternative
geophysical methods (e.g. induced polarization) may profile information on clay content and CEC
(Revil et al., 2019). The present work also shows that the MRS method (distributed vertical sounding
or tomography) could also be used to calibrate either the Waxman and Smits model, or directly the
porosity/water content, within or across lithotypes, for subsequent large-scale porosity modelling

using high resolutions resistivity data.

6. Conclusions

This study explored the qualitative and quantitative the use of electrical resistivity tomography to

assess groundwater storage variations at high spatial resolution in a weathered/fractured basement
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rock aquifer in Ireland, using the two most commonly applied petrophysical models to relate
resistivity to porosity: Waxman and Smits (1968), which accounts for the influence of clay minerals

produced by weathering processes, and Archie (1942), which disregards clays.

Results show that ERT was capable of qualitatively delineating at high (2D vertical) spatial resolution
the variability in porosity associated to depth-decreasing weathering and fracturing and as well as
local deeper weathered/fracture zones. On a quantitative level, the use of the WS model with ERT
data provided a reasonable upper-bound estimate of storage properties values (storativities) in the
weathered/fractured parts of the bedrock (~5 to 50+ m in the studied area). These values were shown
to range across 2 to 3 orders of magnitude from typically 1-10% in the uppermost weathered ‘broken
bedrock’ to 0.1-1% in the underlying fissured bedrock, and further down by another order of
magnitude lower in the deep massive bedrock. These values were broadly consistent with independent
storativities estimates for the weathered/fractured aquifer levels provided by magnetic resonance
soundings (at 8 locations) and borehole hydraulic testing (9 data including 3 different depths at 3
sites). These values are consistent with reported typical values for hard rock settings. This work
further resolves the large spatial (including depth) variability in storage properties that may be
encountered in basement aquifer settings, at high spatial resolution and with reasonable uncertainties,
i.e. an overall exponential decrease in storativity with depth and with distance to valley bottom to
which superimposes smaller, meter to 100-meter scale, variability related to deep weathering
corridors associated with fault lines. Some inconsistencies however were found in the storativities
values provided by all three methods in the deep massive bedrock owing to limitations and

inaccuracies specific to each method, which prevented any reliable quantification in this deepest unit.

More specifically, the study highlighted the inadequacy of Archie’s model to derive porosity from
resistivity in weathered/fractured aquifers, for which Waxman and Smits model, which accounts for

the major effect of clay mineral on resistivity data, must be preferred.

The choice of the method of interpolation of point (borehole) input parameters for the petrophysical
models, along with the use of structural constraints in the interpolation based on hydrogeological

conceptual interpretation of ERT data, also proved crucial to obtaining realistic porosity distributions.
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Both petrophysical models were found to be highly sensitive to the cementation factor, however,
because of its reported low variability for basement settings this did not have the highest impact on
porosity prediction uncertainties. Instead, the clay content and CEC (for WS model) were responsible
for the largest source of uncertainty in predicting porosity from resistivity highlighting the need for in
situ data on bedrock mineralogy (including clay content and minerals). Relative uncertainty increased
in two directions, vertically with depth, and laterally from downhill to uphill, and this concurrently to
porosity decrease due to increasing relative importance of uncertainties of cementation factor and in

clay properties.

This study also provides an example of how the combination of near surface geophysical methods
(here ERT and MRS), can contribute to achieving a better interpretation of the storage properties
values and spatial variability of low storage weathered/fractured hard rock aquifers. The approach can
be extended to resistivity imaging methods in a wide sense, i.e. not only ERT but by extension also
electromagnetic methods (e.g. frequency/time domain EM) that yield resistivity models, which can be

used with WS to derive porosity models.

Characterizing hard rock aquifers remains challenging, and the limited number of published in situ
quantitative research suggests that more work needs to be done to understand these groundwater
resources and specifically the in situ spatial variability of hydrogeological properties. Estimating
spatial porosity patterns is a crucial step in quantifying the distribution and volume of groundwater
resources in hard rock aquifers required to support sustainable potable water supplies,
agriculture/livestock farming, environmental flows and groundwater dependent ecosystems,
geothermal applications, etc., but also to predict the response of these resources to short and long term

changes in climate, including climate variability and human exploitation.
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