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Abstract: Predicting subsurface rocks’ storage properties is a fundamental problem of groundwater prospecting and
potential evaluation for planning of long term abstraction wells. Water in aquifers is stored and or released from elastic storage
and gravity drainage. Aquifer storage parameters are traditionally determined from pumping tests data which are seldom
available until wells have been drilled. Confined aquifer storativity (S) is estimated as a function of rock lithology and
thickness of the aquifer using the rule of thumb equation S = 3.0 x 10°b, but S = S;b neglecting the effect of porosity and
compressibility. The storativity equation assumes that all aquiferous rocks have a constant specific storage even though
specific storage is directly dependent on rock porosity and most importantly rock grain compressibility which differs with
lithology. In this study, apparent resistivity data derived from field resistance measurements in 31 locations were interpreted to
infer geolectric layers lithologies and thicknesses. To determine the rock grain compressibility for computation of the specific
storage, vertical stress at the aquifer depth was estimated using average densities of the interpreted subcrustal rocks. Results
show that rock mineral grain compressibility varies from 7.915 x 107 to 9.235 x 10°/Pa, porosity from 0.08 to 1.64 with the
weathered overburden and sandstones having the higher porosities; specific storage vary from 8.32 x 10° to 1.80 x 10 and
storativity ranges from 3.161 x 10 to 1.96 x 10°. Clearly, results indicates that the specific storage differ predictably with
rock type and consequently the storativity of the different aquifers.
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boundary conditions [1]. Water in a porous rock is stored and
or released from elastic storage and from gravity drainage

Aquifer storage properties are important for understanding [2]. . Aquifer - specific sto'rage and stF)rat1V1ty may vary
hydraulic response to transient stresses on the groundwater spatially because of geologic heterogeneity and estimation of
bearing rock units. Specific storage is the fluid released from ~ these properties allow for quantitative prediction of the
storage per unit decline in hydraulic head per unit bulk hydraulic response of the aquifer to recharge and pumping.
volume under conditions such that there is no strain in two Stor.age properties are oft.en estimated on a loca.l scal'e by
orthogonal directions and the total normal stress in the third analysis of l')orehole pumping well tests data' using single
orthogonal direction is constant. This definition applies to well or mulFlple-V&'Iell aquifer tests, or on a reglc.)ne.ll scale by
general isotropic three dimensional elasticity of any numerical simulation methods. Local scale variation ranges

representative elemental rock volume. It is a point property from ten§ to hundreds of feet while the regional scale is
and is independent of the problem domain stress and head characterized by lengths of hundreds to thousands of feet.
Whereas surface water occurs readily in drainage basins

1. Introduction
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with boundaries determined by topography, groundwater
occurs in subsurface rocks that possess the capacity to store
and transmit it at rates fast enough to supply reasonable
amounts to wells. Groundwater divides do not coincide with
those of surface water thus groundwater management is
dependent on its mode of occurrence and the hydraulic
characteristics of the aquifer. Groundwater storage,
transmission and consequently abstraction through wells
constitute the groundwater potential. Its yield and abstraction
depends on the position, thickness and lithology of the
reservoir and confining beds as well as their hydraulic
characteristics of the aquitards, and the amount of
groundwater withdrawal [2].

[3] Developed a method of estimating confined aquifers
storativity based on lithology and thickness alone; and stated
that aquifer transmissivity can be estimated from specific
capacity but specific storage and storativity are not readily
obtainable. In his proposition,

Prospecting for groundwater as a pre-requisite for siting
productive abstraction wells especially in crystalline
basement environments has always been a challenging issue
as hydrogeologists are faced with the problem of having to
predict aquifer behavior in the midst of paucity of data.

The use of geophysical methods which probe into the
earth’s subsurface is adopted based on the mode of
geological occurrence and geoelectric survey methods in
groundwater prospecting have been in existence globally for
over 200 years [4].

The application of geomechanics principles in the
determination of aquifer hydraulic characteristics has not
received adequate attention. This approach was adopted in
this study because one of the parameters required for
calculating the specific storage of an aquifer, the rock grain
compressibility can be determine using geomechanical
approach.

The study area is a crystalline basement terrain overlain by
consolidated sandstones, shales, siltstones and granitic
weathered zone with a history of abortive boreholes most
producing from a thin overburden.

[5] In his study on basement aquifers of Africa submitted
that a minimum overburden thickness varying from 20-25m
is required for siting boreholes in crystalline basement
regions as chemical weathering can produce saprolitic
regolith with porosities of 40 — 50% and specific yield of 15
—30% thus forming good aquifers.

A key factor in groundwater occurrence is the presence of
porosity and or permeability [6]. Sandstone aquifers may
have porosities of <30% due to their compaction and or
consolidation. In extreme cases, porosity can be <1% and
hydraulic conductivities can range in the region of that of
unfractured rocks i.e.<10""m/s.

Pre-drilling hydrogeologic and geophysical assessment
and hydraulic characterization of groundwater aquifers can
help in predicting the subsurface water supply potential of an
aquifer system when boreholes for pumping tests have not
been drilled. This research was commissioned to investigate
and proffer solution to the problem of abortive boreholes

most of which are abstracting from the thin weathered
overburden. In achieving the goal, integration of vertical
electrical sounding (VES) data with estimated geomechanical
properties such as vertical stress, bulk and rock grain
compressibilities, Biot coefficient; porosity and formation
factor was adopted in predicting the aquifer hydraulic
characteristics, their protective capacity and groundwater
potential of the area.

2. Study Area

The study area is underlain by cretaceous sediments of the
Cross River plain and the basement complex region of South
Eastern Nigeria (figure 1) [7, 8]. It forms part of the two
spurs of the Precambrian basement complex, the Obudu
plateau and the Oban massif of South East Nigeria. The
Obudu plateau and Oban massif have been reported by [42]
as prolongation of the Cameroon hingeline into Nigeria
linked with Benue trough. This basement rocks are overlain
by the cretaceous sediments of the calabar flank but
separated by the Mamfe embayment which is a filled grabben
in the North of the State [9], Dominant rock types include
phyllites, schists, gneisses, granulites and migmatites
intruded by granitic, mafic and ultramafic rocks. They range
in age from NeoArchaecan to Pan-African [10]. The
characteristic rock types are a fluviatile clastic point bar
fining-upward sequence and over bank mudrocks belonging
to the Asu River Group of Albian age [11]. The Mamfe rift
composed of sedimentary rocks occurs in association with
jointed basaltic rocks and the type locality of the Mamfe
Formation is on the bank of Cross River at Mamfe in
adjoining Cameroon Republic where 800m of massive
arkosic sandstones with marl, sandy limestone and shale
intercalations are exposed [12]. The sequence in the Nigerian
part of the Mamfe Basin comprises conglomeritic immature
mudstones [13] with evidence of faulting [14]. The
cretaceous sediments have been intruded by granitic,
granodioritic, doleritic and basaltic rocks. The cretaceous
sediments compositionally made of compacted to
consolidated sandstones, siltstones, shales, and mudstones
outcrop in the area. Thin compacted clay units exist within
the mudstones layers, and occasionally sandwiched by shales
and sandstones are exposed in Igbo Imabana, Assiga,
Ababene, Ekpeti and Adim within th Cross River plain. The
rock types exposed within geologic formation are principally
compacted to consolidated sandstone, siltstone, shales,
basalts, dolerites, and crystalline granitic rocks. Ijutum is
covered by igneous intrusive rocks. The crystalline basement
complex rocks are overlain by the cross river plain. The
crystalline basement rocks appear to be buried covered by the
consolidated sediments of Cross River plain in well over of
85% of the Akarefor. Akpet Central lies within the granitic
basement formation of S. E Nigeria. The hydrology of the
area reflects a typical rain forest environment with dendritic
rivers and streams. Prominent amongst the rivers and streams
draining the area the Cross River, rivers Lokpon, Okwo,
Okerekwu, Udip, Udam. Minor streams like Lekpoi, Ebehe
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in Igbo Imabana, Lemene, Ugom flowing in Akpet Central,
Iwusu stream Egbono stream in Akarefor; and Lekwo in
Ekpeti. The directions of flow which are either east or west
depend on the local slope of the areca. Though numerous
seasonal streams and ponds exist in the communities of
study; about 95% of the available surface water is impure for
human consumption.

3. Method of Study

Field methods involved geological, hydrogeological and
electrical resistivity depth sounding investigations. ABEM
Terrameter SAS 300C, a simple resistivity meter with

potentiometric arrangement was used for measurement of
field resistance. In this method, depth investigations were
made as a basis for inferring the vertical succession of
different conducting rock units in the subsurface in terms of
their inferred lithology, thickness and resistivity. Depth
penetration was achieved by simply introducing current into
the subsurface using galvanic contact. Generally, four steel
terminal electrodes are used to minimize the effect of
material contacts and in carrying out the survey, direct
current or very low frequency (<1Hz) current was introduced
into the ground through two steel electrodes (current
electrodes), A and B which set up a potential difference in the
ground.
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Figure 1. Map of study area showing study locations.

This potential difference is measured between a second
pair of steel electrodes (the potential electrodes), M and N.
The four electrodes, A-M-N-B are kept in a straight line such
that AB > 5MN in accordance with the Schlumberger
electrode array. A total of 31 vertical electrical soundings
(VES) were conducted within 11 communities. The electrode
spread varies from 600 - 1000 metres depending on
accessibility and strike of rock formations.

4. Data Analyses

Geo-electric Survey Data
Apparent resistivities of the subsurface layers in ohms-

meter were calculated from the measured field resistance
values using equation (1)

pa=GR (1

For the Schlumberger array of resistivity survey adopted
for this study, the apparent resistivity was calculated using
equation (2) [2]

2_ 2
_ R (AB/22-(MN/2) 2
)

Pa

p. = apparent resistivity, geometric factor dependent on
electrode configuration, R = field resistance (R = AV/I), AB
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= current electrode spacing, MN = potential electrode
spacing and & = constant.

The apparent resistivity results obtained are plotted against
half the current electrode spacing in meters in a double
logarithmic curve using the Zohdy computer software
programme and interpreted quantitatively to obtain the type
curves and subsurface geoelectric models. Quantitative data
analysis was carried out to infer the substrata sequences; their
thickness, depth to layers and the respective resistivity.

Agquifer Storage Properties

Specific Storage

This is the amount of water per unit volume of a saturated
formation stored or expelled from storage due to
compressibility of the mineral rock skeleton and pore water
per unit change in head. It is also called elastic storage
coefficient and is given by equation (3) [15].

Ss=pug (Cy + OB) 3)

where p,, = density of water, g = gravitational acceleration,
C, = rock grain compressibility, ¢ = rock porosity and f =
compressibility of water = 4.8 x 10™"° m*/N

Storativity

The storativity (S) (also called storage coefficient) of an
aquifer of a confined aquifer is the product of the specific
storage (S;) and the aquifer thickness (b) expressed in
equation (4).

S =bS, 4)

However, confined aquifer storativity (S) is estimated as a
function of rock lithology and thickness of the aquifer using
the rule of thumb equation (5) [16]; [17].

S=3.0x10°b, (5)

This equation implies that the constant (3.0 x 10)
represents the specific storage (S;) in equation (5) and
equation neglects the effect of porosity and compressibility. It
assumes that all aquiferous rocks have a constant specific
storage even though it is directly dependent on rock porosity
and most importantly rock grain compressibility which both
differs with lithology. Groundwater is stored and released
from elastic storage and rock elasticity depends on the
compressibility and porosity. This necessitates that the
aquifer compressibility and porosity be determined for
evaluation of the specific storage. Geomechanical properties
of subsurface rocks are determined from static tests on cores
retrieved from the boreholes during drilling. However, rock
cores are seldom available during groundwater prospecting
thus the use of dynamic methods which rely on geophysical
data. In this method, vertical electrical sounding was
conducted and geolectric layers interpreted with their
thicknesses, depth and inferred lithology and results used in
determination of rock grain compressibility and porosity as
input into equation (3) by [15].

Determination of Geomechanical Properties of Aquiferous
Rocks

As input into equation (3), it is required to determine the

rock grain compressibility and porosity. Rock grain
compressibility (C,) (in /Pa) is the change in rock matrix
volume per hydrostatic pressure due to the average weight of
compressible mineral grains of the rock with zero porosity. It
is a function of the bulk compressibility and is given as

Cy=(a+1)Cy (6)

The bulk compressibility (Cy) (in/Pa) of an aquiferous rock
is the unit change in volume over change in pressure
(AV/VAP) for a porous rock. Bulk compressibility with
porosity is volumetric deformation per hydrostatic pressure
and is the inverse of bulk modulus of the rock. It is given as

1 dv
Cb = — b
Vp doy

(M

Rock compressibility and compaction occurs in the
vertical direction due to gravity loading of the overburden
subcrustal lithostatic materials thus is given in equation (4)
as,

1 dh
Cp = hdo, (®)

where V, = bulk volume of the rock, o, = vertical stress at
depth z, h = original reservoir thickness, z = depth [18§].

Determination of the Magnitude Vertical Stress

The vertical stress (in mpa) at each depth z, is an input
parameter in the determination of rock grain compressibility. It
was estimated using equations (9) by substituting average rock
densities (Table 1) of interpreted rock layers and integrating
from the surface to depth of interest. Results of the vertical
stress determined from equation (6) were compared with those
calculated using the [19] equation (10) for its prediction.
Correlation of the magnitude of the vertical stress using the
two equations yielded equation (11) which was used for
predicting the vertical stress in the study location with a
correlation coefficient (R?) of 0.9972 (Figure 2).

Table 1. Average densities of subcrustal rocks [20].

Rock Average Density (g/cm’)
Overburden 1.92
Sandstone 2.35
Shale 2.40
Granite 2.64
Basaltic rock 2.99
o, =lpgdz ©)
5,=0.027z (10)
6, = 0.9583 (0.0272)-0.024 (1n

Biot's Coefficient

Porous rocks in the subsurface are undergo -elastic
deformation under poroelastic and conditions effective stress
[21]. Effective stress due to pore water pressure counteract
the total applied stress and to account for the resistance of the
rock frame against the deformation of the subsurface rocks as
the pore water pressure changes, [22, 23] introduced a
coefficient (a) termed Biot’s constant or coefficient into
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Terzaghi’s equation. This constant is strongly dependent on
the rock compressibility, bulk modulus and porosity. [24],
[25] proposed equation (12) for Biot’s coefficient based on
the compressibility of the rock grain and bulk volume.

a=1-CgC, (12)

[26] Proposed an empirical relationship (eqn. 13) for
Biot’s coefficient based on the rock’s porosity (¢) as

a=1-(1-¢)""? (13)

Formation Factor and Porosity

[27] Proposed that for a clean, water bearing formation
implying one with no appreciable amount of clay and no
hydrocarbons, its resistivity is proportional to the brine with
which it is saturated. The proportionality constant is called
the formation factor (F) is given as (eqn. 14)

(14)

where p, = specific resistivity of the water saturated
sand/sandstone, p,, = groundwater resistivity (fresh water =
20 [28] and F = intrinsic formation factor..

Formation factor combines all properties of the material
influencing electrical current flow such as porosity, pore
shape and diagenetic cementation. According to [27],
formation factor (F) is given as (eqn. 15)

F= pO/pw

F=a/¢" (15)

where a = electrical tortuosity, ¢ = porosity and m =
cementation factor.

For compacted sandstones, [29] proposed equations (16)
and (17) from practical cases for formation factor and
porosity respectively.

F=1/¢ (16)

o= (1/F)"? (17)

5. Results and Discussion

Geoelectric layers

The interpreted subsurface lithologies, thicknesses and
depth of occurrence are presented in (Table 2). Interpreted
aquifer lithologies include weathered regolith, fractured shale
and sandstones of the cretaceous sediments of the Cross
River Plain. Resistivity results depicted 3 to 6 geoelectric
subsurface earth layering across the study locations. The first
and topmost geoelectric layer range in thickness from 0.4 to
10.1m with resistivity varying from 9.94 — 1382.8Qm and
forms the weathered regolith while layer 2 vary in thickness
from 1.6 — 28.27m and resistivity from 3.03 — 2628.5Qm.
The thickness of layer 3 varies from 2.1m to infinity in places
with resistivity of 1.6 — 3507.6Qm. This layer forms the
crystalline basement complex in seven of the study locations
occurring in Araragha, Ofombongha, Ogada (locations 1 and
2), llike, Akpet number 1 and Ezzomozu. The basement
complex rocks of layer 3 recorded the high resistivity values

of this layer. The fourth geoelectric layer occurs and extends
to infinity in Igbo Imabana, Mboti, Ijutum, Ababene, Ekpeti,
Assiga, Akpet Central (locations 1, 2 and 3), Adim location 1,
Ikpelewha 2 and Akpet Number 2. The layer resistivity varies
from 7.4 — 6,711.54Qm, the lower values recorded in areas
where more than 4 geoelectric subsurface layering occur.
Five geoelectric subsurface earths layering occurred in
Okpame 1 and 2, Adadama, Akarefor and Ikpelewha location
1 with thickness range of 6.4 m to infinity and resistivity of
21.7 — 13338.36Q2m in areas underlain by basement complex
rocks. Ilike depicted a six geoelectric earths subsurface
which is infinite in extent with a layer resistivity of 444.8QQm
(Table 2).

Geomechanical and Storage Properties

The results of evaluation of the geomechanical and storage
properties of the rock units are presented in (Table 3). The
vertical stress ranges from 0.23Mpa to 2.04Mpa at a depth of
65m and the stress magnitude varies with rock lithology
indicating the influence of rock density. Bulk compressibility
varies from 9.01 x 107 to 0.70038 /Pa while the rock grain
compressibility ranges from 8.84 x 107 /kPa to 1.28392/kPa.
The highest grain compressibility value occurred in the fractured
shale which porosity was 0.51 yielding the highest specific
storage value of 10.52 and storativity of 219.7. The bulk
compressibility of the sandstones ranges from 9.01 x 10-7 to
1.02 x 10-6/kPa, grain compressibility from 8.84 x 107 to 1.09
x 10°%/kPa. Sandstone porosity varies from 0.22 to 0.36 yielding
specific storage range of 8.67 x 10° to 1.073 x 107 and
storativity range of 0.0005 to 0.0004 (Table 3 and Figure 3). The
weathered saprolites recorded bulk compressibility of 8.55 x 107
710 1.23 x 10 /kPa, grain compressibility of 1.26 x 10 to 8.3 x
107 /kPa, porosity of 0.25 to 0.96, specific storage of 1.71 x 107
to 2.02 x 10° (Table 3 and Figure 3) and storativity ranging
from 0.0006 to 0.0.0008 (Table 3 and Figure 4). The porosity,
specific storage and storativity make these weathered regoliths
good aquifers. A percentage difference up to 130% was obtained
between the specific storage predicted in this study and the
constant term (3.0 x 10°) in all the aquifers (Figure 4). The
storativity estimated as a product of the layer thickness and the
constant, 3.0 x 10° (Lohman; 1972; Todd; 1980) varies from
0.000001 to 0.00045 (Figure 9). The storativity estimated by this
method is therefore misleading. This is because different rock
types with or without fractures, posses’ characteristic porosities
and compressibilities. A correlation of the rock grain
compressibility with specific storage depicts a direct
proportionality with a coefficient of 1 (Figure 6). Porosity and
Biot coefficient correlated well with a coefficient of 0.99 (Figure
7), while Formation factor and Porosity (Figure 8) correlation
coefficient was -1 all showing strong correlations. The
Correlation of aquifer specific storage with storativity (Figure 9)
was a strong curvilinear polynomail relation with a cofficient of
1. All th correlation coefficients indicates that the
geomechanical parameters estimated using the interpreted rock
lithologies, layer thicknesses and depths are reliable and can be
used in predicting the aquifer storage properties.
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6. Conclusion

The hitherto method of estimating aquifer storativity using
the equation of [17, 18] assumes that all rocks irrespective of
lithology, porosity, compressibility and fractures have the
same specific storage. This assumption is faulty and in this
study, it is evident that all rocks predictably have different
specific storage due to varying composition, porosity and
compressibility. Rock elasticity is a function of its
compressibility; and a rocks ability to store fluids such as
water is based on its porosity. Since the release of

groundwater into an abstraction well comes from elastic
storage and gravitational drainage as result of the overburden
loading, its conclusive to say assuming a constant specific
storage value of 3.0 x 10 for all rocks in the storativity
equation [17, 18] is misleading. The use of dynamic methods
relying on the interpretation of geophysical data which probe
into the subsurface can offer useful data on the knowledge of
the earth which can be useful in predicting the mechanical
properties of subsurface rocks and their response to stress
should be adopted.

Table 2. Geoelectric layers, thickness, and depth of occurrence the study locations.

VES Code Layer thickness (m) Layer resistivity (2m)
h1 h2 h3 h4 hS hé Pa1 Pa2 Pa3 Pa4 Pas Pas
VES 1 _aka 0.62 3.62 24.65 33.35 0 472.48 31.29 41.45 165.63 13338.4
VES 2 igm 0.99 9.93 46.11 o 121.64 51.27 25.51 75.90 -
VES 3 _mbt 3.8 3.7 24 @ 20.7 7.4 21.8 8746.1 -
VES 4 ezz 13.0 24.2 0 ) 444.5 27.0 35076.6 - -
VES 5 iju 0.87 5.61 59.20 o 11.72 33.08 402.42 517.96 -
VES 5_abe 1.93 26.34 32.64 @ 45.63 129.75 150.80 39.33 .
VES 7 _ekp 3.14 28.27 14.70 o 656.23 795.99 418.11 6872.67 -
VES 8 ass 0.99 8.94 36.18 o 91.13 71.26 48.96 53.42 -
VES 9 ake 1.62 14.58 35.03 @ 746.31 1,328.55 994.55 6,712.18 -
VES 10 _akc 1.46 8.47 21.48 o 546.09 893.99 664.46 2,711.54 -
VES 11 _ake 321 11.69 32.22 o 117.59 212.90 313.09 805.38 -
VES 16_akt 1.2 3.7 18.7 38.7 63 85 70 840 -
VES 17 _akt4 2.0 15.0 80.0 80 220 190 3800 -
VES 12 _adm 1.31 2.84 8.97 o 9.94 3.09 2.39 51.69 -
VES 13_adm 1.16 6.71 9.09 36.68 202.62 356.14 220.36 300.2 171.32
VES 14 aktl 2.0 10.0 0 420 126 840 - -
VES 15 _akt2 1.2 3.7 18.7 o 63 85 70 840 -
VES 18 ilike 2.7 4.7 0 540.7 85.1 1026.5 - -
VES 19 ikl 1 2.6 8.6 14.5 6.4 1382.8 2628.5 153.9 71.9 1310.8
VES 20 ikl 2 1.7 17.5 18.2 o 38.5 1915.2 776.4 19.4 -
VES 21 ill 1 1.3 2.8 5.5 11.8 - 88.0 547.3 11.6 7.4 1720.9
VES22 ill2 33 2.8 2.1 6.7 154 o 58.7 108.4 185.2 29.1 21.7 444.8
VES23 adal 3.9 13.0 24.1 9.6 0 389.1 1853.4 2768.5 168.8 3367.2
VES 24 ada 2 1.3 10.6 20.1 108.5 18.4 8.7 178.1 -
VES 25 oga 1 0.4 9.7 0 42.7 10.7 1531.8 - -
VES 26 oga?2 6.7 3.6 0 92.8 9.6 278.5 - -
VES 27 ofo 2.0 7.4 0 107.5 58.5 119.5 - -
VES 28 ara 0.4 3.6 0 53.5 10.2 313.5 - -
VES 29 oye 24 5.6 13.1 37.4 149.7 13.4 3031.1 -
VES 30 okpl 1.7 1.6 8.8 7.1 0 83.2 218.6 1.6 13.0 -
VES 31 okp2 10.1 8.8 14.8 10.1 ) 215.6 283.2 42.4 35.0 5262.0
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Table 3. Geomechanical properties of interpreted aquiferous rock layers and their storage properties.
. Layer .
Location & . .. .. Depth Thickness Interpreted o, .
Resistivity . C, (/kPa) C; (/kPa) Biot F (0] Ss S
VES No (Ohm-m) (m) (m) Lithology (MPa)
VES | aka  165.63 6224 24.62 Sandstone 1.59 694x107 1.16x 10° 0.68 828 035 1.142x10° 0.0004
VES2 igm  75.90 4611 o Fractured shale  1.43 070038 128392  0.83 3.80 051 10.52 219.75
VES3 mgt  21.8 30 20 Fractured 023 417x10° 83x10° 099 1.09 096 0.0008 0.002
Saprolite
VES4 ezz 27 30 17.0 Sandstone 0.94 1.04x 10° 2.06x10° 099 135 086 2.02x10°  0.0005
VES 5 iju 402.42 46.11 1470 Sandstone 1.67 588x 107 8.84x 107 050 20.12 022 8.67x10°  0.0005
VES6 abe  150.80 65 w Sandstone 1.55 644x107 1.09x 10° 070 7.54 036 1.073x 10° 0.0004
VES7 ekp  418.11 5123 35.03 g::gﬂ:‘:d 112 8.55x 107 128x10° 050 209 021 123x10°  0.0002
VESS ass  48.96 46.11 36.18 Weathered 1.17 838x107 1.60x 10° 090 245 064 157x10°  0.0006
- granites/gneiss
VES9 ake 1  994.55 5123  35.03 g;‘li‘:sred 1.30 754x107 1.02x10° 035 497 0.14 1.00x10°  0.0004
VES 10 akc2  664.46 3141 2148 NEEE 0.79 123x10° 1.74x10° 042 332 017 171x10°  0.0004
- granitic gneiss
VES 11 ake3 313.09  47.12 3222 gr?ﬁﬂ:fd 12 820x 107 127x10° 056 157 025 171x10°  0.0006
VES 12 akt3 840 387 20 Sandstone 0.98 1.02x10° 1.41x10° 038 42 0.5 138x10°  0.0003
VES 13 akt4 190 65 80 Sandstone 2.04 489x107 8.06x107 0.65 9.5 032 791x10°  0.0005
VES 14 akt1 840 30 20 Sandstone 0.75 132x10° 1.83x10° 038 42  0.15 1.80x10°  0.0004
VES 15 akt2 840 387 20 Sandstone 0.98 1.02x10° 141x107 087 42 0.5 655x10°  0.00032
VES 16 adm  300.2 53.64  36.68 Sandstone 1.36 733x107 1.14x10° 056 150 026 1.12x10°  0.0004
VES 17 akt2 840 387 20 Sandstone 0.98 1.02x10° 141x107 0.87 42 0.5 655x10°  0.0003
VES 18 ikl 76.9 321 64 Sandstone 0.81 120x 10° 220x10° 0.83 3.85 051 2.16x10°  0.0001
VES 19 k2 776.4 374 182 Sandstone 0.94 1.05x 10° 1.47x10° 039 388 0.6 144x10°  0.0003
VES20 ill2 217 303 154 Sandstone 0.75 132x10° 2.63x10° 099 108 096 2.58x10°  0.0004
VES 21 ogal 278.5 45 35.3 Sandstone 1.1 877x107 1.51x10° 072 139 027 148x10°  0.0005
VES 22 okpl 35 438 101 Sandstone 1.1 901x107 1.80x10° 1 175 075 1.77x10°  0.0001

pa = Apparent resistivity (Qm), o, = Vertical stress (mpa), C, = Bulk compressibility (/Pa), C, = Grain compressibility (/Pa’), Biot = Biot Coefficient, F =
Formation factor, ¢ = Porosity (decimal), S; = Specific Storage (™), S = Storativity.
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