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Abstract: The secondary porosity of rocks and formations plays an important role in water exploration
and exploitation in crystalline rocks. Furthermore, cracks and voids are paths for contaminated
fluid propagation and, thus, their location can be very important in environmental studies. Usually,
secondary porosity is estimated from well logging observations, but some previous works have
pointed out that azimuthal resistivity measurements and the square array can be used to estimate this
parameter. Herein, the use of the square array and of the crossed square array will be investigated
to estimate the secondary porosity. Thus, the analogue model and field resistivity data obtained
with those arrays are discussed and interpreted. The analogue model simulates contacts between the
isotropic and anisotropic media and between two different anisotropic media. The field data are from
an area where steeply dipping formations prevail and contacts between the isotropic and anisotropic
media are present. The calculated secondary porosity values are compared with the lateral changes
in the resistivity and anisotropy, and pseudo sections are shown to aid the interpretation. In addition,
2D resistivity models for the field survey are produced to provide a better image and interpretation
of the data. The overall results and limitations are discussed, and data acquisition procedures are
proposed to optimize the field work.
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1. Introduction

The porosity and permeability of rocks are the main properties that allow fluid propa-
gation in the earth’s interior. The porosity of rocks [1] during their original formation is
called primary porosity and is affected by the shape, packing and distribution of grains.
Rock cementation can affect the primary porosity and is particularly important in sedimen-
tary rocks. However, most rocks have little or no primary porosity when they are formed.
As a result of fracturing and weathering, voids will be produced after rock formation. This
additional porosity acquired after rock formation is called secondary porosity [1]. The
secondary porosity increases the rock porosity and, together with the primary porosity, will
produce the so-called effective porosity of a rock. Thus, the secondary porosity plays an
important role in fluid propagation in the earth’s interior, particularly in formations that
have no primary porosity.

Anthropic activities, such as caving and mining, will also produce cavities that will
contribute to fluid propagation.

Therefore, the estimate of the secondary porosity can contribute to the location of
fractures, cracks, voids and cavities (man-made or from natural chemical dissolution
processes) and, hence, to the location of fluid propagation paths in the earth’s interior [2],
with obvious applications in water exploration and exploitation in crystalline environments,
as well as in the investigation of contaminants propagation.

Secondary porosity is usually estimated from well logging studies [3,4], but it has
been proposed to estimate it from surface resistivity measurements [5,6]. Most of these
works use the azimuthal resistivity array technique, in which one array, usually linear,
is rotated around a central point [7-11]. The square array has also been used to perform
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the azimuthal resistivity technique [12-14], rotating it around the center, similarly to the
traditional azimuthal technique for linear arrays.

These techniques, both for linear and square arrays, require space and are time con-
suming if the complete range of orientations are investigated.

The square array has extreme orientation responses for orientations of 0° and 45°
in relation to the geological strike [15], whilst the crossed square array has proven to
be orientationally stable and to provide accurate estimates for the apparent anisotropy,
effective vertical anisotropy “n” and the strike of concealed structures [16,17].

Therefore, this work aims to investigate the use of square and crossed square arrays in
the estimate of the secondary porosity from surface resistivity measurements. As previ-
ous works [6,8,12] discuss the data from geological settings poorly known, to prove the
suitability of the method, resistivity measurements from analogue models and known
geological settings are discussed in order to investigate and assign secondary porosity
values to known structures.

Therefore, the data obtained over an analogue model, representing the contact between
one isotropic and an anisotropic medium and a further contact between two anisotropic
media, will be discussed.

Subsequently, two field resistivity traverses, obtained with the use of the crossed
square array, will be presented and the behavior of the computed values for the secondary
porosity will be evaluated against the computed effective vertical anisotropy values and
the known geological structure of the sites.

The data will be discussed in the form of 2D pseudo sections, models and profiles for
a better understanding of the benefits of the technique.

Finally, field survey guidelines will be given to optimize the field work and data collection.

2. Crossed Square Array of Electrodes and Secondary Porosity Estimates

The crossed square array [15] is composed of two square arrays rotated clockwise
through 45°, Figure 1.
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Figure 1. The crossed square array of electrodes and measurements.

The first square, electrodes 1 to 4 in Figure 1, provides three readings, the &, 3 and vy
resistances for square array 1. The second square array, 5 to 8 in Figure 1, also provides
another three readings, the «, 3 and v resistances, but for square array 2. As square array 1
and square array 2 are rotated 45°, if the array orientation, 6 in Figure 1, is in accordance
with the geological strike, that is 6 = 0°, square array 1 and square array 2 will provide the
results for the extreme orientations of the array [15]. In this case, owing to the paradox of
anisotropy [15,16], the computed resistivity values for square array 1 and square array 2 will
correspond to the maximum and minimum of the resistivity measurements in the region.

Thus, in these circumstances, for square array 1 (1, 2, 3 and 4 in Figure 1), the resistivity
is given by [18]:

27a Ri+R3
01234 = Pmax 22 X 5 1
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For square array 2 (5, 6, 7 and 8 in Figure 1), the resistivity is given by [18]:
27a Ry + Ry
— . 2
05678 = Pmin 5_ \/§ X 2 ()

where “a” is the square side. In SI, the resistivity unities are ohm x m.

The crossed square array is particularly suited to carry out surveys over inhomoge-
neous and anisotropic terrains. Over a uniform anisotropic half space, in Figure 2, it is
defined [15] as a mean resistivity “pm” and the non-dimensional anisotropy coefficient “A”,
so that:

Pm = \/P1 Pt 3)

\Y’\i\\\}(\p\\\\\\ |

Figure 2. Uniform anisotropic half space.

Over the model in Figure 2, the electrical potential “V” at a point “P” distant “r” from
a current source “C” is given by [15]:
Tom 2 2g 0\ T2
V= (14 (12 = 1)sin0sin’g) 5
o X |1+ sin“0sin“¢ 5)

In Equation (5), the anisotropy “A” and the dip “¢” cannot be separated. Therefore,
they were combined [15] in a single non-dimensional parameter “n”, the so-called effective

vertical anisotropy:
-1/2

n=(1+ (/\2 - 1)sin2¢) ®)

The effective vertical anisotropy varies between 1 and “A” and it assumes the value of
“A” for the vertical dipping layers.

As the crossed square array provides measurements in four orientations, rotated
through 45°, the processing of its data enables us to obtain estimates for the apparent
resistivity, the effective vertical anisotropy “n” and strike, 6, can be found in [19].

Finally, the secondary porosity estimates, ¢, can be calculated from [5,6,12]:

314 x10* (n—1)(n* —1)

(7)
”ZC(Pmax — Pmin )

where ¢ is the fraction of the volume of voids and fractures in the total volume of the
formations (if this fraction is to be presented in percentage it must be multiplied by 100),
C is the conductivity of groundwater (microsiemens/cm) [5], “n” is the non-dimensional
effective vertical anisotropy as computed from the crossed square array and pmax and ppin
are the maximum and minimum apparent resistivity values in the area under investigation.

Therefore, if the crossed square array is oriented in accordance with the geological
strike, the apparent resistivities calculated from square array 1 and square array 2 will
be the maximum and minimum resistivities of the area and can be used in Equation (7)
to compute the secondary porosity, as previously stated. However, the application of
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Equation (7) will provide a rough estimate of the secondary porosity as the presence of clay
in the fractures can lead to incorrect results [5].

A closer look at the secondary porosity in Equation (7) raises some problems. In fact,
over homogeneous or near homogeneous ground, the values of pmax and pmin will be very
close and, for homogeneous ground, they should be equal. On the other hand, in these
conditions, the “n” values should approach the value 1. Thus, it is possible that anomalous
large values greater than 1 for the calculated secondary porosity can be produced and, in
these cases, it is necessary to check the values to identify these situations, as the calculated
values have no geological meaning.

Furthermore, it has been reported [15,17] that, in some cases, anisotropy axes can
rotate and produce the so-called oblate anisotropy; that is, strike values at 90° to the true
strike. In these cases, pmax becomes pmin and pmin becomes pmay; then, negative secondary
porosity values will be computed. This occurs at low “n” values [15,17] and, in these cases,
the values must also be checked.

Another point for discussion in Equation (7) is the constant C. This equation has
been proposed by several authors [5,6,12], and for some [5], C is the groundwater con-
ductivity, whilst for others [6,12], C is the groundwater specific conductance, both in
microsiemens/cm. This is a supplementary problem as either value should be measured on
site from groundwater samples, which are not always available. Furthermore, it is possible
that the C varies in a region as a result of contamination. Therefore, values are often taken
from tables or any other available information [20,21]. Herein, electrical conductivity values
were used for C and, in the model case, this value was calculated from the brine itself; but,
for the field survey, the C values were taken from the general information in the area.

As the final secondary porosity values depend on C, this is another setback that limits
the estimates. However, if C is constant, it will affect all the values of a survey in the same
manner; therefore, it will always be possible to look for the lateral changes, variations
and local maximum values of the computed secondary porosity values instead of absolute
values. If this is the case, the secondary porosity values will be very useful for identifying
the features of particular interest (fractures, voids, schistosity) that can be associated with
paths for underground fluid circulation.

Now it is proposed to carry out this analysis over an analogue model and in a field
survey to investigate the problems described above.

3. Secondary Porosity Computed over an Analogue Model

Crossed square array measurements were carried out over a model, Figure 3, similar
to those used in [22].
saline brine

- P
oo o=

isotropic  anisotropic anisotropic isotropic
medium  medium1 medium2  medium

(vertical insulated pvc plates)

Figure 3. Analogue Model.

This model was built by adding a polyvinyl chloride (PVC) insulated block, 1 m wide,
1 m long and 20 cm high, on the left, to a sequence of vertical PVC plates, 6 mm thick, 1 m
wide and 20 cm high, on the center-left, and to a sequence of vertical PVC plates, also 6 mm
thick, 1 m wide and 20 cm high, coated with aluminum foil, on the center-right. The space
between the plates, 6 mm thick laminae, is filled with saline brine. Finally, another isotropic
insulating block was added at the far-right, with similar dimensions to the block on the left.
The block on the left acts as homogeneous ground, and the other blocks, to the right, act as
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Calculated strike (°)

anisotropic blocks of different anisotropies. The block on the far-right acts as an isotropic
block, homogeneous ground, similarly to the one on the far-left. The entire model was
submerged in saline brine, with a conductivity of 2836 microsiemens/cm, at a depth of 3 cm.

This model intends to simulate complex concealed geological settings, which are
difficult to address in numerical models. The contacts between the isotropic blocks and the
anisotropic blocks intend to emulate the geological contacts or faults separating isotropic
formations, such as non-layered or semi horizontal media, from steeply dipping formations,
such as schists, with higher secondary porosity properties. Therefore, if the secondary
porosity can be measured. it should be caused by the contact itself and by the properties of
the anisotropic medium (schists). On the other hand, the contact between the two different
anisotropic media simulates the contact or fault between two different steeply dipping
formations, such as two different types of schists. In this case, the secondary porosity will
be caused by the contact itself and by the properties of the two media. As the two media
are different, the hope is to obtain a different answer for the contact and for the two media.

Crossed square array measurements were conducted over this model using square
array sides ranging between 1.41 cm and 45.2 cm with an expansion rate of /2. The use
of this expansion rate enables six field or model resistivity measurements for the first
decade, seven for the second and six for the third decade of measurements. Therefore, very
good and uniform data spatial sampling is obtained. Furthermore, as for the sounding
interpretation, these spacings are usually plotted on a logarithmic scale, the expansion rate
of which provides a uniform distance between the spacings used and, hence, a much better
overall sounding curve definition. The crossed square array was oriented in accordance
with the orientation of the plates, which is 8 = 0°. The soundings were carried out every
4 cm; however, in the vicinity of the contacts, this distance was reduced to 2 cm.

The relation between the calculated strike and the effective vertical anisotropy “n” is
shown on the left of Figure 4.
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Figure 4. Relation between the calculated strike and “n” (on the left) and relation between “n” and
the calculated secondary porosity (on the right).

As can be seen on the left of Figure 4, very good strike values are obtained for a wide
region of “n” values, in agreement with previous studies [16,17,19]. Thus, 6 = 0° and square
array 1 will provide the values for pmax and square array 2 will provide the values for pmin;
therefore, the secondary porosity Equation (1) can be applied.

On the right of Figure 4, for “n” values greater than 1.2, the calculated secondary
porosity remains stable and shows one level with values varying between 0.1 and 0.5 for
“n” values until 1.9. Another level for values ranging between 0.1 and 0.3 is shown for “n”
values greater than 2.2.

As expected for lower “n” values, the computed secondary values vary largely, and
negative values are depicted. These values were checked, and they correspond to the
smallest spacings, where the errors are larger. No cases of oblate anisotropy were found;
that is, strike determinations at 90° to the model strike. In all cases, the difference between
Pmax and pmin is very small and these negative secondary porosity values must be seen
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as noise. Therefore, at low “n” values, estimates for the secondary porosity are difficult
and meaningless.

To further this analysis, the profiles for the square array sides of 4 cm, 11 cm and 32 cm
are shown in Figure 5.
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Figure 5. Secondary porosity vs. “n”: square side 4 cm (top); square side 11 cm (center); square side
32 cm (bottom). (YY’ axis: fraction of the total volume occupied by voids and fractures).

Below the profiles, the lowest part of Figure 5 also shows the limits of the different
blocks; that is, the boundaries between the two isotropic blocks, left and right, and the
anisotropic blocks at locations —38 cm and +38 cm, as well as the boundary between the
two anisotropic blocks at location 0 cm.

The top graphs refer to a square side of 4 cm and, at this spacing, it is expected that
most of the signals arise from the top brine. In fact, the “n” values are lower than 1.1 and
the secondary porosity estimates vary largely; therefore, the results are meaningless.

The graph at the center of Figure 5 refers to a square side of 11 cm. In this case, the
computed values for “n”, depicted in blue, and the secondary porosity, in orange, reveal
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the boundaries of the four blocks clearly. The “n” curve reveals the nature of the blocks;
that is, values close to 1 over the isotropic blocks and two anisotropic blocks with different
anisotropy. The anisotropic block to the right, with the PVC coated with aluminum foil,
shows higher anisotropy values.

The secondary porosity values clearly show the positions of the contacts between
the blocks. However, the contacts between the isotropic and the anisotropic blocks seem
to be slightly shifted towards the isotropic block, as the positions for the maxima are at
points —42 cm and +44 cm. The center maximum, at position —1 cm, gives a more accurate
position of the contact between the two anisotropic blocks.

Another characteristic of the secondary porosity curve is that it provides stable values
around 0.1 over anisotropic block 1, whilst the values are close to 0.4 over anisotropic block
2 and, therefore, it differentiates the two blocks.

Considering that the model is composed of an alternating sequence of 6 mm thick
vertical insulating PVC plates and 6 mm thick vertical brine laminae, the volume of the
“voids” is 50% of the total volume as the aluminum foils are very thin and should not alter
the thickness of the brine laminae. Therefore, it can be argued that the secondary porosity
over the anisotropic blocks should be 0.5. This value is not far from the values calculated
for anisotropic block 2. However, for anisotropic block 1, at the bottom of Figure 3, the
calculated secondary porosity values, although very stable, are around 0.1, which are
far from the expected values. Therefore, if the brine laminae were considered voids, the
computed secondary porosity values do not reach the expected values. Nevertheless, they
are very stable and consistent over the two anisotropic blocks, separating them as well as
their boundaries.

Finally, the bottom graphs in Figure 5 show the results for a square side of 32 cm. The
“n” curve, in blue, depicts a maximum at point 0, which is the boundary between the two
anisotropic blocks, and another peak near position 40 cm, which is the contact between
anisotropic block 2 and the isotropic block on the right part of the model. However, the
secondary porosity curve, in orange, depicts a central part with stable values around 0.1
that corresponds to the two anisotropic blocks. The ends of the anisotropic blocks are also
marked near positions —38 cm and 42 cm. Thus, the secondary porosity curve for this array
size seems to be too big to discriminate the difference but is able to detect the limits.

With all the computed secondary porosity values, a pseudo section was constructed,
as shown in Figure 6. Below the pseudo section, the black lines mark the limits of the blocks
to help the discussion.

The data in Figure 6 clearly show the boundary between the isotropic block and the
anisotropic block 1, on the left-hand side of the model. The second anisotropic block 2 is
also clear as it provides higher secondary porosity values than the anisotropic block 1 on its
left. The boundary between these two blocks is depicted for spacing values less than 20 cm.
To the right of the model, the contact between the anisotropic block 2 and the isotropic
block can only be seen at larger spacings, at position 40. For shorter spacings, the computed
secondary porosity values are very high. These high values for spacings less than 20 and
location larger than 45 are due to very close values for pmax and pmin as they are recorded
over the isotropic block, and thus have no meaning.

In conclusion, the absolute secondary porosity values are lower than expected, but
respond clearly to the limits of the blocks and can be related to the nature of the model,
that is, they differentiate the blocks of different anisotropies.

Therefore, these results reveal the importance of the lateral changes in the secondary
porosity values rather than its absolute values. However, optimal information is obtained
from certain spacings only, in this case 11 cm.
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Figure 6. Pseudo section of secondary porosity values. (Secondary porosity as the fraction of the total
volume occupied by fractures and voids).

4. Field Survey

The data from a field survey [16] are now reprocessed to extract the information on the
secondary porosity. Furthermore, as these data were interpreted in the 1D mode [16], now
they will be modelled in the 2D mode, using RES2DINV [23,24], to assist the secondary
porosity interpretation.

Field work was carried out in the Chapel le Dale Valley, near Ingleton, Figure 7,
latitude 54°9’ N, longitude 2°28’ W, northwest England. The location of the two profiles,
CLD1 and CLD2, is depicted in Figure 7, and the geology of the area is well-known [25,26].

Leeds
)

e

Sheffield Great Scar Limestone

m Ashgillian Series
Ingletonian

— Fault
CLD1 and CLD2
d

Figure 7. Survey area location and geology.

Chapel le Dale Valley is a glacial valley where Carboniferous Limestone was weathered
away, so that older basement formations are exposed or covered by drift of variable
thicknesses. Therefore, the area in Figure 7 is characterized by Limestones, with a near
horizontal layering; steeply dipping formations, the Ashgillian and Ingletonian series;
vertical and near vertical contacts; dykes covered by drift of varying thickness, and with a
general northwest-southeast strike.

Therefore, if the crossed square array surveys are set with electrode 1 in Figure 1,
oriented towards the North, the orientation, 6 in Figure 1, of the array in relation to the
geological strike will be 0°. In this case, square array 1 will provide the values for pmax,
whilst square array 2 will give the values for pyn, and Equation (1) can be used.

The Chapel le Dale 1 (CLD1) traverse, shown in Figure 7, consists of 13 crossed square
array soundings up to a spacing of 45.2 m, with the traditional square array expansion factor
of /2. Chapel le Dale 2 (CLD2) used 30 crossed square array soundings with spacings up to
64 m with the same expansion factor as that for CLD1. In all cases, the crossed square array
was oriented in accordance with the local geological strike, which is 6 = 0°, and secondary
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porosity calculations were carried out with an electrical conductivity value of 250 mi-
crosiemens/cm. The distance between adjacent soundings is not constant, as it depends on
local obstacles but, nevertheless, a thorough coverage of the area was accomplished.

4.1. Chapel le Dale 1 (CLD1)

The location of CDL1 traverse is shown in the lower part of Figure 7.
The relation between the calculated strike and “n”, as well as the relation between “n”
and the calculated secondary porosity for the CLD1 data, are depicted in Figure 8.

Chapel le Dale 1

Calculated strike vs "n" SecPorosity vs 'n
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Figure 8. Relation between the calculated strike and “n”, on the left, and relation between “n” and
the calculated secondary porosity, on the right, for CLD1 data.

7o

As it can be seen, the graph on the left of Figure 8 shows that as the “n” values increase,
the computed strike tends to 0°, confirming that the crossed square array is well oriented
in accordance with the geological strike. Thus, square array 1 provides the values for pmax
and square array 2 provides the values for pyn, as mentioned before.

On the right part of Figure 8, for higher “n” values, the computed secondary porosity
values vary between 0.2 and 0.5. For smaller “n” values, that is “n” < 1.2, the secondary
porosity values do not show any tendency, and negative values are recorded. These values
were checked and, similarly to the model case, no oblate anisotropy was found. The
negative values are all recorded at the smallest spacings, where placement errors and
ground inhomogeneities in the vicinity of the electrodes usually introduce noise in field
readings. Therefore, these values have no geological meaning.

To carry out field data inversion, the square array spacings were converted into
equivalent Schlumberger spacings using the equivalence parameters in [12,18], and the
apparent resistivity values obtained from the crossed square array [19]. The data were
inputted in the form of the general array, an inversion was carried out and the results are
depicted in Figure 9.

The rms error of the model is less than 1% and, as depicted in the bottom block section,
it is easy to correspond the modelled resistivity blocks, bottom of Figure 9, to the known
geology, Figure 7.

Thus, the left end of the model corresponds to the resistive Great Scar Limestone.
The contact between these formations and the more conductive Ashgillian series is shown
at position 40 m, and between positions 70 and 80 m, an insulating dyke is also interpreted.
To the right of the dyke, for positions greater than 80 m, the Ingletonian formations, covered
by a thicker drift, are interpreted.

The computed secondary porosity for square array spacings 4, 22.6 and 45.2 m is
depicted in Figure 10, together with the corresponding “n” values.

The graph on top, for a 4 m spacing, shows secondary porosity values varying over
the positions of the Great Scar Limestone, that is, for locations less than 40 m. In this region,
the “n” values are also low (less than 1.1), revealing the homogeneous nature of the ground
or the near horizontal layering of the Great Scar Limestone.
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Figure 9. CLD1 inverted data.

The dyke position between 70 and 80 m marks the increase in the secondary porosity
values. Furthermore, a peak of “n” values is clearly developed at these positions. To the
right of the dyke position, locations greater than 80 m show very stable “n” values and
around 1.1, whilst the secondary porosity values are decreasing. These values reach a
maximum over the dyke and, as the drift thickness increases, as shown in Figure 9, to the
right of the dyke, the secondary porosity decreases at these shorter spacings.

The central graphs show values for a square array spacing of 22.6 m. Again, the
positions corresponding to the Great Scar Limestone, less than 40 m, depict low values both
for the secondary porosity and “n”.

The dyke position marks an increase in both values; the “n” values reach a peak and
the secondary porosity shows values between 0.2 and 0.4. Thus, the secondary porosity is
responding to the nature of the ground, that is, to the schistosity of the Ingletonian formations.

Finally, the bottom graph, for a square spacing of 45.2 m, shows that the contact
between the Great Scar Limestone and the Ashgillian series is marked by a sharp increase
in the secondary porosity. Furthermore, the secondary porosity values are stable, around
0.25, from the position of the dyke to the right.

Finally, the behavior of “n” follows the geology of the area.

Therefore, in the case of CLDI1, the secondary porosity values reveal the contact
between the Great Scar Limestone, at the largest spacings, but fail to discriminate between
the dyke and the Ingletonian formations to its right. However, the “n” values are proven to
be a valuable help in this discrimination.

The pseudo section for the calculated secondary porosity values is shown in Figure 11.

This pseudo section provides more detailed information than that obtained from the
profiles in Figure 10. Thus, the three limits between the formations are shown and correlate
well with their position depicted below the pseudo section in Figure 11. Unusually high
secondary porosity values are shown near the surface and, after inspection, correspond to

the very close values for the calculated pmax and pmin.
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Figure 10. Secondary porosity vs. “n” for CLD1: square side 4 m (top); square side 22.6 m (center);
square side 45.2 m (bottom). (YY” axis: fraction of the total volume occupied by voids and fractures).
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Figure 11. Pseudo section for the secondary porosity in CLD1. (Secondary porosity as the fraction of

the total volume occupied by fractures and voids).

4.2. Chapel le Dale 2 (CLD2)

The location of the CDL2 traverse is shown in the upper part of Figure 7.
The relation between the calculated strike and “n”, and the relation between
the calculated secondary porosity for the CLD2 data, are depicted in Figure 12.

1

n

and
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Figure 12. Relation between the calculated strike and “n”, on the left, and relation between and

the calculated secondary porosity, on the right, for CLD2 data.

As depicted in Figure 12, the calculated strike for the geological formations tends to
0 = 0° as the “n” increases. Therefore, as in the case of CLD1, the resistivities calculated with
square array 1 and square array 2 can be used to calculate the secondary porosity values.

The secondary porosity values are depicted on the right-hand graph of Figure 12. As
can be seen, there is a region of values between 0.1 and 0.5 for the “n” values varying
between 1.3 and 1.6. There is another region of secondary porosity values around 0.2 for “n”
values larger than 1.8. Unusually high secondary porosity values, positive and negative,
are again calculated for the lower “n” values. As with the previous case, they correspond
to the smallest spacings and should be attributed to very small resistivity variations or the
local inhomogeneity of the ground near the electrodes, as no oblate anisotropy values were
found after checking the data. Hence, these values have no geological meaning, as in the
previous case.

The inversion of the CLD2 data was carried out in the same manner as CLD1. The
inverted results are depicted in Figure 13.

Observed apparent resistivity

100
« sounding points

250 300 550 Ohmxm
" Location (m)
Calculated apparent resistivity data

50 100
« sounding points

Great Scar
Limestone

350 550 Ohmxm
Location (m)

AUV =

250 300
Resistivity block section

550 Ohmxm
Location (m)

Ingletonian

Ashgillian series |

Figure 13. CLD2 inverted data.
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The rms error for the inverted data is 0.5% and, as depicted in the bottom block section,
it is easy to correspond the modelled resistivity blocks to the known geology. That is, the
left-hand side of the resistivity blocks in the bottom section correspond to the Great Scar
Limestone until location 100. The Ashgillian formations are present from location 100 m to
location 360 m and, to the right of location 360 m, the Ingletonian formations are found.
From the model, the Ashgillian formations are covered by a thicker drift.

The computed secondary porosity for square array spacings of 4, 32 and 45.2 m is

"o

depicted in Figure 14, together with the corresponding “n” values.
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Figure 14. Secondary porosity vs. “n” for CLD2: square side 4 m (top); square side 32 m (center);
square side 45.2 m (bottom). (YY” axis: fraction of the total volume occupied by voids and fractures).
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square side (m)

The top graph, square side 4 m, depicts varying values for the secondary porosity, as
in the previous cases. The “n” values provide maximum values near the contact between
the Ashgillian and the Ingletonian formations and, apart from that, little can be said about
their behavior.

The central graph shows the data for a square side of 32 m. As can be seen, the
secondary porosity values reveal the contact between the Great Scar Limestone and the
Ashgillian series at position 100 m.

Further to the right, the contact between the Ashgillian series and the Ingletonian
formations seems to be shifted to position 300 m. The region corresponding to the Ashgillian
formations shows secondary porosity values varying between 0.05 and 0.2. On the other
hand, the region corresponding to the Ingletonian formations shows secondary porosity
values in the region of 0.05.

The lowest graph depicts the data for a square side of 45.2 m. In this case, the secondary
porosity shows the contact between the Great Scar Limestone and the Ashgillian series at
position 100 m, whilst the contact between the Ashgillian and the Ingletonian is shifted
towards position 300, as in the case of the central graph (square side 32 m). The secondary
porosity values are in the same range as those for a square side of 32 m (central graph).

The “n” values graph reveals the contact between the Ashgillian and the Ingletonian
at position 360 m, but is not clear for the contact between the Great Scar Limestone and
the Ashgillian.

Finally, Figure 15 shows the pseudo section for the secondary porosity values in CLD2.

Calculated secondary porosity
Chapel le Dale 2 Location (m)
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1 1 I 1 1 1 | | |
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Figure 15. Pseudo section for the secondary porosity in CLD2. (Secondary porosity as the fraction of
the total volume occupied by fractures and voids).

This pseudo section, containing all the secondary porosity values calculated for CLD2,
provides more detailed information than that obtained in Figure 14.

The Great Scar Limestone boundary with the Ashgillian series is clearly shown at
position 90 m. As in the discussion of the profiles in Figure 14, the contact between the
Ashgillian formations and the Ingletonian is well marked, but shifted to the left, at position
300 m. The upper part of the pseudo section depicts very low secondary porosity values.
This is explained as the cover is thicker in this region and, thus, the ground is behaving as
homogeneous or near homogeneous nearer the surface.

Unusually high secondary porosity values are developed near the contact between
the Ashgillian and the Ingletonian, clearly revealing that feature. Further higher values are
shown near the surface and correspond to the close values for the calculated pmax and pmin
or local inhomogeneities near the electrodes.
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5. Conclusions

As only limited information is available in the literature, the results herein relate to
model studies and field surveys in a region where the geology is known to investigate
the drawbacks and information that secondary porosity studies can apport to the study
of fracturing and the nature of formations. Such information can be very important when
exploring for water in crystalline rocks and when looking for paths for fluid propagation.

The general equation for secondary porosity calculations (1) based on square array
observations was adopted, and the problems concerning its use were discussed. The most
important problems result from the need to know the electrical conductivity value for the
groundwater in the region and the possibility of calculating very large and negative values
for the secondary porosity with no geological meaning.

Unless severe aquifer contamination is present, the groundwater electrical conductivity
in an area should be fairly constant. Thus, it will affect the calculated absolute secondary
porosity value but, more importantly, will not affect the lateral and spatial changes of the
secondary porosity, which proved to be paramount in the interpretation.

High and negative secondary porosity values were calculated in both the field and
model experiments. They were checked and proven to have no geological meaning. It
was found that most of them were obtained for the smallest spacings and, hence, are
explained by placement errors and contact resistances from ground inhomogeneities near
the electrodes. There is also the possibility of anisotropic axes rotation producing oblate
anisotropy, but this effect was not found in the data, as there are no calculated strike values
at 90° to the known geology and to the model strike. Furthermore, high values, also with
no geological meaning, can also be produced in areas where pmax and pmin are very similar;
that is, when the formations” homogeneity prevails. These data must also be checked and
confirmed as they do not have geological meaning.

The computed secondary porosity proved to be very effective in the location of faults
and contacts, as well as in the identification of the nature of the concealed formations.
However, it must be pointed out that absolute secondary porosity values may be difficult
to obtain, but, nevertheless, their lateral and spatial changes proved to be very consistent
in the overall data interpretation.

Past studies have focused on the use of azimuthal resistivity techniques to determine
the strike of concealed formations and fracturing. However, crossed square array measure-
ments provide accurate estimates for the strike of concealed formations and, therefore, can
be oriented in such a way that its two constituent square arrays 1 and 2, shown in Figure 1,
will provide values for pmax and ppin to use in the secondary porosity equation.

Therefore, there is no need to use azimuthal resistivity surveys and, thus, time con-
suming and space demanding field surveys are not necessary. Even if the geological strike
is unknown, with the aid of crossed square array soundings, it is possible to calculate that
strike. Then, the survey can continue with the crossed square array oriented at 0° to the
determined geological strike.

Future work should address models such as the contacts between isotropic blocks,
faults gouges, contaminated areas, and anthropic cavities to better understand the use
of secondary porosity in geology and groundwater, and to widen the applicability of
these studies.

Funding: The author was supported by a Calouste Gulbenkian Foundation (Lisbon) grant during his
stay in England.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this work can be found in the documents cited
in the text with reference numbers [16,17] and in “The use of field anisotropy measurements in
resistivity investigations”, PhD dissertation by Manuel Matias, Univ. of Leeds, 1983.



Geosciences 2023, 13, 101 16 of 16

Acknowledgments: The author wishes to thank Rui Moura for the assistance in the 2D modelling of
the field traverses.

Conflicts of Interest: The author declares no conflict of interests.

References

1.  Woessner, WW.; Poeter, E.P. Hydrogeologic Properties of Earth Materials and Principles of Groundwater Flow; The Groundwater Project:
Guelph, ON, Canada, 2020; 205p, ISBN 978-1-7770541-2-0.

2. Ghafoori, M.R,; Roostaeian, M.; Sajjadian, V.A. Secondary Porosity: A Key Parameter Controlling the Hydrocarbon Production in
Heterogeneous Carbonate Reservoirs (Case Study). Petrophysics 2008, 50, 67-78.

3. Jorgensen, D.G. Using Geophysical Logs to Estimate Porosity, Water Resistivity, and Intrinsic Permeability; U.S. Geological Survey
Water: Denver, CO, USA, 1989; 24p.

4. Stadtmdfiller, M. Well logging interpretation methodology for carbonate formation fracture system properties determination. Acta
Geophys. 2019, 67, 1933-1943. [CrossRef]

5. Kirsch, R. Groundwater Geophysics—A Tool for Hydrogeology; Springer: Berlin/Heidelberg, Germany, 2006; 493p, ISBN 978-3-540-88405-7.

6. George, A.M.; Okiwelu, A.A.; Obi, D.A. DC-Resistivity Estimation of Second Porosity and Anisotropy Using Azimuthal Resistivity
Surveys: A Case Study of Part of Oban Massif and Obudu Plateau, Southeastern, Nigeria. Res. J. Earth Sci. 2010, 2, 24-29.

7. Watson, K.A.; Barker, R.D. Differentiating anisotropy and lateral effects using offset Wenner azimuthal resistivity soundings.
Geophysics 1999, 64, 739-745. [CrossRef]

8.  Busby, J.P. The effectiveness of azimuthal apparent resistivity measurements as a method for determining fracture strike
orientations. Geophys. Prospect. 2000, 48, 4677-4695. [CrossRef]

9.  Watson, K.A,; Barker, R.D. Use of azimuthal offset Wenner technique to characterize a single dipping interface. Eur. |. Environ.
Eng. Geophys. 2002, 7, 103-120.

10. Michael, G.A.; Abong, A.A. DC Resistivity Investigation of Anisotropy and Lateral Effect using Azimuthal Offset Wenner Array.
A case Study of the University of Calabar, Nigeria. J. Environ. Earth Sci. 2014, 4, 53-60.

11. Salam, R.; Parnadi, W.W. Laboratory-scaled Azimuthal Resistivity Survey for Fracture Detection. In IOP Conference Series: Earth
Environmental Science; IOP Publishing: Bristol, UK, 2021; Volume 873, p. 012079. [CrossRef]

12.  Lane, J.W,, Jr.; Haeni, EP.; Watson, W.M. Use of a square-array direct-current resistivity method to detect fractures in crystalline
bedrock in New Hampshire. Groundwater 1995, 33, 476—485. [CrossRef]

13. Tepper, D.H.; Phelan, D.]J. Use of Azimuthal Square Array Direct Current Resistivity to Locate a Geologic Structure at Fort Detrick; U.S.
Corp of Engineers: Baltimore, MD, USA, 2001; 38p.

14. Revindran, A.A. Azimuthal Square array resistivity method and groundwater exploration in Sanganoor Coimbatore district,
Tamilnadu, India. Res. J. Recent Sci. 2012, 1, 41-45.

15. Habberjam, G.M. Apparent Resistivity Observations and the use of square array techniques. In Geoexploration Monographs;
Geopublication Associates: Berlin, Germany, 1979; 152p.

16. Matias, M.]J.; Habberjam, G. A field example of the use of anisotropic parameters derived from the resistivity soundings. Geophys.
Prospect. 1984, 32, 725-739. [CrossRef]

17.  Matias, M.].; Habberjam, G. The effect of structure and anisotropy on resistivity measurements. Geophysics 1986, 51, 964-971.
[CrossRef]

18. Habberjam, G.M.; Watkins, G.E. The use of a square configuration in resistivity prospecting. Geophys. Prospect. 1967, 15, 221-235.
[CrossRef]

19. Habberjam, G.M. Apparent resistivity, anisotropy and strike measurements. Geophys. Prospect. 1975, 23, 211-247. [CrossRef]

20. McCeskey, R.; Nordstrom, D.; Ryan, ].N.; James, B. Electrical conductivity method for natural waters. Appl. Geochem. 2011, 26,
S5227-5229. [CrossRef]

21. US Geological Survey. Specific conductance. In US Geological Survey Techniques and Methods; USGS Publications Warehouse:
Reston, VA, USA, 2019; Chapter A6.3; 15p. [CrossRef]

22. Matias, M.]. Electrical strike imaging and anisotropy diagnosis from surface resistivity measurement. Near Surf. Geophys. 2008, 6,
49-58. [CrossRef]

23.  Loke, M.H. Electrical imaging surveys for environmental and Engineering studies. In A Practical Guide to 2D and 3D Surveys;
Scientific Research: Atlanta, GA, USA, 2000; 59p, Available online: https://www.geoelectrical.com (accessed on 7 February 2023).

24. Loke, M.H.; Barker, R.D. Rapid least square inversion of apparent resistivity pseudo sections by a quasi-Newton method. Geophys.
Prospect. 1996, 44, 131-152. [CrossRef]

25. Leedal, G.P; Walker, G.P.L. A restudy of the Ingletonian series of Yorkshire. Geol. Mag. 1950, 87, 57-66. [CrossRef]

26. Dunham, K.C.; Hemmingway, ].E.; Versey, H.C.; Wilcockson, H.W. A guide to the Geology of the district around Ingleborough.

Proc. Yorks. Geol. Soc. 1953, 29, 77-115. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/s11600-019-00351-w
http://doi.org/10.1190/1.1444583
http://doi.org/10.1046/j.1365-2478.2000.00208.x
http://doi.org/10.1088/1755-1315/873/1/012079
http://doi.org/10.1111/j.1745-6584.1995.tb00304.x
http://doi.org/10.1111/j.1365-2478.1984.tb01716.x
http://doi.org/10.1190/1.1442154
http://doi.org/10.1111/j.1365-2478.1967.tb01785.x
http://doi.org/10.1111/j.1365-2478.1975.tb01525.x
http://doi.org/10.1016/j.apgeochem.2011.03.110
http://doi.org/10.3133/tm9A6.3
http://doi.org/10.3997/1873-0604.2007031
https://www.geoelectrical.com
http://doi.org/10.1111/j.1365-2478.1996.tb00142.x
http://doi.org/10.1017/S0016756800075567
http://doi.org/10.1144/pygs.29.2.77

	Introduction 
	Crossed Square Array of Electrodes and Secondary Porosity Estimates 
	Secondary Porosity Computed over an Analogue Model 
	Field Survey 
	Chapel le Dale 1 (CLD1) 
	Chapel le Dale 2 (CLD2) 

	Conclusions 
	References

