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Abstract: Seventy-one pumping tests were carried out in various dolomites, revealing two of the less-
studied hydrogeological parameters related to double-porosity flow: the interporosity flow coefficient
λ and the ratio between storage in the fractures and storage in the whole system (ω). Conceptually,
they are both tied to the flow properties of the fractures and matrix and define the communication
between these two hydrogeological domains. Five different groups of dolomites were included in
this study, with different diagenesis types, crystal sizes, bed thicknesses, fracture intensities and
chert contents represented. The results of both parameters reflect variations in the sedimentological
and resulting hydrogeological properties of dolomites. The largest values of the interporosity flow
coefficient λ (6.53 × 10−1) are found in dolomites formed by late diagenesis, exhibiting the highest
degree of fracturing, resulting in fast responses in fractures and large λ values. The values of the
storage ratio ω also vary (the range of most values is from 3.32 × 10−4 to 2.14 × 10−1), with the
overall range almost completely filling all the theoretical limits from zero to one. The greatest values
of ω are found in dolomites with the largest storage, due to the large number of small fractures, and
silica diagenesis probably reduces the matrix storage. The correlations among the parameters show
some significant relationships, especially between λ and Km, λ and Sf, ω and Sf, and ω and Sm.

Keywords: double porosity; interporosity flow coefficient λ; storage ratio ω; dolomites; pumping
tests; Slovenia

1. Introduction

Analyses of pumping tests in fractured rocks are less common than those in porous
aquifers due to their higher complexity and additional parameters. The basic difference is
the presence of coupled groundwater flow in the fractures and in the matrix, described and
introduced as the double-porosity concept by Barenblatt et al. [1]. For comparison, only
one flow regime is analyzed in porous aquifers and only one hydraulic conductivity K and
one storage coefficient S are calculated. In double-porosity aquifers, however, each of these
two parameters is defined separately for the fractures (Kf, Sf) and for the matrix (Kf, Sf).

Among the less-studied parameters in fractured rocks, two are related to the double-
porosity flow: the interporosity flow coefficient (λ) and the ratio between the storage in
the fractures and the storage in the whole system (ω), as defined by Warren and Root and
later summarized by other authors [2–4]. As defined and described later in Sections 2.3
and 2.4, the interporosity flow coefficient λ indicates how easily water can flow from the
matrix blocks of the aquifer into the fractures [2,5], and the omega (ω) is defined as the
ratio between the storage in the fractures and the storage in the entire system. They are
both conceptually tied to the flow properties in the fractures and the matrix and define the
communication between these two hydrogeological domains.

The double-porosity concept was later extended to triple-porosity systems [6,7], where
the porosities include the common porosities of the matrix and fractures, as well as the
vugs, microfractures and any other cavities occurring in the rock. The original double-
porosity model of Warren and Root [2] has been updated by other authors [8], such as
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Odeh [9], Kazemi [10,11], de Swaan-O [12] and Serra et al. [13], with the introduction of well
storage, skin effects [4,14], and other approaches. Reviews of pumping tests in fractured
rocks, including data or discussion of the λ and ω, are scarce but have been presented by
Gringarten [15] and Kruseman and de Ridder [5].

The motivation for this work lies in the fact that the λ and ω have not been adequately
studied for different aquifer lithologies, especially not for dolomites, which exhibit double-
porosity properties. The novelty of this approach is to present and discuss the values of both
parameters for the different types of dolomites. Some authors have studied both parameters
explicitly in the field of oil reservoirs [16] and for two-phase flow (oil + water) [17]. Most
studies presented new theoretical models for either pumping test curve behavior or for
the determination of either shape factors, interporosity flow coefficients, or new pumping
test models, but the range of the studied parameters is rarely given (e.g., in R. Aguilera’s
discussion of the Serra et al. paper [13]). It is also interesting that most of the research was
carried out in the 1970s and 1980s, and later publications on this topic are quite scarce. Both
parameters provide new insights into understanding the behavior of the flow in fractured
aquifers and form a basis for further research topics.

2. Materials and Methods
2.1. Dolomites in Slovenia

Carbonate rocks are abundant in Slovenia; they outcrop on two-thirds of Slovenia’s
ground surface [18,19]. Dolomites outcrop across approximately 8% of the country’s area
(Figure 1) and are represented from Permian times, through the Mesozoic and into the ear-
liest parts of the Tertiary. All the dolomites are intensely fractured. Detailed descriptions of
all the Slovenian dolomite aquifers (with their sedimentological, hydrogeological and other
properties) have been published in several papers [20–23]. Only those aquifers that are
important to this study are discussed here (Table 1). The five groups are, in chronological or-
der: Scythian (T1, Lower Triassic) bedded dolomites with a high clastic component, mostly
massive Anisian (T2

1) pure dolomites, Cordevolian (1T3
1) late-diagenetic coarse-grained

pure dolomites, and two Upper Triassic (T3
2+3) dolomites: the Bača bedded dolomites

with cherts and the bedded Main dolomites with the largest thickness and extent. The
latter are also present in neighboring countries under different names. For example, the
Main dolomite is found in Italy (where it is known as Dolomia principale) and in Austria
(Hauptdolomit). Other dolomites (Permian, Jurassic, Cretaceous, and Tertiary [21]) are
presented in Table 1 but are not included in this study because of the scarcity of data and
relatively small spatial appearance.

2.2. Pumping Test Data

The dataset was taken from previously performed analyses of the hydraulic conductiv-
ities of fractures and matrix in Slovenian dolomites [22]. Seventy-one pumping tests were
available for study. Only the wells drilled in dolomites were considered, with a minimum
of three wells in the same dolomite group, because statistical analysis was not possible for a
group with only one or two wells. All the water wells were drilled for the hydrogeological
exploration of groundwater. The wells’ radii (rw) varied from 0.057 to 0.190 m (median
value 0.076 m) and the pumping rates varied from 0.25 to 46.00 L/s (median 4.00 L/s).

The hydraulic conductivities and storage coefficients of the fractures and the matrixes
were calculated by Barker’s method of the Generalized Radial Flow (GRF) model [24],
upgraded to include the double-porosity effects [25]. The calculations were performed
by using the AQTESOLV 4.5 software [26]. The output from this method provided the
hydraulic conductivity of the fractures and matrix (Kf and Km), the storage coefficients
of the fractures and matrix (Sf and Sm), and an additional parameter, called the flow
dimension [24] (normally represented by the symbol n, but not to be confused with the
number of fractures from Equation (2), the flow dimension here is represented by a subscript
nfd), which is related to the fractal geometry of fractures and was analyzed for dolomites
in a separate study [23]. The results of the analyses of the Kf, Km, Sf and Sm have already
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been discussed elsewhere [22] and the main findings of these studies, which are relevant to
the discussion of the λ and ω, are discussed here.

Figure 1. Map of the studied dolomites in Slovenia and locations of the studied wells.

For the statistical tests and presentations, Tibco Statistica 13.3 software [27] was used.
The Shapiro–Wilk W test was used for testing the statistical distribution, with a significance
level α = 5% as a threshold. For the correlations between the studied parameters, the
non-parametric Spearman rank order correlation coefficient (r′) was used.

2.3. Interporosity Flow Coefficient (λ)

The interporosity flow coefficient (λ, units [-]) indicates how easily water can flow
from the aquifer matrix blocks into the fractures [2,5]. When a fractured aquifer of the
double-porosity type is pumped, the interporosity flow coefficient controls the flow in the
aquifer.

λ = α·Km

Kf
·r2

w (1)

The interporosity flow coefficient depends on several factors, the most variable and
studied of which is the shape factor α [1/m2]:

α =
4·n·(n + 2)

l2
(2)

This shape factor reflects the geometry of the matrix elements and controls the flow
between the two porous regions, as originally defined by Warren and Root [2]. It describes
the characteristics of the geometry of the fractures and aquifer matrix and depends on the
number of normal fracture sets in the rock (n = 1, 2, 3 [-]) and the characteristic length of
the matrix blocks (l [m]).

However, the original equation (Equation (2)) is not the only way to calculate the
shape factor. Several approaches to the problem have been developed since the publication
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of the original Warren and Root paper [2]. An extensive comparison of all the approaches
was performed by Lim and Aziz [28], Lai and Pao [29] and, finally, Huang et al. [16].
Most methods are based on an analytical or numerical value, multiplied by an inverse
value of the equivalent fracture length; this length depends on the number of fracture sets.
The shape factor is always reciprocal to the inverse squared value of the fracture length
(α ≈ 1/l2).

In this study, the original Warren and Root equation was used. In fact, the interpre-
tation of the λ values in this study does not depend, significantly, on the shape factor
used, because the interpretation of the interporosity flow coefficient is based on the relative
comparison of different dolomites and will be explained by variations in the hydraulic
conductivities, not by the shape factor itself. There are two reasons for such an approach.
First, all the models for dolomites consider 3D fractures, which are best approximated by
the ‘sugar cube model’, with n = 3 in the Warren–Root model, so there is no variation in
the number of fracture sets. Second, the characteristic lengths are very hard to determine
due to the highly variable tectonic influence and number, persistence, and density of the
fractures. The fault zones in carbonates are spatially highly heterogeneous [30–32] and
it is hard to define a ‘typical length’. In fact, one can argue that the average distance
between the fractures does not exist, as the fractures in dolomites are fractal [23,33,34] and,
consequently, they are scale-independent. However, the calculation of the λ values requires
a numerical value of characteristic length, so these values were considered to be the same
for all the dolomites and fixed at 5 cm, according to personal experience, when performing
the extensive hydrogeological studies of all the Slovenian dolomites [21,23,34,35].

Consequently, the shape factor does not change for the studied dolomites and the
variability of the interporosity flow coefficient λ is controlled by the two remaining factors
in Equation (1); by the ratio between the hydraulic conductivity of the matrix (Km, [m/s or
m/day]) and the hydraulic conductivity of the fractures (Kf, [m/s or m/day]), and also the
radius of the pumping well rw [m].

Estimation of the interporosity flow coefficient (λ) can also be performed by differ-
ent approaches. Mostly, the factor is approximated by empirical equations [3,36,37], as
reviewed by Rebolledo et al. [38]. In some cases, these authors found the values of λ to be
underestimated by up to four orders of magnitude when using Gringarten’s approach [39].
The same authors [38] also stated that ‘Warren and Root offered no solutions for the estima-
tion of λ’. The original equation is, therefore, considered to be difficult to calculate directly
and λ is usually calculated by some approximation. In this paper, λ is calculated directly
from the original Warren and Root equation (Equation (1)).

2.4. Ratio between Storage in Fractures and Storage in the Whole System (ω)—‘Storage Ratio’

The omega (ω) is defined as the ratio between storage in the fractures and storage in
the whole system:

ω =
Sf

Sf + β·Sm
(3)

Sf is the storability of the fractures, Sm is the storability of the matrix, and β [-] is
a factor for early-time analysis, equal to 0, and for late-time analysis, equal to 1/3 (an
orthogonal system, e.g., in dolomites where n = 2, 3) or 1 (where n = 1). Warren and
Root [2] also defined ω as a measure of the fluid capacitance of the secondary porosity to
that of the combined system. When there is only the primary porosity, Sf equals zero and,
consequently, ω = 0 [2].

Alternatively, if the lines of the early and late pumping times are parallel, the omega
can also be estimated by different approximations. Authors have used several methods; the
horizontal displacement of the two parallel straight lines: ω = t1/t2 [5], from the slope of

these two lines: ω = 10−
∆sv
∆ss [5], or from the horizontal time ratio of the long-time straight

line point to the early time point 1/ω = ∆tDH [4]. However, these two lines should not only
be parallel but also straight, and this is rarely the case. Very soon after the publication of
the Warren and Root paper, Odeh [9] also disputed the existence of two parallel semi-log
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straight lines [39], and Gringarten [15] found such parallel straight lines to be very rare (the
early-time line can be occluded by storage or skin effects in the well). For these reasons, the
original equation (Equation (3)) was used in this contribution.

The workflow is shown below in Figure 2.
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Slovenian dolomites [22]. The fieldwork in step 3 was carried out on the basis of the field photographs,
where these were available.

3. Results and Discussion

The values of the λ and ω are presented in Table 1, with the geometric mean values,
and they are also graphically presented with log-transformed values (Figure 3). The
reason to include the geometric mean and the log-transformed values of both parameters
is that both the λ and ω are distributed lognormally, as tested by the Shapiro–Wilk W
normality test [40] in the Tibco Statistica 13.3 software. For both parameters, the calculated
p-value is much below the usual threshold for a statistical significance level of 5% and
even below the stricter threshold of 1% (p = 0.0087 for λ and p < 0.0001 for ω), indicating
the normal distribution of the log-transformed variables, thus confirming their lognormal
distributions. Besides the λ and ω, the geometric means of the hydraulic conductivities
(Kf, Km) and storage coefficients (Sf, Sm) of both the fractures and matrixes are presented.
These parameters were previously found to be lognormally distributed [19].
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Figure 3. Log-transformed values of λ and ω (both dimensionless). Small squares and circles
indicate the geometric means; box limits define the 0.95 confidence interval and whiskers indicate the
minimum and maximum values.

Table 1. Basic statistics for the studied parameters. All the parameters are presented with their
geometric means (GMs), except the flow dimension (nfd), which is given as an arithmetic average
(this parameter is the only one not lognormally distributed). For the λ and ω, minimum and
maximum values are also provided. Units are given in brackets, N = number of samples in each
group.

Dolomite N λ-GM [-] λMIN [-] λMAX [-] ω-GM [-] ω MIN [-] ω MAX [-] Kf-GM [m/s] Km-GM [m/s] Sf-GM [-] Sm-GM [-] nfd [-]

Anisian 11 9.05 × 10−2 1.22 × 10−5 3.57 × 10−4 4.85 × 10−4 9.51 × 10−12 1.00 × 100 4.13 × 10−6 2.75 × 10−9 1.49 × 10−5 1.63 × 10−2 2.22
Main 37 1.68 × 10−1 3.12 × 10−6 7.86 × 10−8 1.10 × 10−3 5.56 × 10−13 1.00 × 100 4.21 × 10−6 4.06 × 10−9 2.18 × 10−7 9.01 × 10−5 2.11

Scythian 6 1.15 × 10−1 3.39 × 10−5 7.10 × 10−3 3.38 × 10−3 1.02 × 10−5 2.20 × 10−1 3.14 × 10−6 2.15 × 10−9 2.13 × 10−5 1.79 × 10−2 1.96
Cordevolian 14 6.53 × 10−1 4.07 × 10−6 1.24 × 10−6 4.73 × 10−2 3.42 × 10−4 9.81 × 10−1 2.48 × 10−5 9.65 × 10−8 2.04 × 10−4 7.22 × 10−3 2.34

Bača 3 2.21 × 10−2 3.24 × 10−3 3.24 × 10−1 1.80 × 10−3 7.64 × 10−5 2.85 × 10−2 2.83 × 10−5 2.83 × 10−9 6.07 × 10−4 1.00 × 100 2.19
All Groups 71 1.77 × 10−1 3.12 × 10−6 7.86 × 10−8 2.29 × 10−3 5.56 × 10−13 1.00 × 100 6.29 × 10−6 6.66 × 10−9 3.33 × 10−6 1.11 × 10−3 2.16

3.1. Interporosity Flow Coefficient (λ)

The values of λ and ω are presented in Figure 3. It is obvious that the largest values of
the interporosity flow coefficient (λ) are found in Cordevolian dolomites
(λ = 6.53 × 10−1). There are several reasons for such behavior. These dolomites are
significantly more coarse-grained than the others (‘sucrose’ dolomites) and were only
formed by late diagenesis [19–22]. This late diagenesis is one of the processes that can
also play a significant role in the aquifer yield, since it tends to increase the grain size,
which generally increases the permeability, by up to several orders of magnitude [41,42]
through the replacement of interparticle mud with larger crystals from late diagenesis or
other processes. As the crystal size increases, the mechanical properties of the dolomites
change, making them more brittle than limestone and, therefore, more susceptible to intense
fracturing [43,44]. Sucrose and moderately indurated dolomites are most likely to fracture
due to their low cohesion strength [45].

Therefore, these dolomites are more susceptible to a higher degree of fracturing [45],
leading to a greater number of fractures, including a great number of microfractures, which
behave as matrix porosity. Consequently, the interporosity flow from the matrix to the
fractures is easiest in Cordevolian dolomites because of their great primary porosity and
greater degree of fracturing. Fractures respond very fast to the pumping due to their high
frequency and high connectivity (confirmed by the highest n values).
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Contrarily, Bača dolomites have the slowest responses, with the lowest geometric
mean of λ = 2.21×10−2, most probably due to the different geological evolution: these
dolomites are the only ones with a high proportion of chert, and the diagenetic replacement
by silica possibly reduced the porosity (or, more specifically, the intercrystalline porosity, it
being responsible for higher permeabilities in dolomites [42]) and hydraulic conductivity
of the matrix, leading to lower λ values. One should note the low amount of data for this
group (as well as for Scythian dolomites) and the confidence level in Figure 3 is greater than
the minimum and maximum values. Other dolomites (Main, Scythian and Anisian) have
intermediate values of λ, and they differ by a factor less than 2 (values range from 0.9×10−1

to 1.7×10−1). The hydraulic conductivities of the fractures and matrixes are similar, leading
to similar values of λ. For Main and Anisian dolomites, this is somewhat expected, because
they are similar in origin (both being very pure dolomites [19,21]). However, Scythian
dolomites are much less pure, with much higher clastic contents, and so the Km could be
expected to be slightly higher. The results could also be occluded by the small amount of
data noted above.

As seen from these results, the values of the interporosity flow coefficient λ do not vary
much in general, as the results are quite similar. It is important to note that the λ values
would be even greater and more different for Cordevolian dolomites, if the measurements
of representative lengths were available, because the distances between the fractures or
characteristic length values would be very small compared to other dolomites, leading to
greater values of the shape factor and λ values. Influence is important because a small
change in length has a big influence on the λ; for example, if the distance between the
fractures is reduced from 10 cm to 1 cm (a factor of 10), then the α and λ increase by a factor
of 100.

3.2. Ratio between Storage in the Fractures and Storage in the Whole System (ω)

The values of ω show the greatest values in Cordevolian dolomites. These are in-
tensively fractured and, because of the huge number of microfractures, the latter exhibit
significant storage capacity. Apart from the numerous fractures, the desiccation pores of
Main and Anisian dolomites, despite being mostly filled due to the dolomitization and
diagenesis, could also exhibit a small amount of storage, making the total storage in the
system (Sf + Sm) larger, leading to smaller values of ω. However, this effect is not so
pronounced as to differentiate these dolomites from the others by an order of magnitude or
more. Scythian and Bača dolomites are fractured, with no storage in the matrixes, probably
due to silica diagenesis or a greater number of fractures, and so the ratio of Sf versus Sf + Sm
is larger than those of Main and Anisian dolomites.

The values of ω vary greatly, practically from zero to one (Table 1), filling the complete
theoretical range from 0 to 1. However, the range of most values is from 3.32 × 10−4 to 2.14
× 10−1 (lower and upper quartile values), complying perfectly with the published range
from 10−4 to 10−1 in the literature [5,13]. In his reply to Serra et al., Aguilera also presented
a review of the ω values (for oil and geothermal reservoirs), spanning from less than 0.006
to 1, thus also filling the complete theoretical range from 0 to 1 [13]. Such a range reflects
the range of primary porosity in the rocks; when there is only the primary porosity, there is
no storage in the fractures and, consequently, ω = 0 [2].

3.3. Correlations between the Hydrogeological Parameters

The correlations between the hydrogeological parameters show some significant rela-
tionships (Table 2). The highest correlation is between the λ and Km, which is somewhat
expected from Equation (1); there is a linear dependence of the λ on the hydraulic con-
ductivity of the matrix Km. There is also a negative correlation between the λ and the
hydraulic conductivity of the fractures Kf; however, it is not significant. The significance of
the correlation between the λ and Sf can be regarded as irrelevant because both parameters
are independent, one from the other, and the correlation coefficient is very small (r′ = 0.28).
However, there is a significant correlation (r′ = 0.52) between the ω and the storage in the
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fractures Sf, which also follows on from Equation (3). A negative correlation (r′ = −0.43)
exists between the ω and the storage in the matrix Sm, also presumed from the same
equation. Similarly significant, but with a medium correlation coefficient, is the correlation
between the pumping rate Q and the hydraulic conductivities of the fractures Kf, which is
also expected from the pumping tests; water is generally pumped from the fractures and
not from the matrix.

Table 2. Spearman rank order correlation coefficients (r′). Correlations marked with an asterisk (*)
are significant at 5% significance level.

Duration
[min] Q [L/s] Kf [m/s] Sf [-] Km [m/s] Sm [-] rw [m] ω [-] λ [-]

Duration
[min] 1.000 0.070 0.179 0.174 −0.025 0.081 −0.026 0.130 −0.093

Q [L/s] 0.070 1.000 0.563 * 0.058 0.149 −0.080 0.022 0.060 0.004
Kf [m/s] 0.179 0.563 * 1.000 0.132 0.087 −0.060 −0.058 0.157 −0.209

Sf [-] 0.174 0.058 0.132 1.000 0.341 * 0.418 * −0.190 0.521 * 0.284 *
Km [m/s] −0.025 0.149 0.087 0.341 * 1.000 0.084 0.033 0.227 0.940 *

Sm [-] 0.081 −0.080 −0.060 0.418 * 0.084 1.000 −0.028 −0.430 * 0.096
rw [m] −0.026 0.022 −0.058 −0.190 0.033 −0.028 1.000 −0.136 0.064
ω [-] 0.130 0.060 0.157 0.521 * 0.227 −0.430 * −0.136 1.000 0.179
λ [-] −0.093 0.004 −0.209 0.284 * 0.940 * 0.096 0.064 0.179 1.000

4. Conclusions

The values of the interporosity flow coefficient (λ) do not vary as much as the storage
ratios (ω), as the results are quite similar. Cordevolian dolomites have the highest values
because the fractures respond to pumping very fast due to their great numbers and high
connectivity (confirmed by the highest n values). Bača dolomites have the slowest responses
and other dolomites have intermediate values. The most probable reason for the similar
λ values is that both the hydraulic conductivities of the fractures and the matrixes are
very similar, by the same order of magnitude. The λ values would be even greater for
Cordevolian dolomites, if the measurements of the characteristic lengths were available,
since these values would be very small compared to other dolomites, leading to greater
values of the shape factor and λ values. The calculation of λ is very difficult because of the
problematic shape factor, which is practically impossible to determine for fractures because
they are known to be fractal. In this study, this factor was fixed to some arbitrary value, so
the comparison of other factors was possible; in fact, this factor had no influence. The block
sizes in dolomites vary greatly and none of the models (slab-shaped or cube-shaped) are
truly appropriate, even though the cube-shaped model seems a suitable choice.

The values of the ratio between storage in the fractures and storage in the whole system
(ω) show the greatest values in Cordevolian dolomites, which are intensively fractured
and, due to the huge number of microfractures, exhibit significant storage capacity. The
desiccation pores and fractures in the Main and Anisian dolomites exhibit some noticeable
storage, so the total storage in the system (Sf + Sm) is larger, leading to smaller values of
the omega. However, this effect is not so pronounced as to differentiate these dolomites
from the others by an order of magnitude or more. Scythian and Bača dolomites are purely
fractured but with no storage and so the ratio of the Sf versus Sf + Sm is larger than those
of Main and Anisian dolomites.

The correlations between the parameters show some significant relationships between
the λ, ω and other parameters, especially between the λ and Km (the highest correlation)
but also between the λ and Sf, ω and Sf, ω and Sm, and between the pumping rate Q and
the hydraulic conductivities of the fractures Kf. All the correlations (except that between
the λ and Sf) are rather expected from the theoretical equations.

Further investigations should focus on several topics. First of all, studies should focus
on the determination of the shape factor α for each site independently because this would
improve the comparison of λ values. Secondly, an investigation into the development of
an alternative approach for obtaining the shape factor, suitable for the fractal network of
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fractures, is necessary because of the problematic determination of α. Thirdly, detailed
microscopic analyses of dolomite porosity types and amounts are required because much
of the variations in the λ and ω could be explained by this factor. Generally, more data for
both parameters in carbonate rocks should be made available in order to perform additional
reliable comparisons and interpretations. As presented here, both the λ and ω provide
additional insights into understanding the double-porosity flow, which is quite pronounced
in carbonates and especially so in dolomites.
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