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Abstract: Transmissivity estimates can be obtained by different approaches, mainly analytical and
empirical. The application of analytical methods requires checking non-linear well losses due to
turbulence and vertical flow related to partial penetration. The empirical approach relates transmis-
sivity values to specific capacity data measured in the same well. The interpretation of available
pumping tests highlights porous media solutions” applicability in most of the step-drawdown curves
analyzed. Double or triple porosity approaches are more appropriate only for wells located close to
fault systems. In this work, a new relationship to estimate transmissivity by specific capacity data
in some Italian carbonate aquifers is proposed. The comparison with other relationships available
in the literature for similar aquifers worldwide confirms the validity of a general equation for car-
bonate aquifers, helping the spatial characterization of aquifer transmissivity in scarce data regions.
Nonetheless, the use of equations of the same kind with different coefficients allows good results on
our set of data. Results can improve the knowledge of fractured—karst aquifers by also including
data from Central Italy.

Keywords: groundwater; pumping test; transmissivity; specific capacity; fractured carbonate aquifers

1. Introduction

Groundwater assessment and management require knowledge of an aquifer’s hy-
drogeological parameters, the estimation of which can be costly and time-consuming [1].
Transmissivity (T), one of the main hydrological parameters, describes the ability of the
aquifer to transmit groundwater across a given saturated thickness. Transmissivity values
are generally obtained by analytical methods based on the interpretation of drawdown-
pumping tests in unsteady or steady state conditions. The application of analytical methods
requires corrections for non-linear well losses due to turbulence. The use of observations
from piezometers helps to overcome this problem, but frequently only drawdown data
from pumping well are available (no observation wells are present). This situation is
common in mountain areas where groundwater levels are very deep and costs for drilling
piezometers are very high. As Mace [2] reported, aquifer test data are not so abundant, and
correction of well loss can be very uncertain, greatly affecting the reliability of T values
estimations.

Analytical methods have been complemented over time by empirical approaches,
aiming to estimate T values by specific capacity data (S., Equation (1)).

5= =2 M

Sw

where:

Q—discharge of pumping well (L3/T);
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sw—steady-state drawdown (L).

The choice of using the specific capacity as a reference parameter for estimating T
depends on the fact that S. data are typically much more abundant and readily available
than time-drawdown data [3]. Several studies in the literature presented empirical rela-
tionships (T = £(S.)) for different aquifer types (fractured and karst carbonates, sandstones,
metamorphic, volcanic, alluvial, etc.). Most of the relationships proposed are log-log
equations [2,4-13] even if some linear functions were also proposed [14-16]. As reported
by Verbovsek [16], studies of T-S. relationships for fractured or karst rocks are scarcer
than those of alluvial aquifers. Mace [2]—based on data from southwest Texas (USA)—
developed a log-log empirical equation, which was validated on data from Florida and
Ohio aquifers, suggesting its potential application to other similar fractured karst aquifers.
Central Italy is characterized by a wide outcropping of fractured and karst carbonates host-
ing large aquifers pumped by wells; information useful to enrich the discussion about this
topic is therefore available. Coupling new data from thirty-two pumping tests (PTs) carried
out in the last thirty years with those available from the literature; this work presents a
new equation describing the T-S relationship for some Italian carbonate aquifers. Results
are compared and discussed with other relationships on similar aquifers, improving the
knowledge on transmissivity of fractured-karst aquifers.

2. Materials and Methods
2.1. Hydrogeological Setup and Well Characteristics

The study area is located in Central Italy (Umbria region), which is characterized by
different lithologies: 23% of limestone and marly-limestone rocks, 25% of siliciclastic rocks,
2% of volcanic deposits, and 50% of fluvial-lacustrine and marine deposits, including recent
alluvial [17]. Limestone and marly-limestone rocks belong to the Umbria-Marche sequence,
forming the Umbria-Marche Apennines ridge, a compressive Miocene/Pliocene arc-shaped
fold-and-thrust belt, with eastward vergence and convexity, later affected by Quaternary
extension [18,19]. Figure 1 shows a schematic lithological map of the Umbria Region with
the stratigraphic column of the Umbria-Marche sequence. Formations are grouped into
different hydrogeological complexes, considering the stratigraphic relationships and the
relative permeability [20-25]. The main aquifers are hosted into the Basal Limestones com-
plex (Calcare Massiccio and Corniola Formations), characterized by fractured /karstified
carbonates, and Maiolica complex, which is composed of stratified and fractured pelagic
carbonates. Moreover, some aquifers are hosted into the Scaglia calcarea complex (stratified
and fractured pelagic limestone and marly limestone) or in Calcari Diasprigni (regularly
stratified limestone with flint beds), characterized by lower yields. It should be noted that
the Calcari Diasprigni formation was included among the rocks with low permeability
(Marly-siliceous-calcareous complex in Figure 1): nonetheless, at a local scale, these rocks,
if intensely fractured, can host aquifers of low storage capacity. The aquifer systems are
separated by marly, siliceous, and clayey rocks with low or very low relative permeability
(Figure 1): often these aquicludes are dislocated by normal faults, producing the hydraulic
connection between the main aquifers [26,27]. Normal faults help the development of a
deep regional flow involving the Basal Limestones complex [24,28-31].

Interesting aquifers are hosted also in lithoid travertines deposited in the early Pleis-
tocene of Tiberino basin (e.g., Acquasparta wells, ACQ1-3 in Figure 1). These carbonate
rocks, belonging to the Acquasparta Formation (AF), are stratified and fractured with
thickness of up to 50 m [32].

Abundant and high quality drinking water resources characterize carbonate aquifers.
In response to the continuous demand for drinking water, and in order to optimize with-
drawals from carbonate aquifers, the Umbria region (the authority in charge for managing
water resources) had advanced projects for siting and drilling wells since the beginning of
the 1990s [33]. Data of about twenty-six wells, all provided with pumping tests, have been
collected, resulting from unpublished reports and from literature. Some data have been
kindly provided by companies managing the pumping wells.
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Table 1 summarizes the main characteristics of wells indicating their depth and the
hydrogeological complex exploited. The mean depth of wells is 230 m, with a maximum
value of 445 m: about 46% of wells are drilled in the Maiolica complex, followed by about
35% in the Basal Limestones complex. It should be noted that most of wells are in confined
aquifers and often they do not fully penetrate the aquifer, especially in the Basal Limestones
complex (Figure 1). In some cases, wells are drilled in unconfined aquifers (e.g., ACQ1-3,
VN2, and VN3) and penetrate more than 70% of the aquifer.

Figure 1. Lithological map of the Umbria region (central Italy) with wells in fractured and karstified

carbonate aquifers.

region. The location of wells is in Figure 1.
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Table 1. Main characteristics of pumping wells in the fractured carbonate aquifer in the Umbria

Name Well Depth (m) Hydrogeological Source
Complex
Umbra Acque Company
BOT1 200 BL (ATI2 Umbria)
Umbra Acque Company
BOT2 200 BL (ATI2 Umbria)
MCUC1 250 MA Umbria Region
McCUC2 200 MA Umbria Region
Umbra Acque Company
mbria
MIG1 85 MA ATI2 Umbria)
Umbra Acque Company
MIG2 102 MA (ATI2 Umbria)
Umbra Acque Company
mbria
MIG3 109 MA (ATI2 Umbria)
Umbra Acque Company
mbria
MIG4 105 BL ATI2 Umbria)
Umbra Acque Company
SUB 445 SC-MA (ATI2 Umbria)
MMAR1 429 SC Umbria Region
MMAR?2 436 MA Umbria Region
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Table 1. Cont.

Hydrogeological

Name Well Depth (m) Source
Complex
Umbra Acque Company
MAM 240 MA (ATI2 Umbria)
SPL 300 BL Present work
ACQ1 45 TRA Present work
ACQ2 60 TRA Present work
ACQ3 48 TRA Present work
VN2 140 MA Umbria Region
VN3 150 MA Umbria Region
TR1 300 BL SII (ATI4 Umbria)
TR2 300 BL SII (ATI4 Umbria)
TR3 300 MA-CD SII (ATI4 Umbria)
TR4 300 MA SII (ATI4 Umbria)
TR5 300 CD-BL SII (ATI4 Umbria)
TR6 300 CD SII (ATI4 Umbria)
MCAL1 280 BL Umbria Region
MCAL2 270 BL Umbria Region

BL—Basal Limestones complex; CD—Calcari Diasprigni complex; MA—Maiolica complex; SC—Scaglia calcarea
complex; TRA—Lithoid travertine complex. ATI—Ambito Territoriale Integrato; SII—Servizio Idrico Integrato.

2.2. Analytical Methods for Pumping Test Analysis

Drawdown data (s) from pumping wells and/or from surrounding piezometers are
used to estimate the hydrogeological properties of aquifers (transmissivity and storage coef-
ficient). Time-drawdown data (unsteady state conditions) are generally monitored during
step-drawdown tests (a sequence of different constant-rate pumping steps), constant-rate
tests (constant discharge during the time), and recovery tests (after the pumping stop).
The steady-state drawdown data can also be used to estimate transmissivity at a certain
discharge rate. Hydrogeological parameters can be estimated by the distance-drawdown
method developed by Thiem-Dupuit [34,35]. Equation (2) shows the Thiem-Dupuit equa-
tion for confined aquifer, integrating two radial distances r; and rp from the pumping well.
Theis [36] derived an analytical equation (Equation (3)) for the non-steady flow considering
fully penetrating well in a confined homogeneous and isotropic aquifer having an infinite
areal extent. This equation can also be used for unconfined aquifers if the vertical compo-
nent of the flow can be neglected (Dupuit-Forchheimer assumption). The Theis’ equation
has been simplified by Cooper-Jacob [37] Equation (4), truncating the infinite Taylor series,
which is used for estimating the well function W(u) of Equation (3). This method is valid
for smaller values of u, generally less than 0.01-0.05 [38—-40]. A straight line through the
data in s-log t plot identifies the range of validity of Cooper-Jacob equation. In the case of
steady state, radial flow to a pumping well, for both confined and unconfined aquifers.

S] —Sy) = ZSTInt:j (2)
_Q
Q 2.25-T-t

5= gt | [ 75 } @)

where:

s—drawdown (L);
Q—pumping discharge (L3/T);
T—transmissivity (L2/T);
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W(u)—Theis well function, u = fst (dimensionless);

t—time from the beginning of pumping (T);
S—storage coefficient (dimensionless);
r—radial distance from the pumping well (L).

The analytical methods for porous media are often applied for estimating the hydro-
geological parameters of fractured aquifers also, under the assumption that the fracture
systems are highly interconnected (fracture network continuum) so that the medium can
be approximated to an Equivalent Porous Medium (EPM) [41,42]. In most cases, the spatial
distribution of fractures surrounding the well cannot be neglected (the flow is not radial).
In these cases, other methods can be used such as double porosity flow models e.g., [43,44],
triple porosity flow models e.g., [45], etc. In these models, the medium can be separated
into distinct domains (fracture and matrix, the latter being possibly characterized by dif-
ferent inter-porosity). In the case of limestone massive rocks with negligible permeability
of the matrix, the role of discontinuities (fracture systems and dissolution conduits) is
predominant for the understanding of groundwater path [46]. Fractured and karstified
systems are very complex and this complexity has implications for the interpretation of
pumping tests. Bourdet et al. [47] developed a diagnostic plot to unify methodologies to
interpret pumping test data. As reported by Renard et al. [48] and Ferroud et al. [49], this
plot allows the identification of an appropriate conceptual model best suited to interpret the
pumping test data. The method is named derivative analysis, and the most straightforward
computation is reported in Equation (5). The method—consisting in the plotting of the
drawdown and derivative versus time in log-log scale—allows distinguishing changes in
groundwater flow regime due to variations in aquifer conditions, which are less detectable
on drawdown-time plots [49,50].

AS;, ASi
( ds ) (Alntijl ) Alntiiq + (Alnt:il ) Alnti_y

ont ). — Alnt;_; + Alnt 4 ®)

i
2.3. Empirical Relationships between Specific Capacity and Transmissivity

If well losses can be neglected (no turbulent flow), T is linearly proportional to Sc [4,6].
Referring to a pumping test in a confined aquifer at steady-state conditions, Equation (2) can
be rewritten as Equation (6), considering rp = R (radius of influence) with s =0 and ry =1y
(radius of the well) with s; = s,y (drawdown in the well). Therefore, T can be calculated by
knowing S. data and the coefficient c. Equation (6) can be used for unconfined aquifers by
correcting drawdown data using the Jacob equation [51]. To test the efficiency of the well,
step-drawdown tests are carried out. Generally, the drawdown at low flow rates is not
affected by well losses, i.e., the validity of the Equation (6) is verified. As Mace [2] reported,
the number of transmissivity data available for certain aquifer types is not so many as to
allow a spatial description. In many cases, well reports only indicate the specific capacity
value and not the aquifer parameters. Therefore, the use of empirical relationships between
Sc and T values can be useful to increase the number of data for aquifer characterization, a
very important task in fractured carbonate aquifers. A set of at least 25 T-S; data covering a
wide range of transmissivity values is needed to build the relationships [3].

(1 [RV.Q
1= (Lu[E])Q e 0

Table 2 shows a summary of log-log literature relationships (power functions) ob-
tained for fractured and karstified carbonate aquifers, which have been obtained on a range
of transmissivity values, covering three to up to six orders of magnitude.
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Table 2. Summary of empirical relationships between well specific capacity (Sc) and transmissivity
(T) of fractured and karst aquifers. The unit of all equations is m?/day.

.. Range of
Author Setting Empirical n. Data Application
Relationships 2
(m*/day)
Fractured carbonate _ 081 _ .
Reference [52] * (Northwestern Ohio aquifer, USA) T=3245c 10-2000
Reference [53] Fr?;{grrffag kaaéitiifef‘{}’sojg‘;"te T=1238.105 14 100-100,000
Fractured carbonate T=1.81
Reference [6] (Amman-Wadi Sir aquifer, Jordan) 0917 237 3-20,000
Rel) RSSO raesi 1 toome
Reference [7] Fractured carbonate T 20858107 45 6-2500

(Euganean basin, North-East Italy)

* Johe relationship [52] was corrected for well loss.

3. Results

Thirty-two PTs have been interpreted for obtaining T and S, values: some of T-S.
pairs are taken from the literature (Table 1). These data come from pumping tests carried
out during the last thirty years, previously not systematically analyzed together. They
were obtained on carbonate aquifers with different karst and fracturing degree related to
tectonic activity and presence of fault zones nearby the well areas of the well. A synthesis of
hydrogeological parameters of some PTs carried out in the main Umbria Region aquifers is
also reported in [54]. Table 3 shows the results of the pumping tests indicating the methods
used for the interpretation.

Table 3. Results of the pumping tests (PTs) with methods used for the interpretation. 1—Thiem—
Dupuit method [34,35]; 2—Cooper and Jacob method [37]; 3—Warren and Root method [43]; 4—
Escobar method [45].

Method of PTs S¢ T
Name PTs Type Analysis (m?/day) (m?/day)
BOT1 step-drawdown 2 1800 1361
BOT2 step-drawdown 2 1469 1400
MCUC1 step-drawdown 2 86 100
MCUC2 step-drawdown 2 9 5
MIG1 step-drawdown 2 62 71
MIG2 step-drawdown 2 115 132
MIG3 step-drawdown 2 13 15
MIG4 step-drawdown 2 59 67
SUB step-drawdown 2 27 49
MMAR1 step-drawdown 2 26 10
MMAR2 step-drawdown 2 778 1050
MAM step-drawdown 2 186 86
SPL constant-rate 2 50 53
ACQ1 step-drawdown 2 140 130
ACQ2 step-drawdown 2 112 94
ACQ3 step-drawdown 2 47 84
VN2 step-drawdown 1 1350 2318
VN2 step-drawdown 1 1412 2317
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Table 3. Cont.

Method of PTs S T
Name PTs Type Analysis (m?/day) (m2/day)
VN3 step-drawdown 1 2667 2578
VN3 step-drawdown 1 2373 2635
VN3 step-drawdown 1 2304 2635
VN3 constant-rate 1 2036 2693
TR1 step-drawdown 2 94 84
TR1 constant-rate 2 95 300
TR2 step-drawdown 2 23 20
TR2 step-drawdown 2 20 11
TR3 step-drawdown 2 84 154
TR4 step-drawdown 2 105 106
TR5 constant-rate 3 97 140
TR6 constant-rate 2 141 190
MCAL1 step-drawdown 2 86 100
MCAL2 constant-rate 4 48 43

Most data come from step-drawdown tests and a few from constant-rate tests. For all
the wells, the drawdown-discharge rate curves are used to calculate the linear aquifer-loss
coefficient (B) and the non-linear well-loss coefficient (C) [51,55]. This approach allowed
individuating the discharge rate values for which the non-linear well-loss are nil. Most of
step-drawdown curves follow the Theis and Cooper and Jacob equations—Equations (3)
and (4)—indicating that fractures in some carbonate aquifers are highly interconnected
(radial flow). Figure 2 shows the Cooper Jacob method applied to two pumping tests
carried out in wells sited in Maiolica and Scaglia-Maiolica aquifers.

L@ wp ©

T =100 m*/day ) 13
48 [ (by Cooper-Jacob [35]) /

drawdown (m)
drawdown (m)

T = 49 m3day (by Cooper-Jacob [35])
S. = 27 mPiday

38 Lol { B [ 1 il bk 1 L1

2
10 . . 100 1000 = 5 1
Time (min) 1 19 Time (min) 0 oap

Figure 2. Cooper-Jacob straight-line method on two pumping tests carried out in Maiolica and
Scaglia-Maiolica aquifers. (a) Drawdown data recorded in an observation well during the first
step-drawdown pumping test in MCUC1 well. (b) Drawdown data recorded in SUB well (first
step-drawdown curve at low discharge Q = 0.005 m3/s).

The derivative analysis applied to the available constant-rate pumping tests data
(pumping prolonged for several days) allows detecting the possible presence of different
porosity systems in the carbonate aquifers. Figure 3 shows the derivative analysis applied
to drawdown-time data of TR5 and MCAL1 wells. Double or triple porosity are well
distinguished, indicating changes in groundwater flow regime due to variations in aquifer
conditions. During the first stage of pumping, the water is drawn from the fractures with
high drawdown values. In the case of double porosity system, such as in Figure 3a, as
pumping time increases the water is released from the matrix with small drawdown values
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compared to that produced by fractures. In the case of triple porosity systems (Figure 3b),
the derivative analysis detected the different contribute made by fractures, small conduits,
and the primary porosity of the rock matrix. It is interesting to point out that among the
five constant-rate tests, in three the pumping test data the Cooper-Jacob equation can be
used the estimation of hydrogeological parameters. This finding indicates that the spatial
distribution of fractures surrounding the wells is homogeneous, i.e., the flow is radial.

2 2
10 C (a) 105 (b}

B -+ - derivative [ -+~ derivative
T [ o - drawdown T r o~ drawdown
e | g P
2 =z 5o
% T . . - i
z Z 10F s Bl
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k-] ; Koo _\ - E & 3-’ ¥ .,
T £ " T E BT e (g
510 F e @ . I . g o .
§ [ e PR A s c L .e® » o

B o A ’ - = I % &

- - ot ' * e
3 s *e & g ; o
: [ _ 3 z 10F o ¥
s | @ = E .
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100 1 1 1 |||||| 1 1 |I||||| 1 L1 11l 1G‘| 1 |II||I||I 1 ||J||||I | L1 ||'|] 1 11 10111
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time (min) time (min)

Figure 3. Diagnostic plot of drawdown monitored during unsteady state constant-rate pumping
tests. (a) Data from piezometer of well TR5: double porosity model; (b) data of well MCAL2: triple
porosity model.

The analysis of pumping tests gives T values ranging from 5 to about 2700 m?/day,
falling within the literature range for carbonate-fractured aquifers worldwide (Table 2). In
order to create a more representative dataset involving different Italian carbonate aquifers,
our data have been integrated with those of the Euganean aquifer, northern Italy [7]. A
total of 77 T-S. pairs have been collected: according to the Kolmogorov-Smirnov method
for the goodness of fit (K-S test), both variables are log-normally distributed.

This type of distribution has also been found by other studies on large data sets in
similar aquifers e.g., [2,6,16]. The log-log regression analysis of the dataset showed a
slightly better correlation coefficient (R?) than that of the linear regression, 0.94 and 0.91,
respectively. This is because the two parameters S. and T are log-normally distributed [6].
To check the performance of the two relationships, the Relative Mean Absolute Error
(RMAE) has been used. The RMAE value for the log-log relationship is 26.0% while that
of the linear relationship is 80.0%, indicating that the log-log Equation (7) is much more
accurate than the linear one.

T = a-ScP = 0.85.5.1:0 7)

Figure 4 shows the log-log relationships for some Italian fractured and karstified
carbonate aquifers, which is very close to that proposed by [7] (Table 2). The uncertainty of
the regression is quantified by using 95% confidence and 95% prediction bands.



Water 2021, 13, 1374

9of 14

E / /////,J_
F 4 Present work vy
E Ly
I~ # Reference [7] Vi 44
T /// Fd
i e
10* B pmmma
=
F fm-
= F
-
s
Eqwl
- b
&
= B
]
= =
E
2 :
107 = 1
FOE
10' |—
E A
o /§/+/
— i
4
"4 //’// 4
/// v | |
10’.‘_/|/{ |||||| |||I|||‘ |||||'||_ 11 il |||'|||"
107 10 10° 100 10* 10°

Specific capacity, S, (rri'iday)

Figure 4. Relationship between specific capacity and transmissivity data for some carbonate aquifers
in Italy. Data of Fabbri [7] are picked from [3] by using Engauge Digitizer free software.

4. Discussions

The development of tools, such as empirical relationships based on S. data, can im-
prove the knowledge of estimate of T values in fractured and karstified carbonate aquifers.
This approach has to be considered for first rough estimates of transmissivity values, es-
pecially in hydrogeological systems with wells not provided by pumping tests but with
known S, data. In these conditions, S values may improve the hydrogeological charac-
terization of data-scarce aquifers. The equation here proposed for some Italian carbonate
aquifers Equation (7) was derived on the basis of transmissivity values determined mostly
from the analysis of data collected during pumping tests in thick confined aquifers. As
shown in Figure 1, Maiolica complex and Basal Limestones complex of Central Apennines
are several hundred meters thick. In these aquifers, due cost-benefit constraints, pumping
wells often penetrate the aquifer thickness just partially. This approach is typically used in
mountain regions where wells are drilled in the productive part of aquifers, characterized
by high transmissivity, without drilling deeper [16]. As shown in Table 3, most of the
step-drawdown pumping tests can be interpreted by the Cooper-Jacob method which,
according to [56,57], is affected only minimally by partial penetration in confined aquifers.
Moreover, as Verbovsek [16] reported, pumping wells, which penetrate more than 70%
of the entire aquifer thickness, can be treated as fully penetrating, as they activate the
whole aquifer thickness. Among the wells analyzed in the Umbria region, those sited in
unconfined aquifers have a screen length, which penetrates more than 70% of the aquifer
thickness: in addition, transmissivity values have been estimated on drawdown curves at
low flow rates, so that the vertical component of the flow can be considered negligible.

The transmissivity values presented in Table 3 are to be considered representative
of the Central Apennine hydrogeological systems. As an example, the case of TR and
VN wells (Figure 1) is taken into account and discussed. These wells are located in the
Maiolica and Basal Limestones complexes. The aquifers hosted in these complexes are
interconnected by direct fault systems related to the Jurassic and Quaternary tectonic
activities, forming a large carbonate aquifer feeding the Nera River by a set of permanent
linear springs [58,59]. It has been documented by several base flow measurements carried
out by [60,61]. Considering a similar river stretch (about 3000 m), the river flow increment
in the VN2-3 well area is about 1.11 m3 /s, while that in the area where TR wells are located
is 0.60 m3/s. The one order of magnitude difference in transmissivity estimated in VN
compared to TR wells (about 2500 m?/day vs. about 125 m?/day) can be attributed to the
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higher degree of aquifer fracturing in the VN area, which contributes to the high rivers
discharge increases.

The comparison of T-S; pairs coming from similar hydrogeological systems can help
check the typical transmissivity ranges for carbonate aquifers, including their distribution.
Figure 5 shows the distribution of a large T-S. dataset (about 180 pairs) obtained on frac-
tured karstified carbonate aquifers worldwide, which confirm the lognormal distribution.
Figure 6 plots the T-S; pairs available from the literature, highlighting that the data from
carbonate aquifers in Central Italy agrees with those obtained on similar aquifers, falling
on the Mace [2] relationships. As Mace [3] reported and observed in Figure 6, for S, values
lower than 10 m?/day, the relationship tends to overestimate the transmissivity values.
Moreover, S values lower than 10 m?/day and higher than 3000 m?/day represent only 7%
of the dataset, indicating that the aquifers having these values are few and the T estimates
are less reliable. As expected, the Italian carbonates’” « and (3 parameters Equation (7)
differ from those found by [2]. The Absolute Mean Error (MAE) computed for the Mace
equation is 154 m?/day while that for the specific equation for the Italian carbonates is
142 m?/day. However, it should be noted that the latter equation gives Relative Mean
Absolute Error (RMAE) just slightly lower than the Mace one, i.e., 26.0% instead of 26.5%.
This indicates that the Mace’s model [2] remains valid and applicable in similar geological
environments. Results here obtained differ from that proposed by Verbovsek [16] for
confined and unconfined dolomite aquifers, where the prediction accuracy was higher for
the linear than for the log-transformed relationship.
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Figure 5. Frequency distribution (a,b) and Q-Q plots (c,d) of specific capacity and transmissivity
of fractured and carbonate aquifers worldwide. Data are picked from Mace [3] by using Engauge
Digitizer free software and are expressed as logarithm of the values.
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Figure 6. Specific capacity and transmissivity data of fractured and karstified aquifers worldwide
based on [2,7,53,62-64]. When not available in publications, data have been picked from Mace [3] by
using Engauge Digitizer free software.

5. Conclusions

The work presented and discussed a tool useful for the hydrogeological parameter-
ization of carbonate aquifers, which is a very complex issue in mountain regions where
pumping test data are scarce. The interpretation of available pumping tests highlighted
porous media solutions” applicability in most of the step-drawdown curves, except for
wells located close to fault systems where double or triple porosity approaches are more
appropriated, as emphasized by the derivative analysis.

T-S; pairs of carbonate aquifers of central Italy are log-normally distributed, and
transmissivity values range from about 10 to 2700 m?/day (pumping tests carried out
during the last thirty years). A new empirical correlation for estimating T based on Sc values
has been presented. The equation compared to that presented by Mace [2] shows the same
log-log form but with different coefficients & and (3. The development of specific equations
for a certain geological environment, such that here presented, is recommended. Despite
this, the Mace equation’s predictions—even if slightly less accurate—help to a regional
characterization of fractured and karstified carbonates of different regions, especially when
few data from pumping tests are available, or it is difficult to obtain them as tests are
very dated. In conclusion, it is necessary to test and improve the proposed equations in
other hydrogeologically similar areas. It should be noted that the results of the present
work and those from previous studies confirm that a general equation can be used for a
rough estimation of transmissivity values in carbonate aquifers of different kind. Pumping
test analysis remains the most accurate tool for the estimation of the hydrogeological
parameters, even if the development of empirical equations is necessary for data scarce
areas.
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