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Abstract
The main aim of this study is the experimental analysis of the hydrogeological behaviour of the
Mt. Prinzera ultramafic massif in the northern Apennines, Italy. The analysed multidisciplinary
database has been acquired through (a) geologic and structural survey; (b) geomorphologic survey; (c) hydrogeological monitoring; (d) physico‐chemical analyses; and (e) isotopic analyses.
The ultramafic medium is made of several lithological units, tectonically overlapped. Between
them, a low‐permeability, discontinuous unit has been identified. This unit behaves as an aquitard
and causes a perched groundwater to temporary flow within the upper medium, close to the surface. This perched groundwater flows out along several structurally controlled depressions, and
then several high‐altitude temporary springs can be observed during recharge, together with several perennial basal (i.e., low altitude) springs, caused by the compartmentalisation of the system
because of high‐angle tectonic discontinuities.
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I N T RO D U CT I O N

study has been carried out in the test site of Mt. Prinzera ultramafic
massif (Lat. 44°38′30″ N; Long. 10°5′ E; Figure 1) to define an effective

The ophiolite bodies of the Alpine and Apennine belts are mostly

and robust conceptual model, merging information from field‐based

composed

basalts

geological, geomorphological, hydrogeological, hydrochemical, and iso-

representing the original oceanic crust of the Ligure‐Piemontese

topic analyses. This conceptual model has been then compared to those

basin, developed in the Middle to Upper Jurassic, which separated

defined in other countries, in order to emphasise and discuss the main

the Europe plate from the Adria plate (Marroni et al., 2010). In the

similarities and differences.

of

peridotites,

serpentinites,

gabbros,

and

northern Apennines, these remnants of oceanic lithosphere are
found within the Ligurian tectonic units and crop out in two
palaeogeographic domains (Figure 1): the internal ligurides and external ligurides, which are identified on the basis of their current
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MATERIAL AND METHODS

structural characteristics and their relationships with the associated
sedimentary sequences (Abbate et al., 1986; Bortolotti et al., 2001;
Elter, 1972; Elter, 1993).

2.1 | Geological, structural, and geomorphological
data

The ophiolites are retained as one of the main aquifers within the

A detailed mapping survey was carried out in order to define and

northern Apennines (Gargini et al., 2014), but a few hydrogeological

analyse those features that may control the hydrogeologic behav-

studies have been carried out worldwide to understand the behaviour

iour of the system, with emphasis on both the lithologic and the

of such aquifers (e.g., Boronina et al., 2003; Boronina et al., 2005;

tectonic discontinuities. The fracture parameters inferred to influ-

Dewandel et al., 2003; Dewandel et al., 2004; Dewandel et al., 2005;

ence groundwater flow (Singhal & Gupta, 1999; Bense et al.,

Join et al., 2005; Nikic et al., 2013). In this framework, an experimental

2013) were quantitatively evaluated by collecting the following

Hydrological Processes 2016; 1–16
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FIGURE 1

Tectonic sketch map and schematic geological section of the northern Apennines (modified from Marroni et al., 2010) and location of
the study area (red box). Geographical coordinates in Gauss–Boaga. Latitude north and longitude east to Greenwich prime meridian reference

discrete structural data: (a) secondary fault‐fracture frequencies, (b)
number of fracture sets, (c) persistence, (d) aperture, and (e) spatial

2.2 | Hydrogeological, hydrochemical, and isotopic
data

distribution. These fracture attributes were measured along a 73 m‐
long scan line intercepting at least three water‐conductive tectonic

The investigations were carried out from May 2012 to July 2013.

lineaments. Such structures, identified in the geological mapping as

Precipitation amounts and air temperature were measured through a

major normal fault systems, host one of the monitored seasonal

meteorological station (Figure 2). The discharge of 13 springs (Figure 2)

springs.

was monitored on a daily or weekly basis. Electrical conductivity (EC),
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FIGURE 2

(a) Geological map of the study area. A, Quaternary deposits. B, Unit 5. C, Unit 4. D, Unit 3 (because of its short thickness, it is shown
through the dashed line). E, Unit 2. F, Unit 1. G, Poligenic breccias in clay matrix. H, Helminthoid flysch. I, Peridotites. L, Thrust. M, Fault (the teeth
indicates the downwards moved side). N, Tectonic contact. O, Geological cross section. P, Foliation attitude. Q, Perennial spring. R, Seasonal spring.
S, Meteorological station. (b) Geologic cross section
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temperature, and pH of spring waters were measured on the same

heads were performed on existing monitoring wells with different

basis, and chemical analyses (major and minor elements) were carried

characteristics (depth and screen length). In this kind of test, a

out twice, during the low‐flow and the high‐flow periods.

pump allows to lower the head inside the monitoring well; once

Stable isotope analyses (δ18O and δ2H) were carried out on a

the pump is turned off, the rising of the head level is observed

monthly basis for both springwater and rainwaters. Local precipita-

through an automatic probe. The estimation of the hydraulic

tions were collected at three stations located at different eleva-

conductivity

tions. Stable isotope content was analysed on a daily or weekly

(Hvorslev, 1951):

is

carried

out

basis, from January to March 2013, for four springs (P01, P02,
P03, and P04b; Figure 2). Only δ18O data have been shown

k¼

hereafter.

through

the

following

equation

 
A
h1
ln
Cðt2 −t1 Þ
h2

Tritium content was analysed twice, during the low‐flow and the
high‐flow periods, for five selected springs (P01, P02, P03, P04b, P07;

where A is the internal cross section, h1 and h2 are the differences

Figure 2).

in total heads at times t1 and t2, respectively, and C is the shape

Labile parameters were determined in the field using a Polyplast

factor that depends on the geometry of the injection zone (see

BNC Hamilton glass electrode. EC at 25°C was measured using a

for instance the works of Hvorslev, 1951; Cedergren, 1967;

Eutech Instrument (Cond 6+ model and pH 6+ model).

Chapuis, 1989).

Physico‐chemical analyses (major elements) were executed

The first interpretation of the base‐flow analysis was carried

according to Boschetti et al., (2013). The stable isotopes were

out by Maillet (1905) and was based on the drainage of a simple

analysed at the Laboratorio di Geochimica Isotopica of the Univer-

reservoir. Maillet assumes that the discharge Q(t) at time t of a

sity of Parma (Italy) and the tritium content at the Laboratorio di

spring is a function of the volume of water held in storage:

Geochimica Isotopica of the University of Trieste (Italy). Isotopic
QðtÞ ¼ Q0 e−αt

ratios are reported in per mill relative to V‐SMOW, and standard
errors for δ H and δ O are ±1.0‰ and within ±0.1‰,
2

18

respectively.

where Q0 is the discharge at the start of the depletion cycle, t the
time, and α the recession coefficient that represents both the stor-

2.3
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Hydraulic data and hydrograph analysis

age and the hydraulic properties of the aquifer. This formulation
considers the discharge proportional to the storage as Q = 1/

Because the Mt. Prizera is a natural reserve and the drillings are

α × V, where V is the storage capacity. Some hydrograph analyses

not allowed, two hydraulic tests, on a close area made up of the

(such as Wittenberg, 1999) keep into account nonlinearity between

same ophiolitic sequence (Mt. Zirone area; Figure 1), have been

discharge and storage using nonlinear formulations such as power

performed and analysed. In particular, two tests with variable‐rising

law functions.

FIGURE 3 Schematic representation of the five units identified in the ultramafic medium and basal sedimentary polygenic breccias. The red line
separates lithologic units with homogeneous characteristics
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FIGURE 4

(a) Overview of the structural lineaments observed on the western slope of the massif with location (yellow line) of the measured scan‐
line (Figure 5). The main normal faults are labeled with thicker red lines. (b) Detail of the normal fault labeled as “1” in Figure 5 with labelling of the
footwall (FWDZ) and hangingwall (HWDZ) damage zones. (c) Detail of the normal fault labeled as “3” in Figure 5 with the main structural elements
highlighted (same as b). The analysed spring P04 is located within this fault zone (Figure 5)
The separation of the hydrograph was performed in order to

were designed for stream‐flow analysis. We noticed that the

estimate the contribution of the base‐flow and of the quick‐flow

filter presented by Chapman (1991) is the one that better

for each spring. The separation of the hydrographs has been

describes problems of nonperennial springs, and the filter proposed

carried out using several recursive digital filters (Lyne & Hollick,

by Eckhardt (2005) is the one that better deals with perennial

1979; Chapman, 1991; USDA‐ARS, 1999; Eckhardt, 2005), which

springs.

6
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on the vertical sequence, the entire body has been subdivided into
five lithological units (campanian age, Di Dio et al., 2005), tectoni-

3.1 | Geological, structural, geomorphological, and
hydrogeological outcome

cally overlapped and gently tilted to the northwest (Figure 3).

The main results are summarised as follows:

aquitard (unit 3);

Between them, a low‐permeability, discontinuous unit has been
identified in a wide portion of the system. This unit behaves as an

1) The Mt. Prinzera consists mainly of strongly layered serpentinised

2) At least four main deformation phases were recognised, the last

ultramafites extensively fractured at the meso‐scale (Chelli et al.,

one showing a clear extensional kinematic with high‐angle faults

2015; Figure 2). Because of structural‐compositional heterogeneity

(dips of the fault planes 50°–70°). These last high‐angle tectonic

FIGURE 5

Diagram showing the lateral variation of the investigated fault‐fracture structural parameters (e.g., fractures' and faults' count per
meter, number of fractures' and faults' sets, persistence, and min and max apertures) along incremental steps of the measured scan line (location
shown in Figure 4a; dotted lines link data gaps). The position of the encountered faults, the estimated extent of their damage zones, and the
location of high‐altitude springs is marked. In the top section, the spatial arrangement of the faults and fracture sets is illustrated in stereonets
(equal angle, lower hemisphere; see explanation in the figure), showing the general structural attitude for consecutive segments of the measured
scan line. Location of pictures shown in Figure 4b and c (and the position of analysed spring P04) is also indicated

SEGADELLI
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discontinuities cut across the entire ultramafic sequence with
listric‐like shapes, and appear to be located along preceding tectonic lineaments trending roughly WNW‐ESE;
3) Among these later normal faults, the ones characterised by
greater offset can reach and displace the underlying impermeable

FIGURE 6

7

unit, compartmentalising the deeper aquifer (see below). These
normal faults show a maximum displacement around 10 m and
lateral extents reaching the entire width of the ophiolite body
(hundreds of meters), with scooped‐curved shapes. In terms of
fault architectural elements (e.g., Caine et al., 1996 and references
therein), they are characterised by absent or discontinuous

(a) location of seasonal spring P04 (A, quaternary deposits; B, unit 4; C, unit 3 [because of its short thickness, it is shown through the
dashed line]; D, unit 2; E, unit 1; F, poligenic breccias in clay matrix; G, helminthoid flysch; H, fault (the teeth indicate the downwards moved side); I,
tectonic contact; L, foliation attitude). (b) Seasonal spring discharge observed along the gully from the upper to the lower part of the incision

8
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Thermal fluctuations in the atmosphere (blue line), at the perennial spring P03 (black dots), and at the high‐altitude spring P04 (yellow
triangle; dates are given in month/day/year)

FIGURE 8

Springs hydrographs of (a) high‐altitude seasonal springs and (b) perennial basal springs (dates are given in month/day/year)

SEGADELLI

millimeter‐ to centimeter‐thick core zones consisting of one or
more principal slip surfaces with pure to oblique dip‐slip striations
and lengths usually beyond the outcrop frame (up to ten meters).
These narrow core zones are flanked on both sides by damage
zones with variable extent (up to 15 m), comprising highly fractured lithologies locally crossed by secondary synthetic and antithetic shear planes width displacements less than 1 m, and one
or more fracture (mostly joints) sets (see Figure 4). As summarised
in Figure 5, a structural control appears to drive the preferential
emergence of groundwater flow, supporting a scenario dominated
by preferential along‐fault permeability pathways. Direct relationships have been observed in matching the localisation of high‐
altitude springs to the combined increments of standard
structural parameters (e.g., Singhal & Gupta, 2010), such as fracture secondary faults frequency (Nr./m), their persistency (i.e.,
length), the total number of sets, and spatial orientations (i.e.,
potential intersections). Less clear relationships are observed for
the apparent fracture apertures. In particular, peaks in the linear
fracture frequency (up to ca. 700 fractures per meter) above the
background threshold (ca. 50–70 fractures per meter), along with
the localised increase of differently oriented, interacting fracture
sets are nicely correlated with the position of the most active

FIGURE 9

9
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high‐altitude seasonal springs (such as for example P04 in
Figure 5). In general, the main contribution to this along‐fault
enhanced permeability is mainly due to the mutually intercepting
fracture sets of the different faults' damage zones.

The interplay of these structural attributes enhances localised fracture permeability in proximity of major normal faults (displacement > 5 m),
being particularly efficient where their damage and process zones interact (see the example of the scan‐line interval 56–71 m in Figure 5). Seasonal high‐altitude springs are preferentially located in the (inner)
damage zones of major normal faults, where the bulk of interconnected
open fractures more likely occur. In this framework, the different fault
zone architectural elements show different hydrological behaviours, as
also observed in ancient, exhumed hydrocarbon or carbon dioxide reservoir‐cap rock systems (e.g., Ogata et al., 2014).
Such fault rocks are often represented by an unconsolidated and
loose breccia at the outcrop surface, locally altered into discontinuous
soil profiles draping narrow‐vegetated gullies with roughly rectilinear
trends in map view;

Observed discharge and baseflow related to the high‐altitude spring P04 and the basal spring P03 versus daily precipitation (dates are
given in month/day/year)
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4) The ultramafites of Mt. Prinzera are bordered and underlain by

serpentinised peridotites. However, the seasonal springs can be found

low‐permeability deposits that are predominantly characterised

only within the western part of the hydrostructure, where the lower

by polygenic breccias with fine‐grained matrix. Therefore, from

permeability unit 3 causes enhanced vertical heterogeneity. Such

the hydrogeological point of view, the Mt. Prinzera is a well‐

springs flow out diffusely, along morphologic incisions, with progressive

delimited hydrostructure.

increasing in discharge observed from the upper to the lower part of the

5) The ophiolitic rocks were investigated through several hydraulic
tests that show an hydraulic conductivity ranging from 1.1 to

stream. This scenario has been analysed in detail along the spring P04,
where this phenomenon is best represented (Figure 6).

5.7 • 10−7 m/s, in agreement with the values (in the order of

The two spring types (perennial and seasonal) are characterised by

10−7 m/s) obtained by Dewandel et al. (2005) in the Oman

a very different thermal regimes (Figure 7). The perennial basal springs

ophiolite aquifer.

show slight fluctuations over time, with maximum and minimum values
shifted (60 to 70 days) with respect to the atmosphere, suggesting a

3.2
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Time series analysis

relatively deep groundwater flow within the seasonal heterothermic
zone. Differently, the seasonal high‐altitude springs are characterised

Seven perennial and 10 seasonal springs have been identified (see

by important and frequent fluctuations, strictly related to the atmo-

Figure 2), respectively located along the contact between the ophiolitic

sphere, suggesting shallower groundwater flow within the daily

medium and the low‐permeability country rocks and within the

heterothermic zone.

FIGURE 10 (a) Springs discharge versus electrical conductivity related to the perennial spring P03 and (b) the high‐altitude spring P04b. (c) Test
example (recession, undisturbed period) emphasising the direct relationship observed for perennial springs, and the inverse relationship
observed for high‐altitude springs (dates are given in month/day/year)
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Figures 8 and 9 show the hydrographs of both the perennial and
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seasonal springs. The comparison between the hydrographs and the
tion processes within the unsaturated zone and (b) possible short travel
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7.2
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9.9

4.2

8.4

0.85

Si
mg/L

0.77

rainfall distribution over time suggests the existence of (a) fast infiltratime from the ground to the spring. The Figure 8 allows also to estimate
hydrograph in about 1 to 2 days. Interesting information can be
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the delay between the precipitation and the peak of the flow
acquired merging the springs' hydrographs with the variations of EC
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23.7
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over time (Figure 10a and b). In the perennial basal springs, EC increases
with increasing discharge, whereas in the seasonal high‐altitude ones
nial basal springs are fed by a deeper groundwater, with EC fluctuations
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30.3
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12.6

23.6

0.2

35.3
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EC decreases with increasing discharge. This suggests that (a) the perendominated by variations of the hydraulic head over time (a rising head
water with higher salinity), and (b) the seasonal high‐altitude springs are
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4.0

13.3
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7.1

Ca
mg/L

causes the mobilization of a huge volume of deeper and slower groundfed by shallow groundwater characterised by short residence time, with

totAlk
As HCO3 mg/L

EC fluctuations dominated by fast mixing between fresh‐infiltration
recharge.

158

182

192

240

267

296

167

349

114

126

68

167

water and pre‐event groundwater during rainfalls causing significant
Considering the average recession coefficients, estimated from the
Maillet equation, a really fast depletion (α in the order of 10−1 d−1) was

Note. ‐‐‐ = not analysed.

IB = ionic balance calculated by PHREEQCI, version 3.3 and phreeqc.dat thermodynamic database (Parkhurst & Appelo 2015).
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8.14
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ability media and/or small basins), in contrast to the observations (α in
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5
20.8

4.5
<0.02

0.83
0.17

<0.04
170

114
11.08

8.67
105

−34.1
11.9

13.9
28‐may‐2012
P01

Sample

28‐may‐2012

Cl
mg/L
totS(−II)
As HS mg/L
totN(−III)
As NH4 mg/L
TDS
mg/L
pH
At T°
C
Eh
mV
T
°C
Sampling
data

Chemical data
TABLE 1

P02

totS
mg/L

observed for the seasonal high‐altitude springs (typical of higher permethe order of 10−2 d−1) made for the base ones (typical of lower‐permeability media and/or larger basins). The separation of the hydrographs
was performed in order to estimate the contribution of (a) the base‐flow
(in the case study, the deeper and/or slower groundwater) and (b) the
quick‐flow (in the case study, the groundwater dominated by fresh‐infiltration water) for each spring; Figure 9 shows an example of a high altitude (P04b) and a basal spring (P03). Table 2 shows the value of the
estimated recession coefficients, the total discharged volume in the
monitored period, and the contribution of the quick‐flow and the
base‐flow for each spring. The P06 spring was monitored only for a
short period that was not enough to allow a reliable hydrograph
separation.
Considering the high‐altitude spring (Figure 9 and Table 2) it is possible to see that the base‐flow is about 50% of the total discharge. This
confirms, as suggested by EC and temperature, the importance of fast
infiltration processes and short travel time of fresh‐infiltration waters
from the ground to the high‐altitude spring. While analyzing the basal
TABLE 2

Recession coefficient, total discharged volume observed in
the period, quick‐ and base‐flow

Spring

Recession
coefficient α
[1/d]

Discharged
volume
[Mm3]

Quick‐
flow
[Mm3]

Base‐
flow
[Mm3]

Type

P01

0.005

2.05

1.64

0.41

Basal

P02

0.011

1.40

1.12

0.28

Basal

P03

0.117

11.80

9.43

2.37

Basal

P04b

0.344

8.50

4.25

4.25

High altitude

P05

0.335

6.42

3.21

3.21

High altitude

P07

0.041

4.93

3.94

0.99

Basal

P08

0.062

4.52

3.61

0.91

Basal

P09

0.046

3.92

3.13

0.79

Basal

P10

0.066

7.68

6.14

1.54

Basal
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FIGURE 11

Ternary anions and cations classification diagrams of the sampled springs. Hystorical data areas include data from Venturelli et al. (1997),
Boschetti and Toscani (2008), and Boschetti et al. (2013). Gray Ca‐HCO3 area represents local surface waters from Taro valley (Boschetti & Toscani, 2008)

spring, it is possible to notice that the base‐flow is about 80% of the
total discharge in the monitored period. This further confirms that
perennial springs are fed mainly by deeper and/or slower groundwater.

3.3
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Water chemistry and isotopic analyses

Sampled springs show (Table 1) a main Mg‐HCO3 composition, fresh
salinity (228 ± 64 mg/l), and an oxidizing redox potential
(Eh = 160 ± 126 mV). Exceptions are represented by a hyperalkaline
(pH > 10) Na‐OH spring (P02), characterised by a lower salinity
(114 mg/l) and redox potential (Eh = −34 mV), and a mixed spring
(P01).
Figure 11 traced the possible evolution from a Ca‐HCO3, typical of
surface water, to hyperalkaline passing through the Mg‐HCO3 composition. This chemical evolution from HCO3− to OH− waters commonly
occur in other peridotite aquifer worldwide (e.g., Barnes & O'Neil
1978; Cardace et al., 2015; Miller et al., 2016; Marques et al., 2008;
Neal & Shand, 2002; Pawson, 2014; Stamatis & Gartzos, 1999), which

Temporal variations of δ18O in perennial spring water (red
square, P03) and in seasonal spring water (black triangle, P04b), and
variations of weekly weighted mean δ18O of rainwater (blue dots;
numbers are the amount of rainfall in millimeters; dates are given in
month/day/year)

FIGURE 12

SEGADELLI
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was conventionally sorted by major ion chemistry into type I and type

with the coexistence of two hydrologic circuits: shallow and fast (open

II waters, respectively (Neal & Stanger, 1984; 1985). Locally, it is the

to O2‐CO2), where transition from Ca‐HCO3 to Mg‐HCO3 occurs

product of low‐temperature reaction between meteoric water and

quickly; and deep and slow (closed to O2‐CO2), characterised by the

ultramafic rocks, which is firstly accompanied by Mg‐enrichment and

switch from Mg‐HCO3 to Na‐OH.

then followed by Mg‐decrease as consequence of the precipitation

The data coming from the stable isotope investigations are here

of Mg‐bearing clay minerals (kaolinite, montmorillonite, saponite, and

used to refine the details related to the interaction between fresh‐infil-

vermiculite) and serpentine, as supported by reaction‐path modeling

tration waters and spring waters. In this framework, the stable isotope

(Boschetti & Toscani, 2008; Boschetti et al., 2013). Furthermore, the

content of the perennial base springs P03 is characterised by slight

decrease of carbonate in favor of hydroxide alkalinity (pH increase)

fluctuations if compared to those detected in local rainwater

and the lower redox in P02 (presence of reduced sulfur) are both

(Figure 12), therefore showing a significant smoothing of the signal

evidences of an evolved composition in the water–rock interaction

within both the unsaturated and saturated medium. This important

process and system closure at depth. Therefore, according to

but incomplete smoothing can be interpreted as the result of the

Boschetti and Toscani (2008), the evolutive path could be associated

mixing between groundwater bodies characterised by longer and

FIGURE 13 Hydrogeologic conceptual model of the Mt. Prinzera aquifer system. Legend 1, ultramafic aquifer; legend 2, aquiclude; legend 3,
discontinuous aquitard; legend 4, fault; legend 5, fracture; legend 6, perched groundwater phreatic surface; legend 7, basal groundwater
piezometric surface; legend 8, flow line of the perched groundwater; legend 9, flow line of the basal groundwater; legend 10, springs and their code;
legend 11, infiltration within the unsaturated ultramafic medium
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shorter residence times, with the longer ones dominating (in agree-

of the basal perennial springs flowing out along the western compart-

ment with the results of the hydrograph separation analysis). Differ-

ment, which are characterised by (a) methane of biotic origin, as sup-

ently, the stable isotope content of seasonal high‐altitude springs

ported by both isotopic (Boschetti et al., 2013) and biomolecular

(P04b in Figure 12) is characterised by greater and more frequent fluc-

investigations (unpublished data); (b) high pH, up to 11; (c) negative

tuations over time, strictly dependent from those observed in local

redox potential; and (d) high chloride content (up to 21 mg/L). Con-

rainwater. This observation strengthens the hypothesis of short travel

versely, the base perennial springs that flow out along the eastern

time from the shallow underground to the seasonal springs and the

boundary are characterised by (a) no methane, (b) pH always lower

dominance of fresh‐infiltration water with respect to pre‐event

than 8.5, (c) positive redox potential, and (d) homogeneous chloride

groundwater (in agreement with the results of the hydrograph separa-

content (4.1 ± 1.4 mg/l).

tion analysis).

Close to the western boundary, mixing between both the basal

These interpretations are also in agreement with the tritium con-

and the perched groundwater is achieved, creating a unique saturated

tent. As matter of fact, the analysed seasonal high‐altitude spring

zone. This scenario is characterised by a significant variation of the

P04b is characterised by a content (8.1 TU) close to that observable

hydraulic head along with depth, with the shallower groundwater feed-

in rainwaters, according to the hypothesised short‐residence time of

ing the deeper one in the upgradient part, and vice versa close to the

groundwater within this subsystem. The perennial base springs are

basal springs. Here, fluids related to deeper and prolonged pathways

characterised by a lower tritium content (5.4–7.0 TU), according to

rise within the fault‐related fracture network, locally causing a

(a) the higher mean‐residence time of groundwater within the deeper

hyperalkaline spring to flow out.

subsystem, and (b) the hypothesised mixing between deeper and

When comparing this conceptual model with the few available in

shallower groundwater feeding these springs. The existence of deeper

the scientific literature related to serpentinised peridotite, the follow-

and longer groundwater pathways are definitively confirmed by the tri-

ing main suggestions can be made:

tium content (91.0 TU) of the perennial hyper‐alkaline spring (P02).
• the studied aquifer system is not characterised by a significant

4

|

C O N CL U S I O N S

The ophiolitic hydrostructure is characterised by layered and discontinuous heterogeneity (sensu, Freeze & Cherry, 1979), significantly
influencing the hydrogeological behaviour of the system, which is
due to the superimposition of different lithological units, mostly tectonically overlapped, characterised by different hydraulic properties.
Seasonal high‐altitude springs flow out diffusely along morphological
incisions, showing that a perched and shallow seasonal groundwater
migrates above the low‐permeability unit 3.
Additional structural complexity is given by the occurrence of dif-

weathered horizon overlying the fissured bedrock; therefore, differently from Join et al. (2005), the hydrogeological behaviour of
the whole system is not influenced by the coexistence of both a
regolith‐subsystem and a fracture‐subsystem; however, according
to the same authors, the shallower and the deeper groundwaters
are interdependent despite the significant vertical heterogeneity
of the aquifer system; moreover, in the case study, the shallower
groundwater flows seasonally in a perched aquifer, due to the
existence of an aquitard layer within the fractured peridotite, and
an unsaturated zone is diffusely interposed between the shallower
and the deeper groundwater;

ferent set of faults, which play different roles from the hydrogeological

• vertical heterogeneity was also found by Nikic et al. (2013), but

point of view. First, the damage zones associated to the later, gravity‐

also in this Serbian case, the contrast in permeability with depth

driven normal faults related to generalised unloading of the ophiolite

is not due to the interposition of an aquitard layer within the frac-

mass during quaternary uplift‐unroofing (and reworking former struc-

tured peridotite; the authors found that a role of utmost impor-

tural discontinuities achieved during the polyphased evolution of the

tance, from the hydraulic point of view, is played by the contrast

Apennine orogen) created preferential along‐fault fluid‐flow pathways.

in fracturing degree with depth; moreover, the authors observed

In particular, the superficial groundwater leakage appears to be clus-

a slow response of spring flow to atmospheric precipitation

tered where fault damage zones, process zones, and related fracture

events, differently from observations made in the Prinzera aquifer

corridors mutually interact (see Figure 5).

system, where fast response and multiple‐peak hydrographs have

These fault zones interrupt the lateral continuity of the low‐per-

been detected; however, according to our studied system, Nikic

meability unit 3, emphasising the hydraulic interconnection between

et al. (2013) suggest the existence of higher permeability fault

the perched and the basal aquifer (Figure 13). The lateral connectivity

zones enhancing the hydraulic communication within the frac-

of the perched aquifer is not significantly influenced by these fault

tured medium;

zones because of their vertical or lateral segmentation (with branches

• similarly, some differences can be found also comparing the

and relays) and the discontinuous, narrow‐core zones likely affected

Prinzera system with that analysed by Dewandel et al. (2005) in

by flaws causing diffused cross flow.

Oman; concerning the role of vertical heterogeneity, the

Furthermore, the main fault zones characterised by a significant

hydrogeological functioning of the Oman ophiolite aquifer is not

displacement cross the underlying aquiclude, compartmentalising the

influenced by aquitard layers; in that case, the role of utmost

deeper aquifer, and causing the basal and perennial groundwater to

importance is played by the contrast in permeability because of

flow towards two sets of springs (on the western and eastern sides;

the superimposition of a fissured near‐surface horizon (about

Figure 13). This is further confirmed by the compositional attributes

50 m thick) to a less fractured bedrock; however, also Dewandel

SEGADELLI

ET AL.

et al. (2005) suggest that deeper waters can rise relatively rapid
along highly permeable and well‐connected faults.
On the whole, an overall agreement can be found in the scientific
literature concerning the existence of fault zones that act as conduit
systems, enhancing fluid flow. Conversely, significant differences can
be observed concerning the role of vertical heterogeneities on both
the groundwater recharge and flow. As a matter of fact, different scenarios have been studied, where the vertical heterogeneity is linked to
the coexistence of (a) a weathered horizon overlying a fissured bedrock, and/or (b) more fractured ophiolitic rocks overlying less fractured
rocks, and/or (c) aquitard layers interposed within more permeable
ophiolitic rocks (such as in the Prinzera aquifer system).
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