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Foreword
With regard to the project “Terra di Ninive, conservazione e valorizzazione del patrimonio
culturale del Kurdistan Iracheno” [Lands of Nineveh: conservation and development of
Iraqi Kurdistan’s cultural heritage], and as part of the preparatory work sustained by
MIBACT for the inclusion of Sennacherib’s hydraulic system in the UNESCO World
Heritage List, Arch. Roberto Orazi1, associate of the “Istituto per le Tecnologie Applicate ai
Beni Culturali (ITABC-CNR)” [Institute for Technology Applied to Cultural Heritage
(National Research Council)], as director of the archaeological and environmental park
planning team that will draft the basis for the WHTL Management Plan, visited Kurdistan in
August 2018 in order to establish the architectural, geological and hydraulic characteristics
of the Khinis and Maltai archaeological areas in preparation for the drafting of the
conservation project for the low-relief carvings preserved there. Arch. Orazi was
accompanied by the undersigned geologist Dr Stefano Palpacelli 2, freelance professional
and lecturer in the Dept. Applied Geology of the University of Ancona, and responsible for
the geological data and hydrogeological analyses given below.
The study’s objectives were to identify and analyze any critical situations present regarding
the local rock faces, and to determine the hydrogeological features of the surrounding
area. Its purpose was to formulate a preliminary hydrogeological model so as to
understand the relationship between the surface and underground water present and its
possible interactions with the cliffs and – especially – with the rock carvings and
archaeological areas of Khinis of Maltai (Fig.1).
A further important aim was to establish the conditions under which the bluffs and carvings
may be considered stable, with regard to their preservation states, and the drafting of a
project for conservation treatment of them and development of the sites.
The investigations were conducted in the period 19 th – 27th August 2017. This report gives
the results of the hydrogeological studies, whereas the geomechanical properties of the
rock faces and rock carvings are discussed in another specific report (“Analisi
geomeccanica e valutazioni delle condizioni di stabilità delle pareti rocciose di Khinis e
Maltai”, S. Palpacelli & E. Di Luzio, December 2017) [Geomechanical studies on, and
evaluation of the stability conditions of the rock faces at Khinis and Maltai].
It is however necessary to point out that in addition to the inevitable logistical difficulties,
we have had the following operational difficulties:
- absence of geological maps of the area;
- absence of information regarding the regional geology and in particular about the
specific area;
- absence of relevant maps in an appropriate scale for the surrounding area.
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Information regarding the planning of this archaeological park furnished by the ITABC –
photogrammetric surveys of the carvings and rock faces, and maps based on rectified
photographs derived from UAV surveys – was used for the study and the preparation of
this report.

THE KHINIS SITE
Overview of its geography and structural geology
The Khinis site is situated about 43 Km ESE of the town of Dohuk. The archaeological site
lies on the right bank of the Gomel stream, on the southern upper slope of a limestone
ridge, about 600 m before its end. The ridge (altitude 400 – 1000 m a.s.l.) runs roughly EW and belongs to the Mount Zebel Zawa complex.
In more detail, the rock faces on which the Khinis bas-reliefs are carved belong to a
monocline composed of calcarenites in layers of mainly elevated thickness (30-100 cm),
with the occasional presence of thinner strata (5-10 cm), dipping southwards
(N350/80E/15°). These are cut at their southern limit by the River Gomel, which flows
almost E-W just upslope of the Khinis archaeological site, next to which it then turns N-S in
a wide curve.
The geomechanical survey performed on the rock faces in the surrounding area revealed
the existence of two principal joint sets, basically oriented N-S and E-W, of which the
former is predominant, in most cases sub-vertical. A further two less frequent groups of
secondary fractures, running in directions intermediate with respect to the first two, were
also recorded (see geomechanical survey). Examination of the structural geology of the
surrounding area did not lead to the discovery of faults or more intensely fractured zones
attributable to faulting. The site is thus distinguished by a substantial structural and
stratigraphic homogeneity.
The stratigraphic sequence of the area is unknown, in that it proved impossible to find any
information relating to it.
The outcropping rock types consist exclusively of “microsparitic limestone, with high
porosity”3.

“Caratterizzazione minero-petrografica e fisica di campioni di calcare da rilievi rupestri del Kurdistan”
[Mineralogical, petrographical and physical properties of limestone samples from high ground in Kurdistan],
F.Antonelli, December 2017
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Fig. 2 – Outcrop of the lithological unit present at the site
Hydrogeological characteristics of the outcropping rock types
Khinis calcarenites aquifer complex – The hydraulic conductivity of the complex, generally
medium-high, is mainly due secondary porosity i.e. the jointing, and locally to karst
phenomena; a marginal role is also played by primary, synsedimentary inter-grain porosity.
The high overall permeability facilitates the infiltration of rainwater and the storage of
groundwater. This complex therefore functions as an infiltration area where it outcrops,
and as a reservoir where it is underlain by an acquiclude (impermeable hydrogeological
complex) and there is no net flow across the borders.
Therefore water will flow through systems of similarly oriented faults and fractures and the
most superficial portions of the aquifer complexes (epikarst); the latter have higher
permeability values than the less jointed zone beneath. This reduction in permeability with
increasing depth beneath the ground surface is due both to the diminished density of
fissures, and to their generally lesser width. The epikarst zone has been represented
schematically by many authors (MANGIN, 1975; GUNN, 1981; W ILLIAMS, 1983 AND 1985;
KLIMCHOUK, 2000; PERRIN, 2003; PERRIN ET AL., 2003), as shown in Fig.3. All attribute to this
uppermost portion of carbonate aquifers, which varies in thickness between 10 and 15
metres (Klimchouk, 2004), the following characteristics:
1. a high hydraulic conductivity, which decreases with depth;
2. a poorly developed surface hydrographic network;
3. the formation of a perched water table within the epikarst, due to the partial blockage
caused by the less fractured zone underlying it.
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Fig. 3 – Diagram of the epikarst (Klimchouk, 2004)

In the interface zones (where the structure is favourable) and/or the uncompressed
uppermost zones, this hydrogeological complex gives rise to extensive areas of infiltration
and underground circulation. In contrast, where the complex may be locally affected by
lines of tectonic compression, which may have profoundly altered its lithological
characteristics, it constitutes a compact mass, with very limited permeability and very low
storage capacity, to the extent that the same lithological unit will function here as an
aquiclude or aquitard.
On the other hand, a determining factor that undoubtedly limits infiltration is when rainfall
occurs in just a few days of the year, the characteristic distribution of the climatic area
under study.
The area’s temperature and rainfall
So as to define the climate and weather of the archaeological site under study, and
understand the type of correlation between the effective precipitation regime (water
surplus) and the distribution regime of the aquifer identified, the available temperature and
rainfall data from a local station – Erbil – were considered.
The table below shows the average monthly distribution of precipitation and air
temperatures (calculated from about 20 years’ data).
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ERBIL CLIMATE TABLE

Average temp

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

7.4

8.8

12.4

17.5

24

29.8

33.4

33.2

29

22.5

15

9.1

2.4

3.6

6.7

11.1

16.6

21.5

24.9

24.5

20.1

14.5

8.9

3.9

12.4

14.1

18.1

24

31.5

38.1

42

41.9

37.9

30.6

21.2

14.4

45.3

47.8

54.3

63.5

75.2

85.6

92.1

91.8

84.2

72.5

59.0

48.4

36.3

38.5

44.1

52.0

61.9

70.7

76.8

76.1

68.2

58.1

48.0

39.0

54.3

57.4

64.6

75.2

88.7

100.6 107.6 107.4

100.2

87.1

70.2

57.9

112

98

90

69

26

0

12

56

80

(°C)
Minimum temp
(°C)
Maximum temp
(°C)
Average temp
(°F)
Minimum temp
(°F)
Maximum temp
(°F)
Precipitation

0

0

0

(mm)

With a mean temperature of 33.4 °C, July is the hottest month of the year. January, with
an average of 7.4 °C, is the coldest month. Mean temperatures thus vary by 26.0 °C
during the year.
A comparison between the driest and wettest months of the year shows a difference in
precipitation of 112 mm. The driest month is June, with zero rainfall, and the wettest is
January, with an average of 112 mm.
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ERBIL ANNUAL TEMPERATURE GRAPH
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ERBIL ANNUAL CLIMATE GRAPH

ERBIL MEAN ANNUAL DAYS OF RAIN
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Water points
In order to formulate a preliminary theoretical hydrogeological model, water points
considered significant were mapped and measured: 5 of these were recorded in the
relevant hydrogeological surroundings of the Khinis site.
The main physical and chemical properties were measured using an appropriate scientific
instrument (WTW Cond 3210 conductivity meter).
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Measurements at water points in the Khinis archaeological complex (August 2017)
N°

Name

1
2

Karst spring
“Concrete
structure”
spring
River Gomel in
front of
“Concrete
structure”
River Gomel at
start of ancient
canal (monolith)
Seepage at base
of rock face, on
ramp to quarry

3

4

5

Electrical cond.
(μS/cm)
407
410

Temperature
(°C)
21.7
21.8

Estimated flow
(l/sec)
4-5
0.3

Sample taken

638

27.0

45-50

YES

562

27.0

50-55

YES

YES
YES

Small flow rate did not allow measurements or samples to be taken
under test conditions

Fig.4 – General view of the karst spring; right: concrete structure (to be demolished)
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Fig.5 – Close-up of karst spring shown in previous picture

Fig.6 – Wet area at the base of the rock face on the ramp leading to the quarry; even at the height
of the dry season there was seepage, and travertine deposits were present.
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Water chemistry
During the survey campaign 4 water samples were collected; chemical analyses were
performed on these in the laboratory, the results of which are currently being prepared.
However, on the basis of the study “Caratterizzazione minero-petrografica e fisica di
campioni di calcare da rilievi rupestri del Kurdistan” (F.Antonelli, December 2017)
[Mineralogical, petrographical and physical properties of limestone samples from high
ground in Kurdistan] and the electrical conductivity values measured (S.Palpacelli, August
2017), one can reasonably classify the water at the Khinis site as belonging to the
bicarbonate-calcium chemical facies with high concentrations of Mg++ and SO4- -.

Fig.7a – Piper diagram showing the various hydrochemical facies; the legend shows the symbols
of the water points analyzed.
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Fig.7b – Shoeller diagram: the legend shows the symbols of the water points analyzed.

Theoretical hydrogeological model of Khinis
These initial geostructural and hydrogeological data permit the construction of a
hypothetical general scheme concerning the identification of recharge areas and a model
of water circulation at the surface and at depth.
To obtain a more detailed picture, it will be necessary to extend and validate this model by
studying a wider area, carrying out a detailed survey of the structural geology tailored to
hydrogeological understanding (the execution of at least one diagnostic hydrogeological
survey and installation of a piezometer, monitoring flow rates and piezometric levels for at
least 1 hydrological year, conduction of tracing tests).
The active recharge area linked to effective rainfall is understood as that portion of the
land where the precipitation actually infiltrates the subsoil and gives rise to water
circulation, first superficially and then at depth. The times and methods are in practice
limited by the nature of the bedrock, the dip of the strata, the intrinsic geostructural
context, the presence of a more or less developed soil horizon, and the quantity and
distribution of rainfall during the hydrological year
14

The surface recharge area in the zone of hydrogeological relevance to the Khinis site,
(Fig.8) corresponds to the limestone monocline that includes the site itself, and the River
Gomel that cuts it about 500 m further north; additional contributions from a northern
portion to the left of the watercourse are also possible.
Throughout the Khinis area, and in particular in the territory described above, the aquifer
complex of the Khinis calcarenites – which outcrop at the surface due to the absence of
pedogenetic horizons, and are not subject to compressive forces – would favour
infiltration, since in these structural and morphological contexts the joint systems present
in the rock mass are wider and therefore capable of transmitting greater quantities of
water. This process is facilitated in less steeply sloping portions of the structure with much
lower rates of surface runoff.
On the other hand, however, it should be noted that – probably due to the concentration of
rainfall in just a few days of the hydrological year – although the maximum annual
precipitation is appreciable (about 550 mm), runoff plays a decisive role in the
hydrogeological balance of the area, since although the geomechanical parameters of the
outcropping calcarenite include high values of resistance to breakage and therefore to
erosion, throughout the Khinis area (as indeed on almost all the high ground in Iraqi
Kurdistan) a marked development of the drainage network may be seen, with sub-parallel
main channels following the direction of maximum slope of the structures.
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Fig.8 – Preliminary theoretical model of the site’s hydrogeology
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It should be noted that the orientations of the permeability eigenvectors refer essentially to
the preferential percolation direction in conditions of non-saturation, since below the water
table the direction of the water flows is generally governed mainly by the hydraulic
gradient, which from the initial data collected on the site would seem to be aligned more or
less N-S.
This is supported by the fact that the main karst spring is located near to where the
hydrostructure is cut through by the River Gomel, near the end of the ridge (a point
spring); it is possible that along the whole terminal portion cut by the Gomel the riverbed
flow is increased by water from a linear spring.
Another “water point” is present at the base of the rock face that rises northwards from the
Great Relief, along the ramp leading to the old quarry. Here a band from 3 to 5 m high and
about 30 m long was documented, composed of thin strata and more fracture/altered and
karstified than the surrounding rock, with travertine deposits produced by low-volume
water flow and seepage. This phenomenon does not affect the zone with the carvings.
Finally, as regards in particular the areas of the rock faces where the carved panels are
located, there is no percolation of water from within the rock mass that might result in
damaging alteration and/or instability of the carved slabs, but only corrosion and
encrustations due to rainwater runoff from the upper parts of the cliffs. The use of the zone
and any activities conducted here should be controlled, both within the potential recharge
area of the karst spring and the contiguous effective infiltration area, so as to guarantee
that the current hydrogeological conditions of the outcropping rocks, in particular their
uptake capacity – and the epikarst in general – are maintained.

The question of the dam
During the survey it emerged that about 500 m NNE of the Khinis site work has begun on
the construction of an earthen dam to block the River Gomel.
In the light of the preliminary theoretical hydrological model, raising the water level might
lead to various scenarios, such as those indicated in Fig.9. In particular, it could result in
an increase in the flow of the karst spring, significant water discharge at the base of the
rock face overlooking the ramp leading to the old quarry, a rise in the hydraulic head and
thus the top of the saturated portion of the aquifer, the altitude of which might cause
interaction with the base (or even the middle) of the Great Relief – and therefore bring
about conditions that could threaten the carvings’ long-term survival.
On the other hand, such a rise caused by a reservoir would lower the Khinis site’s
exposure to flood high-points due to changes shown in the following graph.
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Fig.10 – Change in the hydrograph after reservoir construction: reduction in a flood
maximum is necessarily accompanied by a longer falling limb

It is not known whether studies have been carried out to predict the direct and indirect
impacts that the dam would have on the relevant hydrogeological surrounding area, and in
particular on the archaeological site of Khinis.
Observations made on site and information gathered from long-term local residents
indicate that the rock faces with the carved panels – which lie at the lowest altitude – have
been affected to date by the peak water levels reached by the River Gomel.
It is recommended that the authority responsible for building the dam should be requested
to conduct a detailed hydrogeological study over an extensive area around it in order to
verify the environmental (in particular hydraulic and hydrogeological) impacts that would
result from its construction, by means of a detailed survey of the structural geology with
especial attention to hydrogeology, including at least 3 diagnostic boreholes and the
installation of piezometers in them. In addition, an adequate monitoring system for surface
and underground waters should be prepared and implemented, for a period of time which,
starting from spring 2018 (hydrogeological and hydraulic conditions before the dam), will
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continue until at least 3 years after the dam becomes operational (conditions after the
dam), with continuous measurement of the flow rates and piezometric levels. It will also be
necessary to carry out tracing tests in order to investigate hydraulic contacts between
different zones in the study area, to establish the aquifer’s main hydrodynamic parameters,
and water-flow dynamics (water infiltration/recharge, circulation and outflow).

THE MALTAI SITE
Overview of its geography and structural geology
The area in question is situated SW of the centre of the town of Dohuk. The archaeological
site lies on the left bank of the River Rubar Dohuk, about 450 m south of it on the western
upper slope of a ridge made of limestone, and to a lesser extent dolomite-limestone. The
approximately E-W ridge belongs to the Mount Zebel Zawa complex (450 to 1000 m a.s.l.)
that lies between the Dohuk plain to the north and another plain to the south.
The rock faces on which are carved 4 panels containing the Maltai reliefs are on a roughly
E-W running, almost vertical structural escarpment. It is about 10 m high on average, and
the altitude of the base is c.679 m a.s.l.
This outcrop forms part of a large monocline of calcarenites in layers largely of medium
thickness. Near the panels the dip of the layers is N230/320W/10°. The two main joint sets
on the ridge are oriented N50/140E/85° and N320/230W/75°. This structural arrangement
has conditioned both the hydrogeological system and the development of the local
drainage network.
Examination of the structural geology of the surrounding area did not lead to the discovery
of faults or more intensely fractured zones attributable to faulting. The site is thus
distinguished by a substantial structural and stratigraphic homogeneity.
The stratigraphic sequence of the area is unknown, in that it proved impossible to find any
geological maps of the study area.
The outcropping rock types consist exclusively of “microcrystalline limestone, with medium
to high porosity; dolomite limestone, a (micro)-grainstone according the classification
system of Dunham (1962),” (F.Antonelli, December 2017).
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Fig. 11 – Outcrop of the lithological unit present at the site

Hydrogeological characteristics of the outcropping rock types
Maltai calcarenites aquifer complex - At Maltai the hydrogeological characteristics are
similar to those of the Khinis site, although with a slightly lower primary porosity compared
to Khinis, and the presence of dolomitic limestone in addition to microcrystalline limestone.
The hydraulic conductivity in the study area is middle-high, and is mainly due to a
secondary porosity consisting of fracturing and, locally, karst phenomena; the primary
intergranular synsedimentary porosity also plays a marginal role. The good overall
permeability facilitates the process of rainwater infiltration and the storage of groundwater,
even though a determining factor – which undoubtedly limits infiltration – is the distribution
of rainfall in just a few days of the year that characterizes the climatic area under study.
Permeability and function values, and infiltration, circulation and emergence mechanisms
are very similar to those described above for the Khinis site.
The area’s temperature and rainfall
With regard to the weather and climate of the archaeological site under study, given the
relative geographical proximity of the Maltai site to that of Khinis (about 43 km), and the
substantially similar landscape at these two sites, the same observations made above for
the Khinis site are also valid for Maltai.
Therefore at the Maltai site too, the average temperature of the area is 33.4 ° C in July (the
hottest month of the year), while January is the coldest month with an average
temperature of 7.4 ° C.
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The driest month is June, with a total absence of precipitation. January is the month with
the highest rainfall, an average of 112 mm.

The Qassara spring
This is the only perennial water point found in the study area, apart form the Rubar Dohuk
watercourse.
It is situated at the base of the hill on which the Maltai bas-reliefs are sited, in Qassara
locality, at an altitude of about 500 m a.s.l. It is a karst spring on the left bank of the River
Rubar Dohuk, and lies about 10 m above the riverbed. Measurements showed the water
temperature to be 22.9 °C, with an electrical conductivity equal to 532 μS/cm at 25°C. The
flow was estimated to be 6-8 l/sec.
The water comes out of a large fracture (N350/260W/65°) in which a karst channel has
developed.
At present the exposed face is sub-vertical, in the upper part of which is present a slope
debris/coarse landslip deposit of medium-high permeability, overlying limestone strata with
dip N265/175W/65°.

Fig. 12 – Current aspect of the spring outlet

Until a few years ago the spring was equipped with a collecting vessel mounted on the
rock face, but this has been removed and replaced with a small concrete tank from which
an iron tube 300 mm in diameter takes the water to vegetable gardens lower down. This
has made the outlet rather more vulnerable than previously.
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Water chemistry
During the survey campaign a water sample was collected; chemical analyses were
performed on these in the laboratory, the results of which are currently being prepared.
However, on the basis of the study “Caratterizzazione minero-petrografica e fisica di
campioni di calcare da rilievi rupestri del Kurdistan” (F.Antonelli, December 2017)
[Mineralogical, petrographical and physical properties of limestone samples from high
ground in Kurdistan] and the electrical conductivity values measured (S.Palpacelli, August
2017), one can reasonably classify the water at the Maltai site as belonging to the
bicarbonate-calcium chemical facies with high concentrations of Mg++ and SO4- -.

Critical karst and hydrogeological aspects
In the zone affecting the 4 panels, residual karst and microkarst features were detected,
some of which are probably interconnected, and ancient travertine deposits. Judging from
the deposits’ appearance, some microchannels appear to be of relatively recent age and
could potentially reactivate in the eventuality of prolonged rainfall. Such phenomena might
occur after a time in the order of tens of days after the infiltration of rainfall, and persist for
periods longer than a month.
The youngest carbonate deposits present, the morphology of which shows two distinct
preferential stratification surfaces (dip: N230/320W/10°), are positioned about 30 cm below
the base of the panels and do not significantly influence the preservation state of the
carvings. The most extensive deposits are present between Panel 1 and Panel 2, and
halfway along the easternmost portion of Panel 2, but always beneath the panels
themselves.
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Fig. 13 – Line of chemical re-precipitation deposits

Moreover, in the spaces between Panels 1 and 2 and Panels 2 and 3, two vertical
fractures running perpendicular to the rock face are present. At the base of these, at the
intersection of the two interlayers described above, dark grey carbonate concretions have
formed, which are very old.
About ten metres west of Panel 4, a karst channel was found; judging from its internal
preservation state and the absence of deposits in the basal grooves, it is probably active in
the days immediately following heavy rainfall. The channel’s response time and period of
activity are probably brief (of the order of a few days).
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Fig. 14 – Zone west of Panel 4: karst channel outflow

Fig. 15 – Interior of the karst channel shown in the previous picture

On the basis of the above considerations, in the present hydro-geomorphological
conditions no critical issues threaten to compromise the current preservation state of the
rock face and panels; an essential condition, however, is the prohibition of modifications
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caused by human activity that might in any way directly or indirectly influence the factors
that condition the capacity of water to infiltrate and circulate in the rock.
Preliminary proposal for the Area of Respect for the Maltai site
Using the information acquired about the site’s structural geology and hydrogeology during
this work we have formulated a preliminary proposal regarding identification of the
recharge/infiltration area in the zone hydrogeologically above the 4 panels.
Without prejudice to the considerations expressed for the Khinis site with respect to the
factors that influence the extent and mechanism of the effective infiltration, the area’s
structural geology indicates that the surface recharge zone of the hydrogeologically
significant area around the Maltai site (Figs.16, 17) corresponds to the tract of carbonate
rock monocline lying between the site itself and a band that extends southwards about
250 m beyond the line of the Zebel Zawa ridge watershed.

25

Fig. 16 – Schematic section of the hydrogeology upslope of the Maltai site
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Fig. 17 – Proposed Area of Respect for the Maltai site
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On the basis of the available information and the preliminary hydrogeological model, it is
suggested that the use of the ground and any activities conducted within the identified
area should be subject to regulation, in order to avoid any modification of the
hydrogeological structure that might somehow change and increase the infiltration capacity
of the outcropping rock types.

Acknowledgments
My thanks to Mirco Marcellini, technician in the chemistry laboratory of the SIMAU
Department of the Engineering Faculty -– UNIVPM Ancona - Italy, for his valuable work in
measuring and interpreting the water chemistry.

Bibliography consulted
AQUILANTI L., CLEMENTI F., LANDOLFO S., NANNI T., PALPACELLI S., TAZIOLI A. (2013). A DNA tracer
used in column tests for hydrogeology applications
CAPRARI M., NANNI T.& SCESI L. (2002) – Contributo all’analisi della circolazione idrica, mediante
l’applicazione del metodo di Kiraly, in idrostrutture carbonatiche dell’Appennino adriatico. Boll. Soc.
Geol. It., 121, 99-120, 18 ff., 4 tabb.
CIVITA M. (1973) - Proposte operative per la legenda delle carte idrogeologiche. Boll.
Soc.Naturalisti in Napoli.
GUNN, J. (1981) – Hydrological processes in karst depressions. Zeit. Geomorph. NF, 25, 313-331
KIRALY. L (1969) - Anisotropie et hétérogénéité de la perméabilité dans les calcaires fissurés.
Eclogae Geol. Helv., 62/2, pp. 613‐619
KIRALY L., MATHEY B. & TRIPET J.P. (1971) – Fissuration et orientation des cavités souterraines.
Région de la grotte de Milandre (Jura Tabulaire), Bull. Soc. Sc. Nat., Neuchatèl, 94, 99-114.
KLIMCHOUK A.B. (2004) – Towards defining, delimiting and classifying epikarst: Its origin,
processes and variants of geomorphic evolution. In: Speleogenesis. Evolution of Karst Aquifers.
National Speleological Society, Huntsville, USA.
KLIMCHOUK A.B. (2000) - The formation of epikarst and its role in vadose speleogenesis. In:
Speleogenesis. Evolution of Karst Aquifers (A.B. KLIMCHOUK, D.C. FORD, A.N. PALMER AND
W. DREYBRODT, Eds.) National Speleological Society, Huntsville, USA.
MANGIN, A. (1975) – Contribution à l’étude hydrodynamique des aquifères karstiques, Ph.D. thesis,
124 pp., Univ. de Dijon, Dijon, France
PERRIN J. (2003) - A conceptual model of flow and transport in a karst aquifer based on spatial and
temporal variations of natural tracers. PhD thesis, Faculty of Sciences of the University of
Neuchâtel, 187 pp.
28

PERRIN J., JEANNINP.Y. & ZWAHLEN F. (2003) - Epikarst storage in a karst aquifer: a conceptual
model based on isotopic data, Milandre test site, Switzerland.J. Hydrol., 279 (1-4), 106-124
PALPACELLI S. (2012) - Sperimentazione di un biotracciante con molecole di DNA per la
determinazione dei parametri idrodinamici di una struttura carbonatica. Tesi di dottorato

Palpacelli Stefano, Alberto Tazioli, Lucia Aquilanti, Francesca Clementi, Mirco Marcellini, Torquato
Nanni, Paola Maria Vivalda (2016) - Hydraulic contacts identification in the aquifers of limestone
ridges: tracer tests in the Montelago pilot area (Central Apennines). Acque Sotterranee - Italian
Journal of Groundwater (2016) - AS17- 209: xx - xx
SNOW D.T. (1968) - “Anisotropic permeability of fractured media” – Water Resources Res. N.5.
SNOW D.T. (1968a) -Anisotropic hydraulic conductivity of fractured media. Water Resources
Res.Vol. 5(6): 1273-1289.
SNOW D.T. (1968b) -The frequency and apertures of fractured rock. Int. J. Rock Mech. Min. Sci.
Vol. 6(4): 23-40.
STEREOW IN 1.2 (http://www.geo.cornell.edu/geology/faculty/RWA/programs.html)
WILLIAMS P.W. (1983) - The role of the subcutaneous zone in karst hydrology. J. Hydrol., 61, 4567.
WILLIAMS P.W. (1985) - Subcutaneous hydrology and the development of doline and cockpit karst.
Zeit. Geomorph. NF., 29, 463-482.

Geologist with PhD in hydrology
Stefano Palpacelli

29

