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Abstract Karst aquifers are valuable groundwater

resources whose management requires the use of func-

tioning hydrogeological models. The KARSYS approach

provides an explicit 3D conceptual model of the geometry

and the functioning of karst aquifers that has been suc-

cessfully applied in Swiss and Slovenian aquifers. In this

work, KARSYS is applied in a complex geological area:

the Picos de Europa National Park (Spain). The hydroge-

ological 3D model (500 km2) shows an alpine karst aquifer

compartmentalized into 32 groundwater bodies dammed up

by subvertical barriers creating elevated saturated zones

(water tables at 1153 m asl) and lower ones (water tables at

145 m asl). The recharge is through 18 spring catchment

areas. The groundwater flows to the saturated zones pass

through vertical to inclined trajectories, and phreatic flows

are oriented toward NW, NE and N. KARSYS can be

applied to any geologically complex area at a regional

scale, although the geological structure should be simpli-

fied and the precision in some places is low. Nevertheless,

KARSYS helps to identify the hydrogeological behavior of

karst areas and is a useful guide for future hydrogeological

researches.

Keywords Cave � Karst � Groundwater � Conceptual
model � 3D

Introduction

Karst aquifers represent one of the main groundwater

resources as they supply 20–25 % of the world’s fresh

water; karst aquifers are the principal hydrological resource

in some countries, especially along the Mediterranean

coasts, highly populated, where water is scarce

(Bakalowicz 2005; Parise and Sammarco 2014). Proper

management of these resources requires understanding the

functioning of the aquifers (Jaquet et al. 2004; Rongier

et al. 2014), making it necessary to develop working

methods and models that can provide an overview of the

aquifer hydrodynamics (Milanović et al. 2014; Chen and

Goldscheider 2014). Among these methods, spring moni-

toring and numerical simulations can be remarkably suc-

cessful, although their application at a regional level is

complicated because of the large amount of information

required (e.g., Li and Field 2014; Mohrlok 2014). Another

approach includes geometric modeling of karst aquifers.
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This allows the analyst to infer their spatial organization

and functioning of the flows (Butscher and Huggenberger

2007; Borghi et al. 2012). Among them, the KARSYS

approach (Jeannin et al. 2013) builds an explicit conceptual

model of the karst aquifer, assuming that the groundwater

flow is predominantly conditioned by its geometry and the

prevailing hydraulic gradients. The geometry of the karst

aquifer involves the position of the saturated and unsatu-

rated zones of the aquifer in three dimensions, as well as

the position of the aquitards. The hydraulic gradients are

based on major principles of karst hydraulic that allow us

to delineate the main drainage axes and catchment areas of

the aquifer. At a large scale, KARSYS summarizes the

characteristics of the karst aquifer, locating its groundwater

Fig. 1 Overview of Picos de Europa showing the main peaks, the study area, the geology and the main karst springs (after Merino-Tomé et al.

2013a, b)
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resources (Malard and Jeannin 2013; Turk et al. 2013,

2015; Regli et al. 2014; Malard et al. 2014), while at a local

scale, KARSYS is focused on the function of the karst

system and is useful for engineering applications (Malard

et al. 2015).

However, no application of the KARSYS model to

complex alpine aquifers at a regional scale has been pub-

lished yet. In this work, this approach is applied in Picos de

Europa National Park (Spain). Picos de Europa is an alpine

karst developed across a high mountain area with scarce

Fig. 2 Supposed karst

groundwater flow paths,

injection points and observation

points of the dye-tracing

experiments

Table 1 Results of 15 dye tracings from the literature

Injection Dye References

Inlet Date Kind kg

Siphon of the Hunhumia cave system 08/01/1967 Na Fluorescein 0.25 Liautaud (1985)

Cave stream of Aven des Trijumeaux 08/16/1971 Uranine 1 Liautaud (1985)

Cave stream of Sima del H.ou Lluengu 07/20/1981 Uranine 10 Fabre and Fabriol (1984)

Cave siphon of the Los Gorrinos-Prau La Huente cave system 07/22/1982 Uranine 0.9 Fabre and Fabriol (1984)

Stream of Covellona closed depression 08/04/1978 B Rhodamine ? Gale (1983)

Cave siphon of Torca Teyera 10/25/2008 Na Fluorescein 1 Ballesteros et al. (2010)

Cave siphon of Pozo Porru La Capilla 08/05/1999 Uranine 10 Jędrzejczak (2001)

Cave siphon of Torca Castil 08/01/2005 Na Fluorescein 8 Ogando (2007)

Cave siphon in the H.itu-Culiembru cave system 08/05/1981 B Rhodamine 0.5 Willis (1981)

Cave stream in the H.itu-Culiembru cave system 08/07/1981 B Rhodamine 0.5 Willis (1981)

Cave siphon of the M2 shaft 08/01/1987 Na Fluorescein 3.5 Lloyd (1990)

Cave siphon of Sima Chica 07/14/2008 Na Fluorescein 0.1 Maurice and Greaves (2008)

Cave siphon of the Jultayu cave system 07/21/1989 B Rhodamine 0.2 Horsley et al. (1989)

Surface stream of Los Vahos valley 03/15/2012 Na Fluorescein 0.2 Diañu Burlón and Cuasacas (2013)

Cave stream of Torca La Texa 10/01/2011 Na Fluorescein 0.3 Ballesteros et al. (in revision)
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geological and hydrogeological knowledge. The geological

complexity is a product of the stratigraphy and geological

structure. The stratigraphic succession is dominated by

more than 2000 m of monotonous limestone (Bahamonde

et al. 2007, 2014; Martı́nez-Garcı́a 2013), deformed by

many Variscan, Mesozoic and Alpine overlapping struc-

tures (Merino-Tomé et al. 2009). The low degree of

knowledge is due to the lack of borehole and seismic

investigations to provide information on the deep geology

and the constraints of fieldwork. The mountains are very

rugged, with many scarps and vertical cliffs, and are cov-

ered by snow 7 to 8 months per year in the highest areas.

Hydrogeological fieldwork usually requires several hours

on foot to reach the springs, ascending several hundred

meters in elevation. Sometimes, access to the springs is too

difficult because it requires crossing a swollen river or

because they are located in the middle of a cliff face, with a

waterfall directly above the river. The caves of Picos de

Europa represent a great opportunity to investigate the

groundwater, although their access is not usually possible

in the winter and spring due to the weather constraints.

Consequently, the amount of hydrogeological knowledge is

poor, consisting mostly of a few dye tracings done by

speleologists (e.g., Fabre and Fabriol 1984; Collignon

1986) and a little unpublished scientific data.

The aim of this work is to build a first conceptual model

for a geologically complex area in the Picos de Europa and

to validate the inferred characteristics of the aquifer orga-

nization by (1) performing dye-tracing tests and (2) cave

data. This work represents pioneer research in the area that

should set the direction for future research on its karst

hydrogeology. For that purpose, a study area was defined

inside the Picos de Europa National Park and a hydroge-

ological 3D model of the karst aquifer built according to

KARSYS (Jeannin et al. 2013). The model is validated by

connections established from 20 dye-tracing tests done in

shallow and deep caves. The model includes 255 km of

cave conduits with depths down to 1.6 km and including 56

siphons. The existence of this amount of known caves in a

hydrogeological model is novel and allows us to validate

the KARSYS approach at regional scale.

Study area

The study area extends over the Western and Central

massifs of Picos de Europa (Spain) and may be contained

in a 3D block of 25 9 20 km (500 km2) that is up to 3 km

altitude and 2 km deep (Fig. 1). The country (140–2648 m

above sea level) is marked by a mountain climatic regime

with oceanic influences and up to 2200 mm year-1 pre-

cipitation (70 % snow, 30 % rain). The study area is

divided into two units within the Cantabrian Zone, the

Bodón-Ponga and Pisuerga-Carrión units (Alonso et al.

2009). The Bodón-Ponga unit encompasses the 92 % of the

area, cropping out in its central and north part; it consists

mainly of more than 1500 m of Carboniferous limestone

and, secondarily, by sandstones and shales that are Cam-

brian to Ordovician and Carboniferous in age (Bahamonde

et al. 2000; Merino-Tomé et al. 2009). The Pisuerga-Car-

rión unit comprises the 7 % of the area and crops out to the

S; it consists of shale, sandstone and conglomerate that are

Stephanian in age (Pastor-Galán et al. 2014). Permian to

Mesozoic cover rocks occupy 1 % of the area, being small

outcrops of sandstone and shale that have escaped erosion

Table 2 Characteristics of the tests carried out between 2010 and 2014

Injection Control points Water stage

Number Inlet Date Kg of Na fluorescein

1 Cave stream of the Frieru de Gustellagar cave system 04/16/

2011

0.4 Güeyos de la Texá spring

El Burdiu spring

Average

2 Cave stream of the H.itu-Culiembru cave system 08/07/

2010

0.5 Oyu La Madre spring

Oyu del Doñea spring

Trea fontaine

High

3 Cave stream of the Torca del Mogu shaft 08/07/

2011

0.7 Mánfora spring

Farfáu de la Viña spring

Los Molinos spring

Low

4 Cave siphon of the CEV-181 shaft 08/14/

2012

1.6 Oyu La Madre spring

Oyu del Doñea spring

Güeyos de la Texá spring

Reo Molı́n spring

Low

5 Cave stream of the Pozu Llucia shaft 05/24/

2014

1.0 La Friera

Oyu la Madre

Average
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(Martı́nez-Garcı́a 2013). The geological structure is a

Variscan thrust system modified by a Permian–Mesozoic

extension phase and the Alpine orogeny (Merino-Tomé

et al. 2009). The Variscan thrusts dip 30�N in the S to 90�
in the N, being overturned 45�–80� in the NW. The

detachment plane of the Variscan thrusts dips 30�–50�N,
the hanging block of the detachment level being the

Bodón-Ponga unit and the footwall, the Pisuerga-Carrión

unit. The Variscan thrusts are affected by other minor

Variscan faults, Permian–Mesozoic faults and vertical

alpine thrusts, producing more than 3 km of limestone

accumulation in the vertical.

The aquifer is developed in an alpine karst with more

than 400 km of caves that are up to 1.6 km in depth,

including 14 % of the deepest shafts known in the world

(Jiménez-Sánchez et al. 2014). The aquifer is included into

the 016.214 Picos de Europa-Panes groundwater unit

(Royal Decree 399/2013). This unit extends over 883 km2.

Its resources have been preliminarily estimated to 570 up to

720 Hm3 year-1 and are mainly discharged by more than

10 karst springs, each one fluctuating from 0.1 to 5 m3 s-1.

Knowledge of the hydrological functioning of the karst was

very poor but included the identification of the main karst

springs and 15 point-located dye-tracing tests (e.g., Fabre

and Fabriol 1984; Collignon 1986) that established links

between caves and a few karst springs that were a few

kilometers apart. These prior dye-tracing tests are reported

in speleological documents and their description is often

incomplete, so their accuracy is unknown. In general, the

reports of these tests include only the injection date and

place, and the springs where the tracer was detected. The

tracers used were Na fluorescein, uranine and B rhodamine

that were injected into cave streams and siphons. The

detectors were frequently collected 10–30 days after the

injection, which is too much elapsed time for compara-

tively short distances in karst groundwater systems.

Therefore, the injection-to-spring elapsed times for the

traces and other parameters cannot be calculated.

Materials and methods

KARSYS approach

The methodology of the KARSYS approach is described in

Jeannin et al. (2013), and the terminology used is according

to Malard and Jeannin (2013), Turk et al. (2013, 2015) and

Malard et al. (2014). The KARSYS work was carried out in

a pragmatic and interactive way over five successive pha-

ses until a consistent model was achieved.

Phase 1. The inventory of the main karst springs was

done through fieldwork and a geographical information

system. In this work, 20 springs whose discharge exceeds

10 l s-1 at low flow are considered. The discharge was

gauged by differential chemical gauging method (Briggs

2012) using a SalinoMADD device (MADD-

Technologies�).

Phase 2. The hydrogeological units were defined as

aquifers or aquitards based on their lithological composition

and, secondarily, the presence or absence of karst springs.

Phase 3. The 3D geological model was built using Geo-

modeller� (Calcagno et al. 2008) with a resolution of 200 m

in the horizontal dimension and 50 m in elevation. The

model was constructed from the digital elevation model

(DEM) by the Spanish National Geographic Institute, the

regional geological map (Merino-Tomé et al. 2013a, b) and

two geological cross sections. The study area shows a high

density of faults; so its modeling required the use of many

surfaces that were difficult to handle mathematically, even

using advanced geological modelers (e.g., Gocad, 3D

Move). Therefore, the geological model was constructed

considering only the broadest structures necessary for elab-

oration of the hydrogeological model, and the geometry of

the surfaces was simplified. The first version of the geolog-

ical model considered only geological data. Later, modifi-

cations in the interpretations of the deep structure were

included in order to obtain a coherent hydrogeologicalmodel

that respected the field data, the general principles of thrust

geometry and the KARSYS hydraulic principles. These new

interpretations involve postulating hypothetical aquitards

between karst springs that display no relationships between

them. 1120 locations for contacts and faults were considered

in order to establish 215 separate volumes (blocks) of rock

and 144 contacts and faults in the model.

Phase 4. The hydrogeological model was built with a

graphic 3D modeler (Cinema 4d, MAXON�) based on the

geological model, karst spring data and hydraulic princi-

ples (Jeannin et al. 2013). These principles rest in three

points: (1) Vadose groundwater flows vertically through

the unsaturated zone, (2) groundwater flows down-dip

along the top of the aquitards and (3) phreatic groundwater

flows subhorizontally toward the karst springs in the sat-

urated zone. The saturated zone was drawn from a sub-

horizontal surface defined by the elevations of the springs,

while the aquitards are considered to be perfect ground-

water barriers. KARSYS considers hydraulic gradients

between 0 and 0.1 % in the saturated zone; but in this

study, the piezometric level is assumed to be horizontal, at

least during the low flow periods for which the modeling

has been carried out (hydrological steady state).

Phase 5. The catchment areas were delineated for each

karst spring based on the hydrogeological model. Their

limits were drawn with Cinema 4d considering (1) the

intersection of the DEM with the aquitards delimiting each

groundwater body (GWB), (2) the possible recharge of the

GWBs from other ones located at a higher hydraulic
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potential and (3) overflow along the topographic surface of

the aquitards.

Validation of the KARSYS model

The hydrogeological model was validated by dye tracing

and cave data. The historic dye tracing allowed us to infer

the groundwater trajectories and rule out the need for some

of the possible new tests. These tests can validate or reject

the delineated spring catchment areas. The dye traces

comprise 20 tests: 15 are taken from previous works (see in

section ‘‘Study area’’ and Table 1) and the other five were

carried out in this work (see details in Fig. 2; Table 2).

These five tests rest on detecting the increase in fluores-

cence in the spring waters after injection. Na fluorescein

was injected in deep cave streams. Activated charcoal

detectors were located in the springs and each collected in

four times: prior to the injection and 24, 48 and 168 h after

the injection. The fluorescein was extracted from the

detectors by an isopropyl dissolution and was analyzed by

fluorimetry in the Unit of Environmental Testing

(University of Oviedo).

The cave data consist of 256 km of known cave conduits

in a vadose condition, representing the unsaturated zone,

and 56 poorly explored siphons. The cave conduits have

been inserted into the hydrogeological model based on

12,550 original polar coordinates taken by speleologists

and 15,232 polar coordinates obtained by cave survey

restoration (Ballesteros et al. 2014).

Results

KARSYS hydrogeological model

The KARSYS hydrogeological 3D model of the karst

aquifer (Fig. 3) consists of 215 volumes forming 5

hydrogeological units, with 85 lithological contacts, 61

faults, 20 main karst springs, 32 groundwater bodies

(GWB) and 47 phreatic flows. The five hydrogeological

units include assemblages of more than 25 geological

formations composed of limestone, marls, sandstone, shale

and conglomerates. These units correspond to one karst

aquifer (Unit 2) and four aquitards with medium to low

Fig. 3 The hydrogeological model—perspective view from the west. Point of view of Figs. 4 and 5 is shown
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permeability via fissuration (Units 1, 3, 4 and 5). The

aquifer unit consists of karstified limestone that crops out

in the center of the hydrogeological model. The aquitards

units are mainly quartzarenite, sandstone and shale that

crop out chiefly in the N and S, although they appear as

small outcrops all across the mountains with their depths

not well defined in most cases. Unit 1 is below Units 2 and

4 in the stratigraphic sequence; Unit 3 is interbedded within

Unit 2 and shows some important lateral variations in

thickness; Unit 4 is structurally located below the other

hydrogeological units.

Fig. 4 a Hydrogeological model from a point of view from the East (see Fig. 3). b Same view of A hiding the volume of the aquifer and the

southern layers of Unit 3. Name and altitude of some GWBs are indicated
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The karst aquifer is strongly divided into, at least, 32

compartments with volumes ranging from 2 to 108 km3

(saturated and unsaturated zones) (Figs. 4, 5). The com-

partments are laterally and basally delimited by four aqui-

tards (Units 1, 3, 4 and 5). The basal limits are determined

by Unit 5 to the S and Unit 1 to the N of the study area. In

the S, this limit dips between 30� and 60�N, while in the N

its dip varies from 60� to 90�N. In the center of the

hydrogeological model, the basal limit of the aquifer has not

been defined because it is more than 2 km deep, outside the

limits of the hydrogeological model volume. Units 1, 3, 4

and 5 represent the lateral limits, trending usually E–W and

dipping from 30� to 90�. The aquitards are repeated by

many thrusts, and generally, the boundaries of the GWBs

are located in the flats of the hanging walls of the thrusts.

The saturated zone of the aquifer displays 32 GWBs. At a

regional scale, these GWBs show a general E–W layout

with their upper limits (water table) located at an altitude

between 145 and 1425 m, showing the common ‘‘dammed

karst’’ configuration (Audra and Palmer 2013). In this

configuration, the GWBs form ‘‘terraces,’’ being impoun-

ded by the impermeable strata of Units 3 and 4 which are

oriented subvertically. The hydraulic potential between

GWBs is 100–600 m, and their extent varies from 0.1 to

48.5 km2 (Fig. 6; Table 3). The volume of the GWBs ran-

ges from 0.01 to 59 km3 and their total volume is estimated

in 338 km3, most of which is below the sea level. According

to estimates of porosity in efficient karst aquifers of

0.1–0.5 % (Kiraly 2003; Worthington and Ford 2009), the

total resources are estimated to be 0.23–1.17 km3.

The lack of rivers on the karst surface suggests that the

recharge of the aquifer is mainly done by the infiltration of

the precipitation. Locally, river water may be input into the

karst aquifer where the fluvial channels are higher than the

piezometric levels (e.g., Cuélebre, Dobros and Huensabeli

GWBs). Groundwater flows along the GWBs according to

Fig. 5 a Hydrogeological model from a point of view from the NW (see Fig. 3). b Same view of a hiding the volume of the karst aquifer.

Altitudes of some groundwater bodies are indicated

Environ Earth Sci

123



the principles of KARSYS although vadose groundwater

runs over the top of aquitards 3 and 5 under open channel

conditions (Figs. 4, 6). In the southern study area, the top

of Unit 5 dips 30�–45�N and is located at a higher altitude

(1200 m) than the Los Molinos (440 m asl) and Reo Molı́n

(915 m asl) springs. Consequently, the hydraulic gradient

of the groundwater open channel flow is 0.58–1.0. More

thresholds might exist in the S since these gradients are

higher than the estimations observed in a continuous karst

aquifer for low and high flow gradients, estimated in

0.065–0.25 % (Segovia Rosales et al. 2007).

At the regional level, the inclination toward the N of the

bottom of the aquifer (top of Unit 5) sets up phreatic water

flow as well as the location of most of the karst springs in

the N. The phreatic flow is usually oriented toward the NW

and secondarily toward the NE, N and SW; these directions

are parallel to the stratification, thrusts and aquifer limits.

The north-oriented flows follow faults crossing aquitards 1

and 3. In these cases, the groundwater would initially flow

toward the fault, reaching it to flow to the N following the

structure and finally emerging in the spring.

The GWBs are mainly discharged by the springs. In

many cases, there are water transfers between different

GWBs. The karst springs have discharges of 10–200 l s-1,

but in some springs (e.g., El Farfáu de la Viña and Los

Molinos) discharge is 0.5–5 m3 s-1, reaching probably

7–10 m3 s-1 during heavy rain and snowmelt. The springs

are usually located at the bottom of narrow valleys perched

2–10 m over the rivers. Their position is sometimes

determined by the presence of Units 1, 3, 4 and 5. In some

of these springs (e.g., El Farfáu de la Viña), these contacts

are related to regional faults, probably alpine. The flow

between GWBs is produced where GWBs located at higher

altitudes are able to flow over the top of the aquitards

(which act as dams or thresholds) and descend toward

another GWB at a lower elevation. To the SE of the study

area (Fig. 4), the groundwater of the Liordes GWB (875 m

asl) overflows Unit 5 and descends toward the Llambrión

Fig. 6 Map of the groundwater

bodies and their identification

numbers (from 1.1 to 16.2).

Their characteristics are detailed

in Table 3. The phreatic flow,

overflowing the aquitards, the

flow through faults and the

influent stream are shown
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Table 3 Characteristics of the defined groundwater bodies, showing its inputs and outputs

ID GWB name Altitude

(m)

Area

(km2)

Rock volume

(km3)

GWB input GWB output

1.1 Madre 835 4.65 3.72 Infiltration

Redondiella GWB

Cantu Ceñal GWB

Oyu La Madre spring

1.2 Redondiella 835 1.88 5.33 Infiltration

Cantu Ceñal GWB

La Madre GWB

1.3 Cantu Cenal 835 3.26 9.24 Infiltration Redondiella GWB

2.1 Beyera 1040 3.00 9.12 Infiltration

Orrial GWB

La Beyera spring

2.2 Orrial 1040 2.69 5.50 Infiltration Beyera GWB

3.1 Texa 1246 10.25 33.27 Infiltration Güeyos de la Texa spring

4.1 Burdiu 930 0.14 0.03 Infiltration

Pomperi River

Burdiu spring

5.1 Hoyosa 980 4.36 8.64 Infiltration La Hoyosa spring

6.1 Hunhumia 1453 1.42 0.43 Infiltration Hunhumia spring

7.1 Reo Molı́n 915 15.74 17.31 Infiltration Reo Molı́n, Huente Prieta and Farada springs

7.4 Torrezuela 1100 0.87 1.31 Infiltration Reo Molı́n GWB

8.1 Molinos 440 22.85 4.11 Infiltration Los Molinos spring

8.2 Llambrión 550 6.47 2.00 Infiltration Molinos GWB

8.3 Liordes 875 5.91 0.59 Infiltration Llambrión GWB

8.4 Hou Santu 900 1.11 3.23 Infiltration Molinos GWB

8.5 Mesones 500 3.79 3.03 Infiltration

Liordes GWB

Molinos GWB

9.1 Farfáu 315 17.75 41.09 Infiltration

Doñea GWB

Farfáu de la Viña spring

9.2 Doñea 315 48.51 58.94 Infiltration

Vega Maor GWB

Mohandi GWB

Aliseda GWB

Oyu del Doñea spring

Farfáu GWB

9.3 Vega Maor 700 3.09 1.55 Infiltration Doñea GWB

9.4 Mohandi 898 1.22 0.73 Infiltration Doñea GWB

9.5 Aliseda 890 3.88 2.33 Infiltration Doñea GWB

9.6 La Forma 812 2.67 1.87 Infiltration Doñea GWB

10.1 Cuélebre 235 9.61 20.93 Infiltration

Cares and Duje Rivers

Cuélebre spring

11.1 Obar 178 14.40 32.18 Infiltration Obar spring

12.1 Pernal 400 0.77 1.84 Infiltration La Pernal

13.1 Huensabeli 145 5.40 11.57 Infiltration

Dobros GWB

Cares River

Huensabeli spring

13.2 Dobros 145 10.58 22.69 Infiltration

Cares River

Huensabeli GWB

14.1 Pálvoras 420 10.99 26.59 Infiltration Las Pálvoras spring

15.1 Brazos 490 1.73 4.30 Infiltration

Hascal GWB

Los Brazos spring

15.2 Hascal 593 1.57 0.47 Infiltration Brazos GWB

16.1 Reinazu 271 8.24 12.94 Infiltration

Orandi GWB

Santina and Gueyu Reinazu springs

16.2 Orandi 271 1.09 2.48 Infiltration Reinazu GWB
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GWB (550 m asl); the water of this GWB, in turn, over-

flows the same unit, descending to the Los Molinos GWB

(440 m asl).

The hydrogeological model involves 18 spring catch-

ments with surface areas ranging from 1 to 86 km2 and a

strongly marked E–W orientation (Fig. 7). The largest

catchments have the highest discharges (Molinos, Doñea

and Farfáu areas). The geological map rarely indicates

aquitards to the W of the study area, so the western limits

of the hydrogeological model cannot be established.

Therefore, geological mapping of this western area should

be considered in future investigations.

Validation of the hydrogeological model

The hydrogeological model is validated by dye-tracing

tests and cave data. Figure 7 shows the results of the five

dye-tracing tests and the previous 15 (Tables 1, 2). The

hydrogeological model proposed is consistent with the

connections established by the tracing tests except for

Torca del Mogu Shaft. The model does not include any

groundwater barrier in the surroundings of this cave that

will explain the connection evidenced by the dye tracing,

so the hydrogeological model is not precisely accurate in

this particular area. In the five dye-tracing tests done by us,

the tracers were detected 24 h after the injection, there

being 2–8 km separation between the caves and their

springs. Therefore, the mean groundwater flow rates could

be more than 100–300 m per hour.

The documented caves agree the hydrogeological model

since their presence indicates the depth of the unsaturated

zone that was established by considering the position of the

deepest conduits to be the lower limit of the karst aquifer

(top of Unit 5). Vadose streams descending through the

Table 3 continued

ID GWB name Altitude

(m)

Area

(km2)

Rock volume

(km3)

GWB input GWB output

17.1 Texu 981 0.17 0.01 Infiltration Huente del Texu spring

18.1 Trescares

Peak

500 2.30 5.74 Infiltration To the East

Rock volume is calculated considering the 2 km deep of the hydrogeological model

Fig. 7 Karst spring catchment

areas and connections

demonstrated by dye-tracing

tests. The connections between

waters caves and karst springs

are shown as well as the

underground trajectories
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caves have spiral trajectories in plain view and stair-step

form in the long profile view, with some vertical sections

being several hundreds of meters in depth and horizontal

sections being up to 2 km in length (Fig. 8). The inclina-

tion between the starting and final points of these

groundwater flows is 45�–70�, as KARSYS predicts. The

horizontal groundwater trajectories are sometimes related

to perched GWBs and the presence of Unit 3, although in

other cases aquitards have not been identified. These hor-

izontal sections are located at the elevations of some

identified cave levels (Senior 1987; Ballesteros et al. 2011,

2014, 2015). Hence, horizontal trajectories are controlled

by relict phreatic and epiphreatic conduits modifying the

vertical trajectory of groundwater flow. The siphons are

usually perched thousands of meters above the water table,

caused by looping conduits. Most of these siphons are not

indicators of the position of the saturated zone. Neverthe-

less, in the eastern part, seven siphons are located at the

same elevation (800–900 m asl), perched 500–600 m

above the modern water table. This situation suggests that

the water table (315 m asl) should be located higher than

the saturated zone considered in the model, but no aqui-

tards are recognized in the surroundings of these siphons.

Consequently, the eastern part of the model may not be

precise and probably some groundwater barriers exist in

this area.

Discussion

The results demonstrate the applicability of the KARSYS

to the Picos de Europa National Park, allowing us to

evaluate the advantages and limitations of this approach in

a high mountain area of complex geologic structure.

Advantages of KARSYS in Picos de Europa

The contribution of KARSYS to the hydrogeology of Picos

de Europa is similar to those carried out in Switzerland and

Slovenia (Malard and Jeannin 2013; Turk et al. 2013,

2015). In a distinct way, application of KARSYS in Picos

de Europa provides a 3D model of the geometry and

functioning of the karst aquifer in spite of the high geo-

logical complexity and methodological constraints

imposed by the limited existing data. The geometry and

functioning lay the foundations for the management and

protection of a karst aquifer, relevant issues from the

environmental point of view (Pérez and Sanz 2011;

Gondwe et al. 2011) as the aquifer is located in a National

Park of great environmental value.

Complex geology represents an important challenge for

hydrogeological modeling and KARSYS can solve it.

KARSYS identifies the most relevant structures that should

be taken into account to obtain a coherent hydrogeological

Fig. 8 The E–W projection of Trave and Cerro del Cuevón cave systems and other (Margaliano et al. 1998; Erra et al. 1999) shafts showing

vertical trajectories; the cave sump is perched 46 m over the water table. b S–N projection of Hultayu cave system (Mumford and Cooper 1998)

showing vertical and horizontal trajectories of groundwater; horizontal trajectories are perched 200–300 m over the La Forma GWB without the

presence of any aquitards
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model of the karst aquifer. This is possible due to the

interaction between the geological and hydrogeological

modeling. The hydrogeological model itself validates the

interpretation of the geological structure and modifies the

geometry and position of some structures by means of

small changes and suggestion of new hypotheses. Some-

times, previous geological interpretations have been mod-

ified to fit with the karst hydraulics principles and to obtain

a coherent hydrogeological model. Therefore, this

approach allows us to create hypotheses about unknown

structure at depth, improving the knowledge of the general

geologic structure of Picos de Europa. In the Western

Massif, Unit 3 is present at higher points than those

established by previous geological interpretations.

Regarding creation of new hypotheses, the presence of

aquitards separating two groundwater bodies located at

different heights has been proposed. For instance, the

gradient between the springs of Farfáu de la Viña (315 m

asl) and Los Molinos (420 m asl), with a distance of only

1.5 km between them, is too high (8.3 %) for them to be

considered as two discharges from the same GWB. Con-

sequently, it was necessary to hypothesize the presence of a

barrier separating the GWBs from each one of the springs

in the Central Massif (Fig. 9). This leads to a reinterpre-

tation of the geological structure of the surrounding

springs, proposing that the Cain thrust might have uplifted

part of the shale and sandstone of Unit 5. This hypothesis is

consistent with the outcrop of these rocks near the Los

Molinos spring that could be included inside the Pisuerga-

Carrión unit.

KARSYS identifies problems of the Picos de Europa

hydrogeology. The construction of the model itself points

out problem areas where the hydrogeological knowledge is

poor, guiding the type and location of future investigations.

The problem areas are those where geological information

is limited and do not permit building a hydrogeological

model without new field data. The W side of our hydro-

geological model could not be drawn as the geological

documents available do not show the presence of potential

aquitards to limit extension of the aquifer toward the W.

Therefore, future research aiming to define the geometry of

this aquifer should focus on the W and include a revision of

the geological map with this additional point of view.

Regarding the methodological constraints in high

mountain areas, KARSYS is little affected by these limi-

tations because the approach is mainly based on previous

work. Fieldwork is only required to elaborate the karst

spring inventory, with a few visits to the springs in order to

locate them and measure discharge values.

Compared to other methodologies, KARSYS provides a

3D image with its geometry that cannot be obtained by

other techniques at present. In Picos de Europa, this image

Fig. 9 The S–N geological section along Central Massif of Picos de Europa determined by hydrogeological data. Its position is shown in Fig. 3
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allows us to establish easily the relationship between the

GWBs, aquitards and karst springs and to delimit the spring

catchment areas. KARSYS formally combines many

existing data and can be validated by dye tracing and cave

distribution. Some characteristics of the geometry can be

obtained by other ways (e.g., analyzing the relationship

between karst springs and geological maps, spring hydro-

graphs analysis, numerical modeling). Nevertheless, these

methods do not generally provide a 3D visualization of the

aquifer (e.g., Giudici et al. 2012), and as they do not pro-

vide an explicit model, the resulting characteristics cannot

be compared or even validated by other means. Most of the

existing karst approaches are unfortunately ‘‘partial,’’ as

they only give an insight of some characteristics but not a

complete model including spatial aspects and hydrological

states. Here, this visualization is very useful to understand

the strong compartmentalization of the aquifer, which

cannot be pointed out by any other method. GWBs and

spring catchment areas can be partially delimited by other

techniques (e.g., Karimi 2012) such as spring discharge

analysis, water isotope study and extensive hydrogeologi-

cal measurements (pumping tests, dye tracings, piezome-

ters). Most of these techniques are indirect ways or only

connect a few individual points (ponors, borehole, caves)

with the springs. Furthermore, these methods are quite

expensive and the results may be questionable. As means

of validation do not exist, they cannot be always attested

with certainty. KARSYS proposes a first delineation for

each system (taking also into consideration the adjoining

systems) and constitutes a model that may be further val-

idated by other techniques (isotopes, chemistry, discharge

measurements, etc.). Hydrological functioning of the

aquifer probably can be inferred by other techniques such

as spring hydrograph analysis (e.g., Milanović et al. 2014),

but these methods are focused on a general karst aquifer

and do not consider the whole aquifer which may be dis-

charged by several interconnected GWB. Although here,

the main drainage to the NE, N and NO could be estab-

lished in a first step by considering only the geological

maps and the concentration of karst springs in the northern

Picos de Europa, KARSYS provides a more detailed

functioning model for the Picos de Europa aquifers.

Limitations of the model

Given that data and human errors are recurrent limitations

for all existing approaches, the KARSYS limitations are

related to the conceptual principles of the flows (aquifer/

aquitard definition, work scale, presence of paleoconduits)

and specific constraints of the study area (complex geol-

ogy, spring elevation).

Geological formations are not 100 % aquifer or 100 %

impervious, and most formations may be locally aquiferous

(Jeannin et al. 2013). This cannot be known a priori and

then simplified. Small discontinuities in large aquitards

may also favor the connection between two different

GWBs, lowering the hydraulic gradient. The KARSYS

cannot predict the impact of these small discontinuities.

The Picos hydrogeological model (500 km2) has been

built at a regional scale (200 m resolution in XY and 50 m

in elevation), while the karst conduits are only a few meters

in dimension. The karst aquifer is a huge mass of limestone

(several km3) discharged by relatively small conduits.

Therefore, establishing a model of the aquifer is not of the

same order of magnitude as establishing a model of a

conduit network (Giudici et al. 2012; Milanović et al.

2014). However, KARSYS provides a global idea of the

aquifer although it is not possible to obtain great accuracy

at the local scale everywhere.

In the unsaturated zones, cave evidence shows that

vadose flows may be along near-horizontal sections for

dozens to several hundred of meters (Borghi et al. 2012;

Chen and Goldscheider 2014) directing the water to

unexpected parts of the aquifer. This deviation can be

produced by the presence of paleoconduits formed during a

previous karstification stage. KARSYS does not yet con-

sider the various phases of karstification, which could be a

strong limitation.

The geological model controls the reliability of the

hydrogeological model. The geological model depends on the

quality and quantity of the available geological information

and its interpretation, therefore, as well as on modeling soft-

ware ability to reconstruct a particular geological complex

structure. Consequently, the geological structure must be

simplified at the local scale, which increases the number and

significance of deviations from reality as the scale of obser-

vation is reduced.

KARSYS also depends on the accuracy of the elevation

of karst springs, since this indicates the location of the

water tables. In the study area, this accuracy is usually less

than 5 m, although in some cases it is higher because some

springs are located at the bottom of deep fluvial valleys,

covered by slope deposits or flooded by a dam.

Conclusions

The KARSYS approach provided a hydrogeological model

of the geometry and functioning of an alpine karst aquifer

developed in a high mountain area and complex geological

setting. The model was partially validated by 20 dye-tracing

tests and the position of 255 km of cave conduits. Regarding

the geometry, KARSYS identified the GWBs, detailing their

position, extension and volume, making it possible to

delineate the catchment areas for 20 karst springs. Regarding

the functioning, KARSYS inferred the recharge and
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discharge of each GWB (karst springs, overflow over aqui-

tards), relationships between the GWBs, the principal sup-

posed groundwater trajectories (phreatic flows direction,

open channel flow gradients) and the relationships between

rivers and karst aquifers. All this characterization of the karst

aquifer provides an estimation of the water resources of the

aquifer and new insights to guide the management and pro-

tection the Picos de Europa National Park.

The complexity of the geological structure was

answered by considering only the most relevant structures

of hydrogeological significance and simplifying their

geometry. Knowledge of the geological structure of Picos

de Europa was improved by proposing new interpretations

of the deep geology and recognizing areas where the

geological and hydrogeological data are scarce. Previous

structural interpretations are validated and corrected in

order to explain the hydrogeological organization of the

flows. KARSYS should be applied knowing its limitations,

and the resulting models have to be discussed based on

these limitations (permeability of the formations, existence

of paleoconduits, model scale, reliability of the geological

model, spring elevation accuracy).

From the existing data and the context of the Picos de

Europa, it appears quite impossible to address the problems

of the groundwater resources and the organization of the

flow at the regional scale without applying KARSYS. It

would be an impossible task to document the regional karst

aquifer without building an explicit model, which synthe-

sizes the existing data, proposes an interpretation for the

aquifers organization and can be validated by another data

set or additional investigations. In such cases, and in spite

of the limitations cited, KARSYS may be seen as the more

pragmatic and meaningful approach to address hydrogeo-

logical problematic.
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Jiménez-Sánchez M, Ballesteros D, Rodrı́guez-Rodrı́guez L, Dom-

ı́nguez Cuesta MJ (2014) The Picos de Europa National and

Regional Parks. In: Gutiérrez F, Guitiérrez M (eds) Landsc.

Landforms Spain. Springer Science ? Business Media, Dor-

drecht, pp 155–163

Karimi H (2012) Hydrogeology of Karstic area. In: Kazemi A (ed)

Hydrogeology—a global perspective. Intech, Rijeka, pp 1–42

Kiraly L (2003) Karstification and groundwater flow. Speleogenes

Evol Karst Aquifers 1:1–26

Li G, Field MS (2014) A mathematical model for simulating spring

discharge and estimating sinkhole porosity in a karst watershed.

Grundwasser 19:51–60. doi:10.1007/s00767-013-0243-3

Liautaud J-P (1985) 20 ans de spéléologie aux Picos de Europa,
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