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Abstract: A novel approach that couples hydrological and thermochronological modelling is tested in a well-known 
hydrothermal system, the Inner Western Carpathians, providing insights of the yet-unexplained Apatite Fission Track 
(AFT) ages of the Podhale Basin. Our new model improves previous ones by incorporating the effects of fluid circulation, 
by considering compaction, smectite dehydration and meteoric water as sources of fluid. Rock properties such as thermal 
diffusivity, porosity and permeability, are dependent on lithology and the effective-stress state of the system, making our 
calculations depart from previous efforts on thermochronological modelling. Particularly, we examined young (around 
12 Ma) apatite fission track ages from Oligocene strata of the Podhale wild flysch, which suggest the occurrence of either 
substantial burial or an elevated basal thermal paleogradient, even though none of the above have been documented in  
the area. Such problem is addressed on this contribution, since by reproducing previous numerical experiments but 
adding groundwater circulation this time, improved thermally-reset AFT ages of the Podhale Basin are obtained. Thermal, 
hydrological and mineralogical observations are successfully reproduced, putting forward the calibration and validity of 
the model here proposed. Furthermore, our findings not only unveil the linking between the hydrological and thermal 
phenomena present in the study region, but also, trigger new questions on the processes that should be taken into account 
when thermochronological calculations are concerned.

Keywords: thermochronological modelling, Podhale Basin, fluid flow

Introduction

Low-temperature thermochronological modelling have cast 
some light on the relationship between tectonics and thermal 
evolution (e.g., Braun 2003; Braun & Willett 2013). Even 
though it has provided valuable insights for different geody-
namic scenarios (Braun 2016; Łuszczak et al. 2017; Margirier 
et al. 2018; Georgieva et al. 2019; Parks & McQuarrie 2019), 
the conceptual framework it is built upon still requires to 
 incorporate other key parameters (e.g., fluid flows) than those 
related to burial and exhumation processes (e.g., isostasy,  
rock uplift, erodibility parameters or pluvial precipitation). 
The present study concerns the influence of water circulation 
on the thermal field and the resultant thermochronological 
ages, by considering the Internal Western Carpathians (cf. Hók 
et al. 2014) of Poland as a natural laboratory. Interestingly 
such an influence, although discussed in previous research 
 efforts (Deming 1994; Ge & Garven 1992), has not been 
 addressed by numerical thermochronological models in the 
Western Carpathians (see Castelluccio et al. 2015 for latest 
results). 

Latest works on low-temperature thermochronological 
model ling have been crucial to the assessment of time–tem-
perature histories of apatite and zircon grains (Ketcham 2005; 

Gallagher 2012), deformation and landscape evolution (Braun 
2003; Braun & Willett 2013), and, lately, to improve kinematic 
restorations (Almendral et al. 2015; Parks & McQuarrie 2019). 
Efforts on the latter have been tested in structurally complex 
settings such as the Andes and the Alps–Carpathian Cordille-
ran thrust belts (Mora et al. 2015; Castelluccio et al. 2015), 
providing valuable insights for tying thrusting kinematics to 
cooling ages. Nonetheless, these contributions are still limited, 
given that they assume thrusting in a “dry” scenario despite 
that relevance of fluid circulation has been broadly noted 
(Forster & Smith 1989; Nemčok et al. 2009). Indeed, model-
ling of subduction zones (e.g., Van Keken et al. 2002; Coussens 
et al. 2018), where most fluid flow modelling attempts have 
been carried out, have demonstrated that pore pressure and  
the associated fluid movement can promote substantial modi-
fications on the seismicity and thermal state of a geological 
system. Towards the foreland, the situation is alike, with the 
stress and thermal regimes being conditioned by the presence 
of water (Davis et al. 1983; Jessop & Majorowicz 1994; 
Cobbold et al. 2004; Hardebol et al. 2009). Given the struc-
tural complexity of foreland fold-and-thrust-belts, the extent 
of heat advection by groundwater circulation is less con-
strained in such scenarios, making them exemplary sites for 
enhancing our understanding of deformed systems. Following 
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this, the Inner Western Carpathians in Poland thrust belt 
 constitutes an ideal zone, since not only fluid flow has been 
extensively documented, but also thermal and thermochrono-
logical data are abundant (Sokołowski 1993; Anczkiewicz et 
al. 2013; Castelluccio et al. 2015). In fact, previous thermo- 
kinematic efforts in the region (e.g., Castelluccio et al. 2015) 
could not fit locally the structural reconstructions with AFT 
data (observed and modelled), likely because they did not con-
sider hydrothermalism in the numerical modelling. By taking 
into account groundwater movement, the present work seeks 
to reproduce AFT ages at the hydrothermally-influenced 
Podhale Basin, furthermore testing if groundwater circulation 
affects or not low-temperature thermochronological ages. 

In this contribution we model the thermal and fluid flow 
evolution of the Podhale Basin in the Internal Western 
Carpathians (see Fig. 1) by integrating structural kinematic 
restorations (Castelluccio et al. 2015) with thermochrono-
metric data. In our computations, we considered a modified 

version of Almendral et al. (2015) code, which incorporated 
piezometric-head and related constitutive-relationship equa-
tions (see Sanchez et al. 2021). Basically, Darcy velocities, 
obtained from a mass balance formulation, were coupled with 
thermal equations. In addition, we also modelled and com-
pared the thermally-induced smectite-to-illite reaction (Huang 
et al. 1993). This process allowed us to estimate the amount of 
water released by clay dehydration, which plays a primary role 
in subduction margins (Lauer & Saffer 2015; Spinelli et al. 
2006) and foreland scenarios (Gonzalez-Penagos et al. 2014), 
and is suggested to be of major importance in the study region 
given the substantial amount of claystones present (Porowski 
2014, 2015). Unlike previous thermochronological models, 
ours is calibrated with thermal, hydrological and mineralo-
gical data (Sokołowski 1993; Chowaniec & Poprawa 1998; 
Marynowski et al. 2005; Środoń et al. 2006); which puts for-
ward the benefits and the validity of the comprehensive model 
here considered.

Fig 1. Location of the study area (a) and geological map of the IWC region (b). The thick black line illustrated inside the black square in (a), 
as well as the same black line in (b), represent the position of the cross-section depicted in Figure 3.
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Geological setting and thermal state

The study region is located in the Internal Western Carpa-
thian (IWC), in the northern part of the Alpine–Carpathian 
orogenic system (Fig. 1a, b). Three main geological units com-
pound this region, from south to north: The Tatra Mountains, 
Podhale Basin, and Pieniny Klippen Belt. The Podhale Basin 
is a prolific hydrothermal intramontane depocenter, inter-
preted as a wedge-top basin by Castelluccio et al. (2015),  
and constitutes the main objective of this contribution (see 
Figs. 1, 2 and 3). The Tatra Mts. represents the main core of 
the Carpathian thrust belt and form an asymmetrical horst-  
like W–E trending mega-anticline (Králiková et al. 2014).  
The Pieniny Klippen belt, in turn, is a major geological boun-
dary interpreted as an ancient suture belt (Maheľ 1981) that 

separates the Internal and External Western Carpathians (see 
Figs. 1, 3) and (as shown below), the groundwater systems  
in the region (Chowaniec 2004, 2009). Broadly, the IWC is 
formed by an Upper Paleozoic basement, covered by Meso-
zoic and Cenozoic sedimentary successions, deformed in five 
major compressional events (see Pešková et al. 2009; Vojtko 
et al. 2010; Castelluccio et al. 2015; Śmigielski et al. 2012).  
The major shortening episode would have occurred at appro-
ximately 30 Ma (Oligocene), which is the time when our 
 modelling starts. Our model is based on the palinspastic recon-
structions and basin evolution proposed by Castelluccio et al. 
(2015). 

AFT and AHe (Apatite Helium) samples (see Castelluccio 
et al. 2015) across the IWC (see Fig. 1b) have elucidated  
the thermal evolution of the study region. Cooling ages in  

Fig. 2. Model setup illustrating fluid flow processes 
 considered in the model. 1 – Topography-driven flow;  
2 – Channelized fluid flow through fault planes; 3 – Fluid 
circulation through fractures; 4 – Compaction-driven 
flow; 5 – Clay dewatering. T and Z stand for temperature 
and depth, respectively. 

Fig. 3. Model calibration results. Blue arrows represent normalized fluid flow directions, according to piezometric head potential (kKm) 
depicted as colour scale (right). Dashed lines represent main fracture zones, after Kępińska (2004). Inset figure shows I/S modelling results at 
Banska IG1 and Furmanowa PIG1 boreholes in the Podhale Basin, as well as the isotherm distribution nearby them with respective distance 
scale (bottom of inset).
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the Podhale Basin are between 11–8 Ma 
(Anczkiewicz et al. 2013), which are conside-
rably younger than the Eocene to Oligocene 
depositional ages (Samuel & Fusán 1992; Voigt 
et al. 2008). Such youngening (thermal reset-
ting) was associated with mantle upwelling and 
basin subsidence episodes occurred in the Mid-
Miocene (Danišík et al. 2012). The aforemen-
tioned agrees with vitrinite reflectance and 
illite– smectite studies, which postulated high 
paleogeothermal gradients (30 °C/km to  
40 °C/km) during the late Miocene evolution of 
the Podhale Basin (see Danišík et al. 2012; 
Marynowski & Gaweda 2005). This regional 
heating is con sistent with near-surface geother-
mal gradient values of 25 °C/km to 35 °C/km 
supplied from well-log measurements, ascribed 
to major hyd rothermal circulation (Chowaniec 
& Poprawa 1998; Anczkiewicz et al. 2013). 
Nonetheless, interstratified clay-mineral analy-
sis from Środoń et al. (2006) has suggested that 
paleogeothermal gradients would have been 
much lower, between 20–25 °C/km, implying  
a substantial unroofing (approximately 6 km) to 
account for the reported cooling ages. Similar 
low paleogeothermal gradients (around 20 °C/
km) were proposed by Andreucci (2013) and 
Świerczewska (2005), values considered by 
Castelluccio et al (2015) in their thermo-
kinematic modelling. As mentioned previously, 
even though such ancient gradients reproduced 
the cooling ages outside the Podhale Basin 
(Castelluccio et al. 2015), thermally-reset AFT 
ages inside the hydrothermal depocenter still 
remain to be explained. Also, these low geo-
thermal gradients are not compatible with the 
remarkably high values measured in-situ by 
water wells (Anczkiewicz et al. 2013; Kępińska 
2006). These observations suggest that addi-
tional processes might have interfered with 
burial and exhumation history occurred during 
the formation of the Carpathian thrust belt. This work focuses 
particularly on heat convection related to groundwater circula-
tion derived from different sources.

The hydrogeology of the Polish part of IWC have been 
extensively studied, as several geothermal aquifers have been 
recognised in the Podhale Basin (Kępińska 2006; Chowaniec 
2009). The recharge area, the aquifer rocks and the imper-
meable barrier are given by the Tatra Mountains, the Podhale 
Basin and the Pieniny Klippen Belt, respectively (see Figs. 1, 3 
and 4). In the basin, the most important aquifers are the Eocene 
carbonates and Jurassic marls and limestones (Kępińska 
2004). High artesian outflows, associated to a system of con-
nected fractures, have been reported in Zakopane and Banska 
areas (80 m3/h and 60 m3/h, respectively). Isotopic and che-
mical composition of thermal waters points to a mixed origin, 

being a complex mixture of meteoric and subsurficial waters 
(Porowski 2014, 2015; Kępińska 2004, 2006). 

Model overview

We used a new version of the finite element code Fetkin 
(developed and provided by Ecopetrol, see Almendral et al. 
2015), recently modified by Sanchez et al. (2021), to simulate 
unsteady heat and fluid transport along a 30 km, N–S transect 
through the Podhale Basin that covers both the recharge (Tatra 
Mountains) and discharge (Podhale flysch sediments) areas 
(Castelluccio et al. 2015). Simplified lithological characteri-
zation of the regions considered is shown in Table 1 (see 
Castelluccio et al. 2015). Two contrasting models were run for 

Fig 4. Thermochronological modelling results (above) and simplified structural sec-
tion (below), with arrows representing documented groundwater flow (Chowaniec & 
Poprawa 1998; Kępińska 2004). AFT and AHe stand for Apatite Fission Track and 
Apatite Helium, respectively. AFT samples after Anczkiewicz et al. (2013) and AHe 
samples after Andreucci (2013).
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comparison: with (fluid model or FM) and without (no fluid 
model or NFM) fluid flow, representing the former the model 
proposed by (Sanchez et al. 2021), and the latter the kine-
matically-based models used to date. To couple hydrological 
and thermal calculations, a convective term to the diffusion–
advection heat equation was added

( ) ( ) 0f r
u m u u v v
t

∂
−∇ ∇ +∇ + =

∂
� � ,                                    (1)

where u is temperature, m thermal diffusivity, and Vf and Vr are 
fluid and rock velocities, respectively. Darcian fluid velo cities 
were obtained from the gradient in piezometric head present in 
the system

   
,                                                                     (2)

where k is hydraulic conductivity and h piezometric potential. 
Porosities were calculated from Terzagui’s effective stress  
( 'σ ), considering a lithology-dependent compaction para-
meter (c)

,                                      (3) 

where minφ and minφ  are the minimum porosity considered and 
the lithology-dependent initial porosity, respectively (see  
Table 2). A min= 0.03 was established. Kozeny-Carman rela-
tionships were chosen to calculate rock permeability from  
the time and space sensitive porosity. Although secondary 
 porosity and permeability have been reported in the basin, 
they were not taken into account given the uncertainty in  
the distribution of fractures within the sediments. Porosity- 
dependent thermal conductivities were derived from

,                                                               (4)  

where K represents the effective thermal conductivity,  Kr litho-
logy-conditioned rock conductivity and Kw thermal con duc-
tivity of water, which was assumed constant (see Table 2). 

The heat and piezometric head equations were formulated 
under a fixed Eulerian grid, constructed from the topographic 
surface down to the bottom of the user-specified grid (Fig. 2). 
Considered sources of water are shown in Fig. 2. Elevation 
head (z) was set to 0 along the model bottom, where a fixed 
temperature (and thus, a thermal gradient) is spe cified by  

fv k h= − ∇

( ')
min 0 min( ') ( ) ce σφ σ φ φ φ −= + −

(1 )
r wK K Kφ φ−=

the user. A time-varying Dirichlet condition was 
set along the topography, which forced the piezo-
metric head to be equal to the elevation head, as  
no pore pressure would develop on the surface. 
Temperature along topography nodes was obtained 
considering a fixed atmospheric gradient, and was 
set up as boundary condition as well. A no-flow 
condition was imposed for model sides and bot-
tom. Fluid flow velocities along fault planes were 
prescribed, and held constant throughout the simu-
lation (Table 2). Nodes along today’s main frac-
ture zones (Kępińska 2004) were also assigned  

a constant fault permeability. The model evolves from an ini-
tial configuration in which the system is considered to be 
hydrostatic and temperature varies linearly with depth. Then, 
the computer program obtains the unsteady thermal and hydro-
logical architecture as it evolves from the beginning of the 
tectonic evolution (see Castelluccio et al. 2015) until pre sent 
day. We considered Castelluccio et al. (2015) thrusting kine-
matics, as their proposed structural model successfully repro-
duced thermochronological ages outside the hydro thermal 
Podhale Basin.

In order to estimate the amount of water released by clay 
dehydration, the degree of smectite-to-illite diagenesis was 
model led considering the widely-used model of Huang et al. 
(1993) 

,                                              (5)

where S is the volumetric smectite content, Ea is the energy of 
activation, u the temperature, R the gas constant, A the fre-
quency factor, and K the potassium concentration in the solu-
tion (see Table 2). Moreover, the volume of water freed from 
the dehydration reaction was obtained via

,                                                            (6)

where H is the water content in smectite (20 %wt) and C is  
the volume fraction of I/S in the bulk sediment. C was consi-
dered to be 0.65 for shaly rocks, based on bulk XRD analysis 
from Środoń et al. (2006; ∑2:1). Fluid release from sediment 
compaction was obtained analogously.

The I/S relationship was modelled in two wells (see location 
in Figs. 3 and 4). Based on measured mineralogical contents 
(Środoń et al. 2006), and taking into account studies on I/S 
evolution that propose a 4-fold variation in potassium (K) con-
centrations (Roberson & Lahann 1981; Cuadros 2006), two  
K contents were taken into account for the calcareous-rich 
sediments of both wellbores. Hence, we considered two K 
fractions, k = 0.00052 ppm (model 1) and k = 0.000052 ppm 
(model 2). Such K fractions were allowed to vary with depth, 
as well data (Środoń et al. 2006) suggests that potassium avai-
lability was not constant throughout the well. Finally, model 
calibration was performed by taking into account hydrologi-
cal, thermal, and mineralogical (I/S %) measurements across 
the Podhale Basin (see Geological setting), as discussed below.

( / ) 2. aE RudS A e K S
dt

− + − =  

(1 )dS HC
dt

γ φ= −

Tatra Mts. Podhale Basin Pieniny Klippen Belt
Miocene shales
Oligocene shales shales
Eocene
Upper Cretaceous–Paleocene sandstone, shale
Lower Cretaceous limestones limestones
Jurassic limestones limestones limestones
Triassic basement basement basement
Paleozoic basement basement basement
Basement basement basement basement

Table 1: Simplified lithological characterization of the study region.
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Results

Model calibration 

Geothermal gradients at Banska IG1 and Furmanowa PIG1 
wells generated by our simulation (23 °C/km and 19 °C/km, 
respectively, see Fig. 3) are consistent with in-situ tempera-
ture measurements (22 °C/km and 14 °C/k, respectively; see 
Sokołowski 1993). In fact, positive anomalies of 80–100 °C at 
2–3 km depth, which represent higher temperatures than those 
resulting from the basal geothermal gradient (see Kępińska 
2004; 18 °C/km in our numerical model), were also satisfacto-
rily reproduced. Reported surface temperature anomalies of 
around 3 °C next to the PKB (Pomianowski 1988) were not 
recreated, given the Dirichlet boundary condition imposed 
along the topographic line. However, the remarkable simila-
rity between wellbore-based spatial distribution of isotherms 
(Kępińska 2004), and the one rendered by our model, prompts 
forward the plausibility of the thermal calculations herein 
presented.

Modelled direction of groundwater flow through the IWC 
(depicted as arrows in Fig. 3) as a response to the hydrological 
architecture of the region, is also consistent with observations 
shown in literature (Chowaniec & Poprawa 1998; see Figs. 3 
and 4). The high relief of the Tatra Mts. forms topography- 

driven flow, which infiltrates in the basin substratum. Hereon 
the fluid, driven by the piezometric head gradient (Fig. 3), 
travels throughout the basin until it reaches an impermeable 
barrier (PKB in Figs. 1 and 3; in almost hydrostatic equilib-
rium). We remark that even though secondary porosity and 
permeability (shown to exert a substantial influence on the 
hydrological regime, Sowiżdżał & Semyrka 2016; Chowaniec 
2004) were not considered in this study, the modelled piezo-
metric head field reproduces satisfactorily the first-order 
hydrological architecture of the basin (Chowaniec & Poprawa 
1998; Operacz & Chowaniec 2018). Low primary porosity 
values obtained in the Oligocene strata (around 7 %, see Fig. 5) 
are in the range of values reported (Sowiżdżał & Semyrka 
2016), which also sustains the validity our calculations. 
Moreover, the topography and compaction driven flows 
 generated by our results, especially at the Podhale Basin, are 
consistent with hypotheses of polygenetic waters in the region 
(Porowski 2014, 2015). 

Finally, I/S measurements modelled for two wells in the 
hydrothermal basin, used to calibrate the volume of water 
released from clay dehydration, fitted with measurements 
(Środoń et al. 2006) by considering two potassium contents 
(K+ = 0.00052 and K+ = 0.000052; concentration in molarity; 
see figure inset). While the Banska IG1 well could be explained 
by a potassium content that diminished with depth, measured 

Parameter Value Units Reference
Water density 1040 kg/m3

Water content in smectite 0.4 Volume Fraction (Saffer et al. 2008)
Smectite content in clay rock 0.65 Volume Fraction

Fault permeability 1.00E-20 m2 (Evans et al. 1997; López & Smith 1996)
Limestone compaction parameter 0.049 1/MPa (Hantschel & Kaureauf 2009)
Basement compaction parameter 0.0001 1/MPa (Hantschel & Kaureauf 2009)

Shale compaction parameter 0.096 1/MPa (Hantschel & Kaureauf 2009)
Sandstone_shale compaction parameter 0.026 1/MPa (Hantschel & Kaureauf 2009)

Limestone initial porosity 0.51 Volume Fraction (Hantschel & Kaureauf 2009)
Basement initial porosity 0.05 Volume Fraction (Hantschel & Kaureauf 2009)

Shale initial porosity 0.7 Volume Fraction (Hantschel & Kaureauf 2009)
Sandstone_shale initial porosity 0.4 Volume Fraction (Hantschel & Kaureauf 2009)

Limestone density 2740 kg/m3 (Hantschel & Kaureauf 2009)
Basement density 2650 kg/m3 (Hantschel & Kaureauf 2009)

Shale density 2700 kg/m3 (Hantschel & Kaureauf 2009)
Sandstone_shale density 2760 kg/m3 (Hantschel & Kaureauf 2009)

Limestone thermal conductivity 3 W/mK (Hantschel & Kaureauf 2009)
Basement thermal conductivity 2.6 W/mK (Hantschel & Kaureauf 2009)

Shale thermal conductivity 1.64 W/mK (Hantschel & Kaureauf 2009)
Sandstone_shale thermal conductivity 3.35 W/mK (Hantschel & Kaureauf 2009)

Water thermal conductivity 0.64 W/mK (Hantschel & Kaureauf 2009)
Limestone specific heat 835 J/kgK (Hantschel & Kaureauf 2009)
Basement specific heat 800 J/kgK (Hantschel & Kaureauf 2009)

Shale specific heat 860 J/kgK (Hantschel & Kaureauf 2009)
Sandstone_shale specific heat 860 J/kgK (Hantschel & Kaureauf 2009)

Water specific heat 4186 J/kgK (Bear & Verrujit 2012)
Bottom of the model 12 Km

Temperature along bottom 240 °C
Temperature along surface 25 °C

A(frecuency factor for smectite reaction) 8.08E-04 1/seg (Huang et al. 1993)
Ea 28 kcal/mole (Huang et al. 1993)

Table 2: Parameters used in modelling scenarios.
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values at Furmanowa IG1 well were satisfactorily reproduced 
by running a model with a constant, low K+ availability. It is 
worth mentioning that our thermo-hydrological exercise 
yielded the pattern shown by well data, despite the fact that  
(a) clay kinetics is still being understood; therefore, the Huang 
et al. (1993) model constitutes a simplification (see Cuadros 
2006), and (b) potassium content in the area has not yet been 
constrained, and thus the model can be further enhanced by 
incorporating a depth-dependent K-law for each well. Taking 
all the above into consideration, the I/S results casted by our 
model satisfactorily predict clay diagenesis.

Apatite Fission Track (AFT) and Apatite U–Th/He (AHe) 
modelling

Figure 4 shows measured and simulated thermochrono-
logical ages considering models with (FM) and without 
(NFM) fluid circulation through porous media. In general, 
even though the correlation and misfit between modelled and 

measured ages varies through the study area, the FM shows  
a better fit than the NFM, specially at the flysch strata of 
Podhale’s basin (see Figs. 1 and 4), where the difference 
between the NFM and measurements becomes significant 
(~20 Ma).

Toward the recharge area (i.e., the Tatra Mts., see location  
in Figs. 1, 3 and 4), the correlation between measured and 
modelled AFT ages is relatively good (Fig. 4), with most sam-
ples in this region (C region in Fig. 4) exhibiting modelled 
ages in agreement with measured data. No appreciable diffe-
rence is seen here between the FM and the NFM scenarios.  
At the basin (i.e., toward the discharge area), we point that 
despite the fact that measured the large dispersion, the diffe-
rence between the FM modelled and sampled ages is less than 
5 Ma (Fig. 4). We can also note that the farther the samples 
crop from the area of   low permeability (Tatra Mts.), the greater 
the mismatch between NFM and the measured ages, especially 
in the vicinity of PKB (i.e., structural impermeable barrier). 
The only measured AHe age (12.7 ± 2.2 Ma), obtained from 

Fig. 5. A — Hydrological evolution of the Podhale Basin. Colour scale represents piezometric head. Isotherms from FM (fluid model) are 
shown as red lines, whereas isotherms from the NFM (no fluid model) are shown in black. B — Time temperature paths of selected samples. 
Bold and thin lines represent results from the FM and NFM, respectively. Porosity expressed in fractional units.
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Eocene strata next to such structural barrier (PKB), is also bet-
ter explained by FM. We could therefore conclude that even 
though some samples are not precisely reproduced by FM,  
our model clearly shows a better adjustment than those that  
do not incorporate the fluid influence. Our results, evidence 
the fluid-driven heating (and thermal-resetting) present in  
the Podhale Basin, which might apply to other scenarios and 
geological settings.

Discussion

Thermochronological modelling

The results yielded by our model incorporating fluid flow, 
supported by different thermal, hydrological and mineralo-
gical calibrations; suggest that low-temperature thermochro-
nological ages, like fluid movement, are hydrologically- 
conditioned. This constitutes the main conclusion from our 
work, as previous studies (Mora et al. 2015; Castelluccio et al. 
2015) only considered cooling ages to be dependant on kine-
matic histories and boundary conditions (e.g., basal tempera-
ture). Furthermore, this contribution, which likely represents 
the first effort to couple hydrological and thermochronolo-
gical modelling in structurally complex scenarios, puts for-
ward a more comprehensive view of a geological system  
and the processes within a thrust belt and associated basins. 
We expand on the aforementioned along the following lines.

The apparent similarity of the two modelling scenarios at 
the Tatra Mts. could be attributed to the poor hydrological 
properties (primary porosity and permeability) of the granitic 
rocks that compose the mega anticline. Since no secondary 
porosity (or permeability) was considered in our models,  
the poorly hydraulically-conductive basement of the Tatra Mts. 
anticline would not have been significantly affected by water 
circulation (see Table 2). This is clearly shown by our output 
data, i.e., both models (FM and NFM) reproduce similar 
results. Nonetheless, it is worth noticing that considering 
 secondary porosity or permeability might yield older (and 
 better fitted) ages for the model with Darcian circulation (FM), 
as the presence of cold waters that enter into the hydrological 
system could bend down the isotherms (Husson & Moretti 
2002). In addition, thermal conductivity would be reduced by 
the increase of rock water content (see equation 4), which 
would restrain heat transference from below and thus, yield 
cooler temperatures. All the aforementioned would lead to  
a lower thermal gradient, causing our model results (19 °C/km) 
to better fit the observed value (14 °C/km). The NFM, in con-
trast, could only reduce such age difference by considering 
different basal heat flows or modifying the tectonic and struc-
tural reconstructions (basically burial and exhumation, which 
are directly related to sedimentation, uplift and erosion). 
Nevertheless, such considerations are likely more difficult  
to fit given that a new tectonic proposal in the IWC should 
correlate with different others geological observations in the 
region (see Castelluccio et al. 2015).

The discharge area (Podhale Basin), in turn, shows a shortly- 
spaced, drastic variation in measured AFT ages (see Fig. 4,  
at ~30 Ma and between 69 and 72 km), which has constituted 
a very complex modelling enterprise (see Castelluccio et al. 
2015). Considering the sampling distances and structural 
 features (sub-horizontal strata involved in deformation), such 
age distributions cannot be associated only with thrusting 
reconstruction strategies and/or erosion. Examination of the 
NFM AFT ages corroborates such fact, as the values yielded 
for the three northernmost samples (52.15 Ma, 33.28 Ma and 
20.42 Ma) lie far from the measured AFT ages (39.4 Ma,  
12.4 Ma and 7.6 Ma, respectively). In contrast, misfit for  
the FM remains roughly constant, irrespective of the distance 
to the Tatra Mts., suggesting that thermal effects of fluid flow 
are fairly represented by our numerical effort. The differences 
between the modelled ages (FM and NFM) in the basin high-
light the major influence of the circulation of groundwater to 
the north, since towards this region the results are separated 
more than in other areas. In agreement with hydrological 
observations (Chowaniec & Poprawa 1998; Operacz & 
Chowaniec 2018), this could relate to the presence of PKB 
(impermeable barrier), which hampers fluid movement out-
side Podhale Basin and channelizes upward flows at the nor-
thern part of the section. Such flows were not accounted for by 
NFM, thus yielding large errors.

Hydrological evolution of Podhale Basin and its influence 
on the thermal state

Our modelling results suggest that the hydrologic state  
(piezometric head) changed at peace with tectonic deforma-
tion (see Fig. 5), influencing in turn the thermal state and ther-
mochronological ages. Figure 5A shows the hydrologic and 
thermal evolution since 15 Ma, after the main structural shor-
tening took place and the Podhale Basin was formed (see 
Castelluccio et al. 2015). The connection between the hydro-
logical architecture of the basin and the resultant thermal field 
is unveiled, confirming previous assertions on regard of ther-
mochronological modelling.

Erosion of Oligocene strata from the late Miocene to present 
(from Fig. 5A: i–iii) would have caused the topographic- driven 
flows to migrate southward, to the Tatra Mts. (see changes in 
the piezometric head gradient along the relief line across the 
basin, Fig. 5A: i–iii and Fig. 5B). Contempo raneously with 
such migration, water derived from deformationally-driven 
mechanical compaction, related to the most intense period of 
tectonic shortening (6.5 km/Ma shortening rate from 18 to  
15 Myrs, Castelluccio et al. 2015) was incorporated to the 
fluid budget of the basin. This deformation stage produced  
a remarkable increment in the lithostatic loading, driving 
localized pore-pressure gradients and consequent upwelling 
flows that are still present in the area (e.g., piezometric poten-
tial below the Banska well in Fig. 3). Another interesting 
paleohydrological scenario, strongly connected with the tec-
tonic history, was observed between 15 and 11 Ma (Fig. 5A: 
i–ii). A major fall of the piezometric heads at 8–4 km depth 
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(see red area in Fig. 5A: i to become yellow in Fig. 5A: ii), 
likely related to water sourced driven by porosity reduction in 
this zone, increases locally the vertical heat flow and, conse-
quently, alters the thermochronological results. 

Figure 5B shows the time–temperature (t–T) evolution of 
three selected samples across the study area (A, B and C; see 
Fig. 4), which represent three different hydrological and 
deformed areas, and allowed us to support our conclusions on 
the strong control of water on the thermal field and cooling 
age modelling. FM (thick curves) yields paths with higher 
temperatures than NFM. The samples extracted from the Tatra 
anticline (e.g., C), toward the discharge area, exhibit no major 
variation between the FM and the NFM simulations, ascribed 
to an almost equal residence time within the AFT partial 
annealing zone (AFT PAZ, see Fig. 5B). In contrast, residence 
time (and depth) for the samples collected from the Podhale 
Basin (A and B) differs remarkably in the two models.  
The ages estimated using the FM are subject to a greater 
degree of thermal resetting than those using the NFM. This 
difference between t–T paths is related to the hydrological–
thermal coupling considered in the FM. In fact, this effect is 
clear between the 18–15 Ma lapse (Fig. 5B), where most com-
paction of Oligocene strata occurs (most significant episode  
of porosity reduction), driving dewatering and hot fluid 
upwelling since then. The strong influence of fluids on tem-
perature is also observed at 11 Ma (Fig. 5A). Our FM repro-
duces the 110 °C and 130 °C isotherms at shallower positions 
(~1 km) than the NFM (compare thick and thin curves in  
Fig. 5B, respectively), related to the vertical movement of 
groundwater. As the fluid perturbation dissipates (because 
shortening and compaction also reduce, see stage at 4 Ma,  
Fig 5A: iii)), the difference between the two models narrows, 
generating equidistant isotherms every ~500 m, and similar 
t–T paths (see Fig. 5B).

While our models (particularly FM) demonstrate the strong 
control of fluid flows on temperature and cooling ages, smec-
tite-to-illite modelling allowed us to assert that no major over-
pressure was produced by clay dehydration. This, however, 
contrasts with previous studies, which suggest that the diage-
netic process seems to play a major role on groundwater 
 generation and overpressuring (Saffer et al. 2008; Saffer & 
Tobin 2011; Lauer & Saffer 2015). In addition to hydrology, as 
stated in the model calibration above, I/S modelling allowed 
us to corroborate our thermochronological analysis. For exam-
ple, the Banska IG1 well (located toward the discharge area 
close to the PKB) exhibits a complex I/S evolution pattern, 
where two model scenarios are needed to reproduce the obser-
ved smectite fractions (see Inset in Fig. 3, i.e., K+ = 0.00052  
for the upper part and K+ = 0.000052 for the lower one).  
On the other hand, I/S data from Furmanowa PIG1 well 
(located near the recharge area, Tatra Mts.) does not exhibit 
major fluctuations along the well and can be reproduced run-
ning a model with low K+ availability. Similar to the thermo-
chronological results, toward the recharge area (to the Tatra 
Mts.) the I/S evolution is simpler than toward those regions 
affected by groundwater circulation (Podhale Basin).

Model limitations and further insights

With regard to the numerical model, we point out that the 
applicability of the model is restricted to geological environ-
ments where piezometric head assumptions can be conser-
vatively stated. Such is the case of the ICTB, where the 
docu mented structural reconstructions and present-day geo-
logy suggest a fully water-saturated system (see Castelluccio 
et al. 2015). Whenever such hypothesis may not be safely 
taken (like for instance, on the rest of the thrust belt aimed by 
this work, which led us to restrict the study region accor-
dingly), the code applicability may be challenged. 

In our case study, secondary porosity and permeability were 
not addressed, even though fluid circulation has been sug-
gested to operate under an interconnected system of fissures 
rather than within the pore space (Chowaniec 2004; Sowiżdżał 
& Semyrka 2016). However, secondary permeability and hyd-
raulic conductivity measurements are still not available for 
underground rocks and, for a kinematic modelling, it cannot 
be predicted spatially and temporally. Future efforts will for 
sure benefit of the new forthcoming data, as the study region 
is not only of economic interest but also has been addressed 
with different research objectives. 

Finally, we point out that our results open a question mark 
on previous computations, where basal heat flow changes, 
lithospheric thermal properties or/and burial and exhumation 
have been the only drivers to fit measured and modelled coo-
ling ages (e.g., Dávila & Carter 2013; Parks & McQuarrie 
2019). Even though such an approach has been valuable deci-
phering thermal histories for many situations (Braun 2016; 
Margirier et al. 2018, among others), it may not be appropriate 
for some cases; as shown here for the Inner Carpathians of 
Poland. Undoubtedly, the model requires additional improve-
ment (reproduction of AFT ages can be certainly enhanced, 
shear stresses added; to begin with). However, along with 
what we consider the nucleus of this work, it calls for a reap-
praisal of the heating processes that take part on the cooling 
history of sediments, and thus, of their consequent thermo-
chronological ages. Could different conclusions be derived 
from previous numerical efforts if they were now reproduced 
considering water influence? Could increment of basal heat 
flow, usually the preferred mechanism to promote thermal- 
resetting or hotter environments, be replaced by ascent of hot 
fluids from below? On the other hand, could cooler systems be 
reproduced by, instead of the commonly called for low-geo-
thermal gradients, a water-filled porosity space? We recall that 
the presence of water-saturated fractures not only reduces sub-
stantially the mixed thermal conductivity of rocks (rocks and 
void spaces, see Eq. 4), but also prevents heat transference, 
given that heat capacity of water is among the highest in 
nature. All the aforementioned implies that water presence can 
promote different thermal effects. On one hand, upwelling of 
water that has already been heated (for instance, as an effect of 
head-induced downward circulation), aids vertical heat flow 
and temperature increment. Such is the case evidenced by this 
work. On the other hand, because of porosity and water heat 
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capacity, the presence of non-heated (i.e shallow) water can 
retard heat transference from the underground, thus cooling 
down the system. Similar observations have already been 
made for subduction regimes in respect to heat convection 
from metamorphic fluids (e.g., Peacock 1987, 1990). From all 
the above; the combination of hydrological effects, or, even 
more, a superposition of them, could have major implications 
on thermochronological  modelling and its stemming interpre-
tations (as disclosed by this work). Posterior efforts will con-
strain the answers to the questions here posed, casting some 
light on this issue.

Conclusions

By considering groundwater flow through fluid-saturated 
pore space, this new version of the Fetkin program (developed 
and provided by Ecopetrol, see Almendral et al. 2015) success -
fully couples hydrological and thermal modelling, providing 
thus an unprecedented view on numerical thermochronolo-
gical efforts, so far mostly focused on burial and exhumation 
processes. Our results disclose the linking between pore-pres-
sure and thermal processes, suggesting that as long as ther-
mochronological calculations are concerned, the interplay 
between them should be considered. Most prominent thermal 
and hydrological features of IWC are satisfactorily repro-
duced, yielding considerably better results than the model 
without Darcian circulation. Regarding model applicability, 
we note that the model here considered requires assessment of 
the water table through time, which may represent a barrier to 
overcome for some future case-studies. Such future works will 
not only enhance numerical aspects of the code, but also, our 
understanding of the processes involved in fold and thrust 
belts.
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