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Despite two decades of major advances in the field of thermochronological modeling, state-of-the-art numerical
implementations still rely mostly on burial and exhumation processes to explain radiometric measurements.
Even though such an approach has proved valuable, failing to account for other first-order geological variables
has led tomisinterpretations and therefore, calls for a refinement. In this study a new version of the Fetkin (finite
element temperature kinematics, Ecopetrol) program is presented. Its new algorithm couples time-dependent
hydrological and thermal calculations, thus rendering thermochronological ages that, instead of being solely de-
pendent on the kinematical evolution of a system, conditioning by the fluid flow is also present. In contrast with
previous thermochronological models, this work considers the influence of effective stress on rock properties
(porosity and permeability) and therefore, in thermal conductivity. Sensitivity analyses addressing relevant geo-
logical questions show not only the versatility of the code but also, new perspectives on forward low-
temperature thermochronological modeling. Groundwater circulation through pure-sandstone settings produce
colder thermal architectures than those obtained in impermeable domains. Differences in cooling ages from
models with and without fluid circulation are up to 5 Myr. A 4-fold variation in thrusting rates (0.5 km/Myr to
2 km/Myr) produces a 15-Myr difference in cooling ages in models with fluid flow, which contrasts to much
lower differences, only 2 Myr, in domains without (or minimal) fluid circulation. 2D thermal solutions in fold-
bend-fold thrust belts composed of sandstones remain static despite substantial relief development by kinematic
folding. A case-study from Western Argentina, in the Andean Precordillera, confirms the plausibility of the nu-
merical algorithm here posed and raises new questions on the first-order thermal controls in settings under
deformation.
©2021ChinaUniversity of Geosciences (Beijing) andPekingUniversity. Production andhostingby Elsevier B.V. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Thermochronological modeling has become critical for the assess-
ment of orogenic processes and erosion rates (Zapata et al., 2019;
Lossada et al., 2020; Wang et al., 2020), providing valuable insights of
time-temperature paths of rocks in different tectonic settings (Carrapa
and DeCelles, 2015; Mahoney et al., 2019; McDannell et al., 2019). It
has also been used for predicting hydrocarbon maturation and kine-
matic reconstructions (Mora et al., 2015; Patiño et al., 2019; Schneider
and Issler, 2019). However, thermochronological modeling still relies
on assumptions that may challenge the applicability of the technique
in some cases (Ehlers, 2005). Particularly, the general assumption that
thermal advection is only caused by rock movements (faulting, erosion
and deposition), neglects the effects of ubiquitous fluid flow.
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Despite the fact that previous studies have (1) demonstrated the rel-
evance of fluid flow on the thermal history, particularly in scenarios
with simple topographies (Bethke, 1985; Forster and Smith, 1986,
1988, 1989; Ge and Garven, 1992); and (2) estimated the advective
overprinting caused by underground flows (Lipsey et al., 2016; Leary
et al., 2017; Przybycin et al., 2017; Chen et al., 2018, and references
therein; Gessner et al., 2018; Tao et al., 2020), no thermochronological
modeling approach has fully incorporated, to date, the contribution of
time-dependent hydrological processes to the numerical algorithms.
Recent works recognized the steady-state influence of fluid movement
on Apatite Fission Track (AFT) and Apatite U-Th-Sm/He (AHe) ages
(e.g.,Whipp Jr and Ehlers, 2007; Luijendijk, 2019), but they received lit-
tle further attention. The thermal effects of fluid circulation have neither
been linked to structural kinematic models; a crucial tool for tying de-
formation to cooling ages (see Ketcham et al., 2018). For example, the
relationship among deformation algorithms (e.g. fault-bend and fault-
propagation folding; Suppe, 1983; Suppe and Medwedeff, 1990;
Erslev, 1991), underground fluid flow, thermal state and cooling ages;
and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Table 1
Parameters used in themodels. Values after Hantschel and Kauerauf (2009) and Bear and
Verruijt (2012).

Parameter Value Units

Water density 1040 kg/m3

Water specific heat 4186 J/(kg K)
Water thermal conductivity 0.64 W/mK
Shale compaction parameter 0.096 1/MPa
Shale initial porosity 0.7
Shale density 2700 kg/m3

Shale thermal conductivity 1.64 W/mK
Shale specific heat 860 J/(kg K)
Sandstone compaction parameter 0.026 1/MPa
Sandstone initial porosity 0.41
Sandstone density 2720 kg/m3

Sandstone thermal conductivity 3.95 W/mK
Sandstone specific heat 855 J/(kg K)
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is unknown. It should be noted that allmodeling efforts seeking to relate
hydrological and thermal calculations have considered a static spatial
configuration, thus the implications of orogenic processes (i.e. time-
dependent topography) have not been unveiled, or even discussed.

Forward numerical thermochronological studies have neglected re-
gional effects of groundwater circulation on the basis of a conductive re-
gime only sensitive to the kinematic history of the setting being
assessed and mostly, to the basal heat flow (Patiño et al., 2019). There-
fore, these studies excluded interpretation of samples proximal to fault
zones, where effects of fluid circulation might substantially perturb ra-
diometric ages (see for instance Nóbile et al., 2015). This work presents
the first low-temperature thermochronological model coupling bal-
anced structural sections with time-dependent thermal and hydrologi-
cal calculations. The developedmodel presented not only complements
the existing models, all of them only related to burial and exhumation
(Braun, 2003; Ehlers, 2005), but also provides the unique opportunity
to assess geological settings where major fluid circulation occurs, such
as hydrothermal basins, high-rainfall regions, and others.

This paper presents a stepwise understanding from the theoretical
background to case study implementation. Firstly, central equations
concerning both the physical model and the numerical implementation
(hereon referred to as Fetkin-hydro) are summarized (see Appendix for
more information). Secondly, the workflow of the Fetkin-hydro pro-
gram (see also Almendral et al., 2015) is reviewed to illustrate how
input and output data are managed. Followed by, the effects of ground-
water circulation under different regimes are assessed, by deploying
some synthetic cases with a fault-bend fold geometry. Finally, the use
of Fetkin-hydro in a real case scenario, the fold and thrust belt of the Ar-
gentine Precordillera, whereby low-temperature thermochronological
systems aremodeledwith, andwithout, the effects of water circulation.

2. Theory

Assuming the fluid and rock matrix are in thermal equilibrium, the
time dependent formulation for heat transfer, taking into account the
effects of conduction, advection, and sink/sources; is given in

∂T
∂t

ρbCb ¼ ∇ � λ∇Tð Þ− qfρf Cf � ∇T
� �

− qrρrCr � ∇Tð Þ þ H ð1Þ

where T is temperature, t is time, λ is the thermal conductivity tensor
characterizing the whole porous rock system, ρb and Cb are the bulk
and specific heat capacity, respectively, qf is the fluid velocity, obtained
by a Darcian approximation, and qr is the rock velocity, determined by
the tectonic history of the setting. ρf and Cf correspond to fluid density
and fluid heat capacity and ρr and Cr are the rock density and rock heat
capacity, respectively. H represents heat sources and sinks, which for
simplicity, were not included in the cases considered here.

Flow through porous media was considered in terms of the piezo-
metric head, given in

S0
∂h
∂t

þ ∇ � K∇hð Þ ¼ G ð2Þ

where h denotes piezometric head, K is the ease with which fluid flows
through the void space, (i.e. hydraulic conductivity), t denotes time, and
G the fluid production. S0, or specific storativity, corresponds to the vol-
ume of water released from (or added to) storage in a unit volume of
porous medium, per unit change in the piezometric head.

Fluid velocities, obtained from solving equations on fluid flow (see
Appendix for further details), are inserted into the heat Eq. (1) to obtain
the thermal architecture. State variables (piezometric head and temper-
ature) are calculated via the finite element method (Zienkiewicz, 1977;
see Appendix). Parameters and constants used are shown in Table 1, fol-
lowing Hantschel and Kauerauf (2009) and Bear and Verruijt (2012).

The program deploys a mixed Eulerian-Lagrangian approach
for overburden calculations, using third-party software structural
2

information input. Irregularly-spaced structural data (points represe-
nting the spatial disposition of strata, hereon referred to as material
points) is interpolated to the user-defined Eulerian grid at each time
step, and vertical rock-load is obtained following the procedure
depicted in Fig. 1. The procedure consists of interpolating material
(Lagrangian) points to the fixed (Eulerian) grid and then using the ver-
tical distance between them to calculate the weight of the rock column
they bound (see Fig. 1B). Computation of overburden is followed by cal-
culation of the effective stress and porosity (see Appendix). The algo-
rithm handles some physical values including effective stress,
hydraulic head, fluid velocities and temperature; at the fixed, Eulerian
grid level (Fig. 1C). In contrast, a Lagrangian approach is used to track
porosity and rock velocities (Fig. 1C). The code interchanges values
fromone level to another, i.e. fromEulerian to Lagrangian and viceversa,
by considering the smallest Euclidean distance.

3. Methodology

3.1. Program overview

This section synthetizes the main aspects of Fetkin-hydro, including
data input, workflow, and visualization of results. Further details can be
found in Almendral et al. (2015).

As stated above, the main purpose of the program is to solve, both
spatially and temporally, the thermal field of a geological setting
under deformation. For suchpurpose, a series of balanced structural sec-
tions obtained from tectonic reconstructions, and an XML file specifying
parameters and boundary conditions, are required. Files specifying the
topographic surface and the upper piezometric head (water table),
used to impose the upper thermal boundary condition and the upper
head boundary condition, are also needed (Figs. 1, 2). A Dirichlet-type
boundary condition is applied at the top and bottom boundaries, and
a Newman-type condition, imposing no thermal or fluid flow across
the side boundaries, is applied at the lateral boundary limits (Fig. 1B). Fi-
nally, the positions of the low-temperature thermochronological sam-
ples are specified in a tab-delimited text file that is also inputted to
the program.

The algorithm assumes that themodel evolves from a thermally and
hydrologically equilibrated state, under which a linear increment of
temperature from top to bottom and a unified piezometric head for
the whole region, occur simultaneously. In order to calculate the
porosity-dependent overburden (see Appendix for details), the pro-
gram first obtains the porosity field assuming hydrostatic, depth-
conditioned compaction (see Hantschel and Kauerauf, 2009). After the
initial “guess” of mechanical compaction, the program calculates the
porosity-dependent overburden and the effective-stress state of the re-
gion. Then, the code computes a second approximation of the rock po-
rosities, this time from an effective-stress law (Terzagui, 1923; see



Fig. 1.Model setup and space discretization considered in Fetkin-hydro. See text for notation.
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Appendix) and not from hydrostatic depth. From this step, the time iter-
ation takes place (Fig. 2). Considering the time stepping imposed by the
user, the programmarches in forward sense solving the temperature and
fluid flow equations (see Section 2; Theory). Fluid velocities are obtained
from the latter, and are used in the subsequent time iteration to calculate
thermal advection related to fluid flow. Re-gridding is performed at each
iteration, as the fixed Eulerian grid “shrinks” or “stretches” in order to
fully cover the region bounded by the time-evolving topographic surface
and the bottom of the model. Under completion of all iterations the pro-
gramwrites a series of outputfiles containing information of thefinite el-
ement numerical process (e.g. node locations, triangulation order), the
numerical results at each time step (temperature, heads, porosities,
hydraulic conductivities, fluid velocities) as well as modeled low-
temperature thermochronological ages, and vitrinite (%Ro) reflectance
(optional). While thermochronological ages can be readily plotted,
analysis of the thermal and hydrological solutionsmay require use of tri-
angulation routines, as the software returns modeled values at the
triangle-nodes and not at a rectangular Eulerian grid. This can be accom-
plished by a series of MATLAB scripts (see details in Almendral et al.,
2015), written to visualize and compare results from different case
studies.
3

3.2. Numerical tests

To complement previous views concerning the thermal evolution of
settings such as fold and thrust belts (Husson andMoretti, 2002; Huerta
and Rodgers, 2006; among others), different numerical experiments
considering a typical fault-bend fold model (see Huerta and Rodgers,
2006; Lock and Willett, 2008; Almendral et al., 2015) were performed.
These results not only illustrate the benefits of the code presented, but
also bring forward a discussion on major variables that need to be con-
sidered when modeling cooling ages. The kinematic experiments in-
volve a thrust system on which slip occurs from right to left at a 1 km/
Myr rate. Materials involved in deformation are considered homoge-
neous and isotropic, thus hydraulic and thermal properties are equiva-
lent in the x and y axis for all nodes. The thrust ramp dips with 30°,
with flats being located at 15 km and 5 km below surface. Deformation
starts at 10 Myr and continues to the present day (0 Myr). Lithological
properties are described in Table 1. The upper boundary condition,
along the surface, was set to 20 °C, whereas the basal temperature, at
30 km depth, was 600 °C. Atmospheric lapse rate was set to 4 °C/km,
and heat production was not considered. An arbitrary inherited age of
30 Myr was chosen for all samples across the topographic relief, in



Fig. 2. Workflow of Fetkin-hydro.
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order to easily distinguish reset ages from the unreset ones. AHe and
AFT ages were modeled in each experiment (see Reiners and Ehlers,
2005, for further reading).

Impact of lithology on the solutions (temperature and piezometric
head) is addressed in first place; by performing numerical tests involving
a permeable (sandy) domain and an impermeable (shale) one. Following
this, experiments assessing the effects of fault permeability, thrusting rate
and erosion, are performed; taking into account the two lithological end
members (permeable and impermeable) previously considered. To simu-
late the effects of erosion in a deforming thrust belt (see Huerta and
Rodgers, 2006; Almendral et al., 2015), the program solves

∂h
∂t

¼ V rocky þ V rockx
∂h
∂x

−ke xrj jm ∂h
∂x

����
����
n

ð3Þ

where h denotes elevation, t is time, Vrocky
and Vrockx

are the rock veloc-
ities in the y and x-axis, respectively; ke is the erodibility parameter and
xr the distance from the drainage divide, recalculated at each time step
(Bernal et al., 2018). The elevation of the water divide was also
corrected following Eq. (3), after erosion in neighboring points had been
computed. Them and n parameters (related to erosion) were set to one
(see Huerta and Rodgers, 2006).

4. Results

4.1. Lithology

Fig. 3A and B show results for two contrasting lithological scenarios:
sandstone-dominated (see Fig. 3A; hereon called case 1) and shale-
4

dominated (see Fig. 3B; hereon called case 2). A standard Fetkin
thermo-kinematic model considering standard rock physical parame-
ters and no fluidflow (Almendral et al., 2015) is also shown for compar-
ison (see Fig. 3B-d; case 3). For cases 1 and 2, the evolution (for 10
million years) of temperature, piezometric head, and porosity was cal-
culated. For case 3 only thermal history is shown, as such model does
not involve fluid flow computations.

In Case 1 (Fig. 3A) isotherms (see Fig. 3A-a) do not accompany the
deformation-driven relief development, giving evidence for a relatively
stable thermal architecture during themodeled time lapse. In fact, tem-
peratures beneath the fold crest do not follow the expected trend, in
which isotherms mimic the topographic profile (Stüwe et al., 1994;
Husson and Moretti, 2002). Following this, the region beneath the
crest is hereon called the “thermal depression”. For the cases 2 and 3
(Fig. 3B-a, and B-d, respectively), in contrast, the isotherms evolve con-
current to the generation of topography, evidencing temperature
changes during the relief generation occasioned by folding. Evolution
and dynamics of the piezometric head within the modeled pore space
differ substantially between permeable and impermeable domains (no-
tice arrows in Fig. 3A-b and B-b, depicting fluid direction).While in case
1 the flow circulation occurs outward the deformation region
(upwarping area, showing a fanned geometry); in case 2 theflowoccurs
inward, evidencing mostly vertical movements. The white contours in
Fig. 3A-b and B-b outline isopiezometric heads, displayed with the pur-
pose of illustrating the fluid flow pattern from higher (bright) to lower
(dark) piezometric head regions. Findings from cases 1 and 2 clearly ev-
idence the strong control of lithological properties on the hydrological
regime, and ultimately, on the fluid flows and temperatures. Model
results for case 3 (Fig. 3B-d) appear similar with respect to the



Fig. 3. (A) Model results for a pure-sandstone sequence. Thermal (a) and hydrological (b) states, alongwith rock-porosities (c; scaled in both size and color), are shown for 10, 7, 3 and 0
Myr (present day). White lines depict contours of temperature and head values. Red line in c denotes the topographic surface. (B) Model results for a pure-shale sequence and a no-fluid
model (bottom). Thermal (a) and hydrological (b) states, along with rock-porosities (c; scaled in both size and color), are shown for 10, 7, 3 and 0 Myr (present day). White lines depict
contours of temperature and head values. Red line in c denotes the topographic surface. Inset d shows thermal results for a model without fluid circulation. (C) Rock permeability for the
two lithological end-members considered. (D) Predicted ages for the U-Th/He and Apatite Fission Track systems.
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Fig. 3 (continued).
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Fig. 3 (continued).

F. Sánchez, A. Barrea, F.M. Dávila et al. Geoscience Frontiers 12 (2021) 101074

7



Fig. 4.Model results considering different fault permeabilities.White contours denote isotherms at each40 °C increment. Color scale depicts piezometric head. Black dashed lines represent
fault location.
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Fig. 5. (A) Model results considering different thrusting velocities. Magenta, blue and black lines represent isotherms for sandstone-dominated settings, shale-dominated settings and no
fluid flow model, respectively. Red line denotes topography at different times (see text). (B) Modeled Fission track ages for the different thrusting velocities considered.
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impermeable scenario (case 2, Fig. 3B-a), which can be ascribed to the
absence of groundwater circulation.

Calculated rock porosities are shown in Fig. 3A-c and B-c, which are
scaled in both color and size for readability. Porosities for surficial rocks
were always maintained at the initial value, which depends on the li-
thology considered (Table 1). As porosity (and thus, permeability)
was allowed to vary according to the effective stress, the values did
not remain constant throughout the simulation. Rock porosities for
the sandy domain remain around 30% for shallow depths (< 4 km, see
Fig. 3A-c1 to A-c4). Rock compaction in shales occurs at a higher rate,
and only surficial rocks located at the crest of the anticlinemaintain po-
rosities around 20% (Fig. 3B-c1 to B-c3). The increase in piezometric
head at the shallow levels, as an effect of the moving head boundary
condition (which moves apace with the topographic profile) prevents
the porous space from shrinking. This leads to a net reduction in effec-
tive stress, since overburden does not overcome the (indeed augment-
ing) pore pressure. In regards to the porosity-dependent permeability,
the values for the two end-members studied are shown in Fig. 3C. An in-
termediate class of permeability (10−3 to 10−6 D) was obtained for the
sandy domains at shallow ranges (< 5 km), while values spanning from
low-permeability to impermeablewere attained at deeper levels for the
two end-member lithological cases. Such permeability ranges imply
that the values here considered are scaled in geological time and are
9

suitable for the time intervals concerned by this work (Ungerer et al.,
1990). The two permeability profiles obtained for the lithologies consid-
ered (see Fig. 3C), represent a major benefit of adopting an effective-
stress/porosity relationship and not a depth/porosity one.

Modeled thermochronological ages along the x-axis are shown in
Fig. 3D. All samples were taken at a constant depth y = 0, thus disclos-
ing insights of the thermal evolution across the thrust-related foldwith-
out recurring to erode it. Modeled samples from sandstone rocks are
shown in magenta colors, shale rocks in blue, and samples derived
from amodelwith noDarcian circulation appear colorless. Themodeled
samples exhibit a “U-shape” along themodeled fault-bend-fold (Huerta
and Rodgers, 2006; Almendral et al., 2015), which occurs as an effect of
the thrust geometry considered and the enforced boundary conditions.
Samples with approximately 0Myr for the U-Th/He system are still hot-
ter than their respective closure isotherm. As expected from the previ-
ous examination of the evolving thermal field (Fig. 3A,B), samples
from sandstone environments exhibit older ages than those retrieved
from impermeable conditions (shales). In contrast, those taken from
shaly domains yield younger ages than their non-Darcian analogous set-
tings. The two lithological end-members considered (sandstones and
shales) might suggest that fluid flow could impact low-temperature
cooling ages in two possible ways: promoting aging in highly conduc-
tive, permeable environments; or promoting rejuvenation in



Fig. 6. (A) Model results for different erosion scenarios. (B) Modeled fission track ages for the different erosion scenarios considered.
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Fig. 6 (continued).
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impermeable settings. Such conclusions can be sustained for the two
systems modeled (AHe and AFT).

4.2. Fault permeability

Fig. 4 shows how changes in fault permeability (from 10−14 m2 to
10−19m2) affect thefluid flowdistribution (represented by piezometric
head values) and temperature. It can be pointed that fluid circulation
across the thrust zone (dashed lines in Fig. 4) for a sandstone-
dominated environment, may not be directly correlated with fault
permeability; as a progressive increase in fault permeability (from
10−19 m2 to 10−14 m2) does not necessarily promote water circulation
(i.e. higher piezometric heads, Fig. 4A–C). Groundwater circulation for
the shale scenario does not vary according to fault permeability (see
Fig. 4D).

The temperature profiles adjust according to the permeability of the
fault, exhibiting a peak-valley shape along the fault location (see iso-
therms, white lines, near the fault zone). Consistent with results from
Forster and Smith (1989), the extent of the thermal perturbation asso-
ciatedwith the fault location ismainly controlled by the relationship be-
tween the fault and rock permeability, and not by the absolute value of
the fault permeability itself. Forster and Smith (1989) proposed the ex-
istence of a “permeability window”, i.e., a combination of rock and fault
permeability that maximize surficial thermal perturbations. Our results
are rather similar to those reported by Forster and Smith (1989) even
though our model setups consider a range of permeabilities for the
deforming rocks instead of one. Although a highly permeable fault in-
duces a quick disturbance on the thermal and fluid regimes along the
fault (see Fig. 4A), the existence of such perturbation hampers diffusion
of temperature andwater masses at later stages. In comparison, a lesser
permeable fault (see Fig. 4B) could promote larger fluid circulation,
which implies that fluid flow across a fault is not controlled solely by
the value of fault permeability. Regarding cooling ages, our findings sug-
gest that short-lived thermal perturbations, as those caused by flow
through narrowpermeable conduits (see Fig. 4),mayhave nomajor im-
plications on thermochronological measurements. It should be noted
that even the extreme permeability case of Kfault = 10−14 m2 causes
no substantial changes on the ages compared to the previous cases
(Fig. 3D), where the permeabilities of the fault and the surrounding
rock were the same. Modeled ages considering fault permeability
11
differed from the previous experiment (Fig. 3D) by less than 0.5 Myr,
and therefore are not shown. Fault permeability however, may play a
more important role when the fault serves as a contact surface between
two different materials, since the permeability of the fault itself would
determine the amount of fluid what would infiltrate from one media
to another.

4.3. Thrusting velocity

This section considers the influence of thrusting velocities on low-
temperature thermochronological cooling ages, considering rates of
0.5 km/Myr, 2 km/Myr and 5 km/Myr; and the two litholotical end-
member scenarios previously studied (i.e., shales and sandstones, see
Fig. 5A, magenta lines represent sandstones and blue lines shales). Ex-
periments addressing thrusting velocity allow contrasting results from
this work with previous studies performed under no fluid flow condi-
tions (e.g., Huerta andRodgers, 2006). Fig. 5A displays closure isotherms
for bothAHe andAFT systems (~65 °C and 125 °C, respectively) at 3, 5, 7,
and 10 Myr, abbreviated as T1, T2, T3 and T4. Given the similarity be-
tween the AHe and AFT age patterns along the x-axis (see Fig. 3D),
only AFT results are shown for discussion.

Despite the fact that theupper boundary conditionmoves upward as
a consequence of fault-bend-folding, thermal solutions for sandstone-
dominated sequences do not vary substantially along the vertical axis.
For these cases (sandstone), the isotherms move laterally in the direc-
tion of deformation (see magenta isotherms, all cases). This implies a
major difference with impermeable shales and “dry” environments
(see blue and black lines, respectively), where isotherms are displaced
to shallower positions as deformation evolves, accompanying the relief
creation. This observation has been also documented by semi-analytical
(Stüwe et al., 1994) and numerical (Husson and Moretti, 2002; Braun,
2003) efforts. Furthermore, the thermal solution posed in this work
for permeable (sandstone) environments might cast new insights re-
garding the evolution of temperature in deforming systems.

Modeling of low-temperature thermochronological cooling ages with
varying thrusting velocities (see Fig. 5B) show that isotopic samples from
permeable rocks are more susceptible to changes in deformation rates
than samples extracted from impermeable scenarios. Furthermore, per-
meable rocks show a typical U-profile, aging-rejuvenating-aging, which
flattens (plateau ages) across the deformed area, where the cooling ages



Fig. 7. (A)Geologicalmap of the study region (modified afterNassif et al., 2019; structural and geological data after Allmendinger and Judge, 2014). (B) Results for the real-case scenario for
fluid flow and “dry” models.
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are the youngest. The degree of such age flattening is related to the slow-
ness of thrusting deformation. It is important to note that the lowest
thrusting rate (e.g., 0.5 km/Myr, see Fig. 5A) yields the oldest modeled
age. As expected from examination of Fig. 5A, the lowest deformation
rate considered yields the coldest environment and, because of no
reheating, also the oldest thermochronological ages (see Fig. 5A, B). In ad-
dition, these results corroborate previous findings regarding youthening/
aging of samples, as permeable environments under deformation yield
considerably older ages than the ones obtained from a model without,
or minimal (impermeable settings) Darcian circulation.

4.4. Erosion

Results considering erosion show that isotherms accompany the re-
lief creation in a thrust system formed entirely by shales (Fig. 6A), anal-
ogous to cases where fluid circulation is not taken into account (see
Huerta and Rodgers, 2006; Almendral et al., 2015). This effect, known
as “thermal bulge” (Huerta and Rodgers, 2006), has been interpreted
to be caused by heat production from decaying radioactive elements
in the crust or thermal advection of moving thrust sheets (Husson and
Moretti, 2002). In addition, the upper boundary condition imposed
along the topographic profilemay also cause such thermal perturbation,
as thermal equilibrium in the system would render a linear increase in
temperature from top to bottom, adjusting the temperature according
to the elevation of topography for each position along the x-axis. Similar
to our previous results (Figs. 3A and 5A), sandstone-dominated thrust
systems subject to erosion also develop a “thermal depression”, inde-
pendent of deformation or erosion rates. In contraposition to imperme-
able settings, where the thermal field is conditioned by the topographic
growth, modeled temperatures in permeable experiments suggest that
effects of deformation are preserved even after the structures have been
almost completely removed by erosion (see Fig. 6A-d). Additionally,
sandstone dominated sequences develop an asymmetric thermal solu-
tion, whereby the “depressed” isotherms move towards the foreland
side of the growing anticline (see Fig. 6A, sandstone cases).

Fig. 6B shows the cooling age distribution for the different erosion
rates and rock permeabilities considered. The age flattening effect
within permeable domains, previously associated with slowness of de-
formation (thrusting velocity experiment, see Section 4.3), does not
vary with the erosion parameter (see overlapping values for a fixed
thrusting velocity in Fig. 6B). This is consistent with the observation
(see above) that thermal perturbations related to deformation-driven to-
pography creation seem to be preserved even after such relief has been
partially or even totally removed. Our results indicate that in permeable
domains (sandstones), a flattened profile could be retrieved instead of
the expected U-shape. Such flattening is attributed to the existence of
the “thermal depression” (discussed previously, see Section 4.1; Lithol-
ogy), which counteracts the effects of fault-bend-fold kinematics that
would otherwise produce a concave-up profile. Results for impermeable
rocks are in accordance with previous numerical experiments without
fluid flow, i.e., a U-shape profile, modified by the effects of erosion. In ad-
dition, the erosion parameter in impermeable domains is coupled with
age, as older ages are obtained by increasing the erosion parameter for a
fixed thrusting velocity. However, the erosion parameter might not be a
first-order variable regarding cooling ages of impermeable rocks (nor per-
meable ones, as already seen), since a 3-fold variation in k (from 0.25 to
0.75), only produces differences of ~1 Myr.

4.5. Real case scenario

In this section Fetkin-Hydro was used to model a real thrust-system
case in western Argentina (~30°S), the Argentine Precordillera (AP), lo-
cated in the Pampean-Chilean flat-slab segment of the southern Central
Andes (see Fig. 7A). It is a typical fold-and-thrust belt (Allmendinger
and Judge, 2014; Levina et al., 2014; Nassif et al., 2019) and, likely, one
of the thrust systems most studied in the world. Its landscape
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configuration (today) shows meridional and sub-parallel thrust sheets
separated by major thrust faults; which have been associated with a
deep decollement (~16 km). It is composed of N-S trending mountains
that record a prolonged Paleozoic to Cenozoic tectonic history, sug-
gested to be controlled by accretion of exotic terranes (Ramos et al.,
1986) and the subduction of the Nazca plate beneath the South
American lithosphere (Isacks et al., 1982; Jordan et al., 1983a, 1983b).
The AP constitutes an ideal natural laboratory to analyze the relation-
ship between deformation and low-temperature thermochronological
cooling ages. The region not only provided excellent structural and
geo- and thermo- chronology data sets to analyze this connection (see
Fosdick et al., 2015; Nassif et al., 2019 and references therein) but also
stratigraphic and sedimentologic approaches to support our interpreta-
tions (Jordan et al., 2001; Levina et al., 2014).

Recent low-temperature thermochronological studies in theAP, par-
ticularly (U\\Th)/He and fission track analysis; have provided new in-
sights on the tectonic evolution of the thrust belt during the Andean
orogeny (Fosdick et al., 2015). These were interpreted in terms of exhu-
mation, burial, and uplift episodes; under a thermal history only condi-
tioned by the geodynamic regime of the region (and the consequent
thermal input from below; see Fosdick et al., 2015). A flat subduction
has been proposed to affect the AP since ~20–15 Ma to present (see
Ramos and Folguera, 2009 and references therein). The thermal effects
of this subduction regime have been, in turn, associated with a cold
thermal scenario acrosswestern and central Argentina (with geotherms
<20 °C/km, see Collo et al., 2011, 2017). Using the agreed structural ki-
nematic reconstructions (see Allmendinger et al., 1990; Jordan et al.,
1993; Allmendinger and Judge, 2014; Nassif et al., 2019), the reported
cooling ages (see Fosdick et al., 2015) were modeled with Fetkin-
hydro. Focus was placed on the easternmost Precordillera thrust sheet,
known as Niquivil thrust sheet, which is bounded by the San Roque
and Niquivil thrusts to the West and East, respectively (see Fig. 7A).
AHe data in Niquivil (on Silurian and Oligocene strata) provided ages
~15 Ma and 8 Ma, suggesting that cooling ages would be prior to
thrusting (constrained between ~5 Ma and today; see Jordan et al.,
1993; Allmendinger and Judge, 2014; Nassif et al., 2019). Such
thermochronological ages imply that, despite the substantial burial ex-
perienced by Silurian and Oligocene rocks during the last 5 Myr (see ki-
nematic reconstructions available to date; Nassif et al., 2019), the
maximum temperatures reached by those intervals could not have
surpassed the closure temperature of the AHe system, i.e., ~60 °C (see
Reiners and Ehlers, 2005). If that were the case, AHe ages would yield
younger values than the Niquivil fault thrusting age (5 Myr).

Following the conditions stated above, numerical experimentswith-
out (“dry”) and with (“wet”) groundwater flow were performed. It is
important to note that recent studies have shown thepresence of ground-
water (both meteoric and formational; see Lynch and van der Pluijm,
2017) in the AP, which demonstrates the plausibility of incorporating
fluids in our model. Lithological characterization followed Allmendinger
and Judge (2014), hydrological and thermal properties were assigned
after Hantschel and Kauerauf (2009), and paleotopography was taken
from the (only) available model to date (Nassif et al., 2019). Thermal in-
come to the base of the model was taken from Fosdick et al. (2015),
that on the basis of inverse thermal modeling constrained the tempera-
tures experienced by Silurian strata of the AP thrusts (i.e., the units in-
volved in deformation). Basal and surface temperatures were set to 150
°C and 20 °C, respectively; and a Newman condition of no energy and
fluid mass transfer was imposed at the model boundaries.

Given thatmeasuredAHe ages are older than theNiquivil's thrusting
age, it is not possible to find a thermo-kinematic-hydrological solution
that correlates deformation with thermochronology. Following this,
the thermal environment required to leave the sampled rocks unreset
was modeled, which implied that any inherited thermochronological
age considered before deformation should remain unchanged after
thrusting (i.e., deformation along Niquivil thrust did not affect the
inherited cooling ages). This exercise constituted a challenging
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enterprise, as an important syn-thrusting sedimentation (~6 km thick,
see Nassif et al., 2019) contemporaneouswith the timing of the Niquivil
thrust (Jordan et al., 1993; Allmendinger and Judge, 2014; Nassif et al.,
2019), could have reset the low-temperature AHe isotopic system. It is
remarked that under average geothermal gradient conditions, the tem-
perature at 6 kmmight be ~200 °C.

Fig. 7B shows results for both models, with and without fluid flows
(Fig. 7B-a and B-b, respectively). The initial position of Oligocene and
lower Miocene samples at 5 Myr, under ~6 km of sediments (Nassif
et al., 2019), might imply thermal resetting of low-temperature
thermochronological systems. The “dry”model (withoutfluidflows) pro-
duces thermal resetting, providing cooling ages ~3Myr (see Fig. 7B-b), as
the samples would have crossed the AHe closure temperature (~60 °C) at
that time. Such results are not in accordance with reported results in this
thrust sheet (cooling ages between 15 Myr and 8 Myr, see Fosdick et al.,
2015). In contrast, the model with fluid flow (Fig. 7B-a) is consistent
with the reported cooling ages as well as with the kinematic and struc-
tural reconstructions in the region. Since the thermal state for the
model with groundwater flow is substantially colder than the “dry” sce-
nario (see the position of the 40 °C isotherm in Fig. 7B-a), Oligocene and
lowerMiocene strata always remain above the closure isotherm, conserv-
ing their inherited thermochronological ages. Results for the model with
fluid circulation suggest that the thermal architecture nowadays is still af-
fected by groundwater movement through the sandstone-rich Neogene
strata. This is consistent with previous hydrological assessments in the
area; at the easternmost AP (see Pesce and Miranda, 2003; Lynch and
van der Pluijm, 2017).

The modeled cooling ages yielded by the no-fluid-flow model
(Fig. 7B-b), could only fit measured cooling ages by reducing the tem-
perature at the base of themodel (i.e., thermal gradient at the beginning
of the simulation). In comparison, the model with fluid flows suggests
that extremely-low geothermal gradients (<5 °C/km) are not required
to explain cooling ages, since the presence of the topographically-
driven flow across the Niquivil thrust sheet might explain the cold (<
25 °C/km) scenario. This hydrological-induced cooling, only disclosed
by the model where groundwater movement is taken into account,
hampered thermal resetting of the AHe system and preserved the
inherited ages within the Niquivil thrust sheet. In summary, our results
suggest that modeling of the unsteady hydrological system, and its cou-
pling with the evolving thermal architecture, may provide central in-
sights to the analysis of thermochronological records, as shown here
for the case of the Argentine Precordillera.

5. Discussion

Results from our work complement previous insights on low-
temperature thermochronological modeling and the effects of fluid cir-
culation on the temperature field and cooling ages. Trends in AHe and
AFT ages along a classic fold-and-thrust belt differ from the ones with-
out incorporating fluid circulation through the pore space (see Huerta
and Rodgers, 2006; Almendral et al., 2015). In sandy domains the “ther-
mal bulge” along the fault plane (see Huerta and Rodgers, 2006) is not
reproducible, obtaining instead surficial temperatures that do not
mimic the topographic surface. This finding is consistent with previous
steady-state simulations that took into account fluid flow (Bethke,
1985; Ge and Garven, 1992), but contradicts observations asserting
that the influence of the topographic profile should decay exponentially
with depth (Turcotte and Schubert, 2002). This implies that in basins
wherewater recharge by rainfall is ensured (see upper boundary condi-
tion for hydrological calculations in Section 2, Theory), effects of relief
on the thermal architecture might be overestimated. Furthermore,
given that models accounting for topography-driven fluid flow might
render colder environments than those obtained in “dry” scenarios,
higher basal temperatures that fit thermal observations can be posed.
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However, the geological complexity of hydrological basins calls for a
careful assessment of boundary conditions (Bear and Verruijt, 2012;
and references therein), and further efforts addressing detailed analyses
of boundary enforcements are needed to complement the insights
aforementioned.

Our results suggest that Darcian circulation influences the thermal
evolution as much as other first order variables such as kinematic evo-
lution or basal heat flow. This might prompt for a revision of
thermochronological models in settings where groundwater circulation
is appreciable, especially in hydrothermal basins. In such settings not
only large volumes of fluids are in play, but also, the temperature of
such fluidsmight vary depending on the pattern of hydrological circula-
tion in the basin (for example, groundwater might be heated in under-
ground aquifers). As suggested by Tao et al. (2020) understanding
circulation paths of underground fluids might be crucial to constrain
the thermal state of the shallow crust.

Future application of Fetkin-hydro to realistic settings still faces
some drawbacks which include: paleo positions of the water-table, re-
quired by the algorithm to deploy hydrological calculations, might be
difficult to constrain in some regions and; the porosity-permeability
model used in this version might not fit data from well-logs or field
measurements; which might be better explained by data-driven
porosity-permeability laws (see also Appendix for further details).
Nonetheless, the algorithm presented here will allow users to obtain in-
sights on the evolution of low-temperature thermochronological sys-
tems involving both fluid flow and deformation, such as the Argentine
fold-and-thrust belt utilized in this work. Extension to other settings
(i.e. multiple faults, trishear folding, subsiding basins, etc.) and model
enhancement (consideration of horizontal shear-stresses, incorporation
of newer permeabilitymodels; (see Appendix), will be the subject of fu-
ture works.

6. Conclusions

Fetkin-hydro is a new version of the Fetkin simulator incorporating
fluid flow calculations. By coupling thermal and hydrological equations,
Fetkin-hydro provides new perspectives on the evolution of basins,
whose thermal regimes might have been inaccurately modeled by pre-
vious numerical algorithms that did not account for groundwater circu-
lation through porous media. The versatility and applicability of the
code, that now incorporates fluid flow, are shown through a series of
sensitivity analyses which address relevant geological questions such
as the linking between erosion and thrusting kinematics. Low-
temperature Apatite Fission Track and U-Th/He thermochronological
systems are modeled in different scenarios, yielding insights of the in-
fluence of fluid movement on radiogenic ages. Successful integration
of the programwith data fromaworld-known thrust belt, the Argentine
Precordillera, proves the plausibility of the numerical algorithm posed
here. The present work complements previous efforts aimed at under-
standing the thermal evolution of geological settings under structural
deformation, and sets new questions on the first-order phenomena
that should be taken into account for modeling low-temperature
thermochronological systems.
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