Catena 233 (2023) 107531

Contents lists available at ScienceDirect

Catena

e

ELSEVIER

journal homepage: www.elsevier.com/locate/catena

The Quaternary activity of the Estella diapir from the uplift record of fluvial
terraces, pediments and cave sediments in the Western Pyrenees, Spain

Jestis Guerrero ™, Miguel Bartolomé ”, Ergin Gokkaya ©

2 University of Zaragoza. Department of Earth Sciences, Spain
Y National Science Museum of Madrid, Spain
¢ University of Ankara, Department of Geography, Turkiye

ARTICLE INFO ABSTRACT

Keywords:

Salt tectonics
Deformation rates
Gypsum cave
Erosional unloading
Collapse sinkhole
River salinity

This work analyses the Quaternary landforms, geomorphic changes and stratigraphic evidences of evaporite
dissolution and halokinesis in the Estella salt diapir (Basque-Cantabrian Basin). The mapping of Quaternary
deposits demonstrates that karstic subsidence and diapirism happen at the same time. The diapir geometry is
characterised by a prominent 4.5 km-long fault scarp attributed to the uplift of the diapir and a fluvial gypsum
escarpment along the northern and eastern diapir edges. The dissolution of the gypsiferous caprock is responsible
for the development of a large number of collapse sinkholes, the local thickening of terrace deposits and a
network of endokarstic conduits connected to saline springs that cause a notable increase in the salinity of the
Ega river across the diapir (70% electrical conductivity increase). The 40 m vertical displacement of T4 terrace
and P5 pediment deposits, the anomalous longitudinal profile of the old terraces, the deflection of infilled-valleys
at the base of the fault scarp, the occurrence of wind gaps and the continuous lateral migration of the Ega river
away from the diapir support salt upwelling since 644 + 81 ka ago at a long-term, average uplift rate of
0.05-0.07 mm/yr. The 12 m offset of T8 terrace, the steepening of the Ega river floodplain and the tilting of the
upper level and the antigravitative erosion genesis of the Longinos cave point to a faster diapir rising rate of
0.23-0.57 mm/yr in the last 36 + 15 ka coinciding with a period of increasing river incision. The lack of tectonic
activity in the region suggests that diapirism is enhanced by erosional unloading related to fluvial entrenchment.
The thickening of pediment P5 supports the north-northeast flow of salt towards the river valley.

1. Introduction Jackson, 2011 and references therein) and in the mining industry

providing salt, potash or even ore deposits (Warren, 2016 and references

Salt diapirs, salt stocks or salt plugs are defined as circular to
elliptical-shaped, bodies of salt that have flowed in a ductile manner and
show discordant contacts with the overlying strata (Hudec and Jackson,
2007). These salt structures have been described in all continents such as
in the Atlas range and Gabon and Congo sedimentary coastal basins in
Africa (eg: Rouby et al., 2002; Boubaya et al., 2011), in Texas and
Paradox basins and Gulf of Mexico in North America (eg: Trudgill, 2011;
Rowan et al, 2012), in the Permian Basin and Hellenitic arc in Europe
(eg: van Hinsbergen et al., 2006; Warsitzka et al., 2015), in the Death
Sea, Zagros Mountains and China in Asia (eg: Talbot and Aftabi, 2004;
Bruthans et al., 2010; Adeoti and Webb, 2022), offshore Brazil in South
America (Luca et al., 2017) and in Australia in Oceania (eg: Backeé et al.,
2010). In addition, they have an important economic interest in the oil
and gas industry for the exploitation of hydrocarbons (Hudec and
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therein). There is also an extensive literature dealing with salt structures
in regional tectonics and sedimentary basin evolution in non-petroleum
provinces (eg: Dooley et al., 2009; Santolaria et al., 2015; Camara,
2020). In contrast, their Quaternary activity have not received the same
geological investigation despite their relevant practical implications for
waste disposal (Baikpour et al., 2016), seismic and landslide hazards
(Dahm et al, 2011; Gutiérrez and Lizaga, 2016) and water salinization
(Jalali et al., 2019; Abedi et al., 2021). The current rising of salt diapirs
due to salt upwelling is responsible for the doming and faulting of the
diapir roof and the subsidence of salt withdrawals basins (Stewart,
2006). These earth-surface processes cause notable changes in the
landscape including the development of subsidence depressions, fissures
and faults due to the deformation of the overburden (Stewart, 2006;
Dooley et al., 2009), changes in the drainage network (Guerrero et al.,
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2015, 2017; Gutiérrez et al., 2019); slopes steepening and landslide
formation (Gutiérrez and Lizaga, 2016) and the uplift, arching and
tilting of Quaternary markers such as fluvial terraces (Lucha et al., 2012;
Jochems and Pederson, 2015; Gutiérrez et al., 2019), marine terraces
(Bruthans et al., 2006) and caves (Frumkin, 1996; Bruthans et al., 2010).

In Spain, salt diapirs are present in most of the mountain ranges
including the Pyrenees and the Betics (De Ruig, 1995; Serrano and
Martinez del Olmo, 2004; Lucha et al., 2008; Santolaria et al., 2015). In
the Pyrenees, the Basque-Cantabrian basin hosts a large number of
Triassic, tectonic-related salt stocks (Barnolas and Pujalte, 2004; Ferrer
et al., 2012; Poprawski et al., 2014). These salt-structures have been
subject to an intensive drilling and geophysical survey for oil explora-
tion (Serrano and Martinez del Olmo, 2004; Marin-Barba et al., 2014)
that have helped to understand the stratigraphy and structure of the
basin (Salvany, 1990; Munoz, 1992; Garcia-Mondejar, 1996) and the
rifting and inversion processes of the orogen (Jammes et al., 2010;
Ferrer et al., 2012; Lescoutre et al., 2020; Lescoutre et al., 2021; Mir6
et al., 2020, Miro et al.,2021). In addition, a large number of works
focused on the evolution and structural arrangement of these salt
structures integrating surface geology and subsurface data (Larrasoana,
2003; Pinto et al., 2005; Poprawski et al., 2014, 2016; Guerrero et al.,
2017, Guerrero et al., 2019; Camara, 2020). However, none of the
research studies deals with the current activity of salt diapirs recorded
by the deformation of Quaternary landforms and deposits and the con-
trol exerted by salt flow on the present landscape.

This is the first work analysing the present activity of salt-structures
in the Basque-Cantabrian basin using geomorphological markers and
integrating geological mapping, hydrochemical data and cave speleo-
genesis. The study area focuses on the upper-middle 25 km-long reach of
the Ega river, a 60 km-long Pyrenean tributary of the Ebro river that
dissects the Estella diapir. Here, subsidence and diapirism are respon-
sible for drainage disruption, the arching and thickening of the fluvial
sediments, the offset of pediment deposits and the steeping and aban-
donment of cave passages. The main objectives of the investigation
include: 1) calculate the growing rates of Estella diapir since the Middle
Pleistocene, 2) understand the geomorphological implications of salt
upwelling in the landscape, 3) assess the effects of diapir karstification
on the Ega river salinity and 4) describe the origin and evolution of the
Longinos gypsum cave. Despite gypsum dissolves much faster than
limestone (Dreybrodt, 2004; Ford and Williams, 2007), its low me-
chanical strength favours the rapid destruction and obstruction of gyp-
sum passages by breakdown processes (Palmer, 2009) and consequently
the number of gypsum caves reported in Spain is very low. Some
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examples are the Agua and Covadura caves in the Sorbas Basin (Cala-
forra and Pulido-Bosch, 1996), the Pedro Ferndndez Cave in the Tajo
Basin (Almendros and Anton, 1983), and the Borro and Mosquera Caves
in the Fluvia valley (Gutiérrez et al., 2016). So far, the Longinos cave is
the only known gypsum cave in the Basque-Cantabrian basin.

The area shows a Mediterranean subhumid climate with an average
annual rainfall rate of around 750 mm where the soil is under saturated
conditions half of the year (Urabayen and Chasco, 2001). The sedi-
mentary record of peat bogs and lakes and the establishment of mixed
deciduous forests in the studied area point to similar humid conditions
since the last 11.9 ka with century-to-millennial wetter intervals than
today (Corella et al., 2013; Sanchez-Morales et al., 2022 and references
within).

2. Study site

The Basque-Cantabrian basin is located in the Western Pyrenees to
the west of the Pamplona Fault. This NE-SW trending, 120 km-long, non-
outcropping basement fault marks the boundary between the Basque-
Cantabrian Basin in the Western Pyrenees and the Jaca-Pamplona
Basin in the Central Pyrenees (Fig. 1). The Basque-Cantabrian Basin
shows a complex geology related to the overlapping of extensional and
compressional phases. This complexity made Barnolas and Pujalte
(2004) divide the basin into three geological provinces separated by
thrust faults named from west to east: Norcastellana Platform, Navarro-
Cantabro trough and Vasco Arc (Fig. 1). The South Pyrenean Thrust and
the Oco and Learza faults constitute the boundary of the Navarro-
Cantabro Trough with the Ebro Foreland Basin (Fig. 1). The Basque-
Cantabrian basin contains more than 50 Triassic, tectonic-related, salt-
cored anticlines, salt walls and salt stocks that were triggered under
extensional regime during the Upper Jurassic-Lower Cretaceous rifting
in relation to the opening of the North Atlantic and Bay of Biscay
(Garcia-Mondéjar, 1996; Vergés et al., 2002). Subsequently, during the
Alpine compression in the Late Cretaceous and Cenozoic, they were
squeezed and finally pierced the overburden with NE-SW and E-W ori-
entations coinciding with the shortening direction and the trace of the
major basement faults and thrust sheets (Salvany, 1990; Munoz, 1992;
Serrano and Martinez del Olmo, 2004; Ferrer et al., 2012; Poprawski
et al., 2014).

At the end of the Miocene, the Ebro foreland basin was captured by a
primitive Ebro river that started to dissect the endorheic basin fill
(Garcia-Castellanos et al., 2003; Pérez-Rivarés et al., 2004). The up-
stream propagation of its incision wave from the Mediterranean Sea to
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Fig. 1. Geological sketch of the Basque-Cantabrian basin showing its three main domains (Norcastellana Platform, Navarro-Cantabro trough and Vasco Arc)
(modified from Barnolas and Pujalte, 2004). Black polygons indicate the location of the main salt structures.
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its headwaters combined with climatic oscillations led to the develop-
ment of a new network of tributaries, fluvial valleys and staircase terrace
and pediment sequences. The existence of high alluvial terraces over
160 m above the present Ebro river thalweg close to its headwaters with
a minimum Electron Spin Resonance age over 1.2 Ma points to a well-
established drainage network at the Early Pleistocene (Parés et al.,
2021; Benito-Calvo et al., 2022). Since then, the outcropping salt started
to dissolve and salt diapirs and anticlines subsided to become crater-
shaped landforms up to 300 m deep below their annular rings. As a
testimony of this ongoing karstification process, most of salt structures
host a well-developed endokarst hydraulically connected to high-
salinity springs whose waters are diverted towards evaporation ponds
for the exploitation of salt (Iribar and Abalos, 2011; Guerrero et al.,
2017, 2019; Abalos et al., 2008). This karstification phenomenon often
overlaps with salt migration and upwelling in the region that seems to be
enhanced by erosional unloading related to fluvial entrenchment
(Guerrero et al., 2017). The prevalence of either salt-dissolution subsi-
dence or diapirism defines their final geometry and the present struc-
tural configuration of the diapirs roof.

The Estella diapir is a NE-SW-oriented, elongated, vertical-wall, salt
stock that is located at the eastern margin of the Navarro-Cantabro
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trough, truncating the Oco-Learza normal faults at the southern
margin and aligned along the Pamplona Fault (Figs. 1 and 2). Its
structure and stratigraphy has been studied in detail by Pflug (1973),
Pflug and Scholl (1976), IGME (1978aand b) and Olive et al. (2010a,b).
Its uplift started during the Albiense and continued during the Alpine
compression at the upper Cretaceous, Middle Eocene and mainly at the
end of the Oligocene-beginning of the Miocene when it finally pierced a
thick sedimentary sequence constituted by more than 3 km of Creta-
ceous limestones and marls, 200 m of Paleocene-Eocene platform
limestones and several kilometres thick Oligocene-Miocene synorogenic
alluvial fan facies that unconformably lies on the Mesozoic and Tertiary
carbonate layers (Pflug, 1973; Uranga et al., 1997; Olive et al., 2010a,
b). This stratigraphic sequence is steeply dipping around the diapir
flanks leading to subvertical vertical ridges that progressively decrease
their dip away from the diapir to less than 5-20° to grade into gentle dip
slopes, especially on its southern flank (Fig. 2, cross-section). Deep
boreholes and seismic reflection profiles for hydrocarbon exploration
evidence that the thickness of the Triassic evaporites at the Estella diapir
reaches more than 3500 m due to salt migration (Fig. 2), extending to
the west along the Ega river valley and abruptly decreasing to the south
and east (Serrano and Martinez del Olmo, 2004; IGME, 1990a,b). At the
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surface, salt beds have been already dissolved leading to a thick Triassic
dissolution residue made up of a distorted mass of anhydrite, gypsum,
shale, dolomite and intruded mafic volcanic rocks that cover the diapir
crest (Olive et al., 2010a,b).

3. Material and methods

The applied methods include: i) the geomorphological mapping of
the Quaternary deposits and karstic landforms, cave topography and
sediments descriptions, ii) the measurement of sinkhole morphometric
parameters, iii) the analysis of time-series hydrological and hydro-
chemical data of the Longinos saline spring, the Ega river and its main
tributary (Urederra river), and iv) the radiocarbon dating of two detrital
sequences hosted in the Longinos cave.

The geomorphological map is based on the interpretation of colour
stereoscopic aerial photographs of 2018 with a 25 cm pixel resolution
printed at a scale of 1:10,000 and a 1 m pixel resolution digital elevation
model (DEM) derived from the 2016 LiDAR data with a density of 14
measuring points per square meter and with a mean square error in the
horizontal and vertical axes of 20 and 15 cm, respectively downloaded
from the Spanish National Geographic Institute (IGN). The LiDAR-
derived DEM was produced from the bare-ground data using the Arc-
GIS tool “Las Dataset to Raster” and the triangulation method. The
preliminary geomorphological map was checked and refined in the field
using colour 1:5,000 scale orthophotographs. The geological database
was developed on a Geographical Information System (ArcGIS 10.7)
using 25 cm pixel size orthoimages from the IGN. The bedrock geology,
the thickness of Triassic evaporites and the geological cross-sections
were based on borehole and seismic reflection profiles provided by the
Spanish Geological Survey (IGME, 1990a,b) and IGME (1978a and b)
and Olive et al. (2010a,b) geological maps. The mapping of the Ega
terraces was based on their lateral continuity along the valley rather
than on their relative height above the river channel. The height of the
terrace remnants was calculated from the 2016 LiDAR data.

The LiDAR-derived DEM was used to extract the main morphometric
parameters of the sinkholes (major axis, orientation of the major axis,
area, elongation ratio, perimeter, circularity ratio, mean elevation of the
perimeter, volume, elevation of deepest point and depth) following the
procedure described by Parenti et al. (2020). Table 1 includes the
maximum, minimum, average values and standard deviation of some of
the parameters. The azimuth of the major axis of the depressions was
plotted on a rose diagram using the GeoRose software. The frequency-
size relationship of the depressions has been analysed considering
their major axis generating the best-fit regression function following the
methodology described by (Taheri et al., 2015). The Nearest Average
Neighbour tool was used to analyse their spatial distribution.

Time-series electrical conductivity and salinity values of the Long-
inos saline spring together with the average conductivity, hydro-
chemical values and daily average discharge of the Ega and Urederra
rivers at their gauging stations (Ega-1, Ega-2 and Urederra-1; see loca-
tions at Fig. 2) and measuring points (M—1 and M—2; before and after

Table 1
Main morphometric parameters of the caprock collapse sinkholes in the up-
thrown block.

Parameter Maximum  Minimum  Average Standard
deviation
Major axis (m) 1061 5 123 167,5
Elongation 0,96 0,63 0,85 0,08
ratio
Area (m?) 538,058 56 19,000 68737,04
Perimeter (m) 3241 28 344 487,77
Circularity ratio 0,98 0,47 0,90 0,10
Volume (m*) 523,750 17 21,871 76834,39
Depth (m) 87 2 15 14,24
ANN = 0.97 z-Score = -0.35 p-value =0,72
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the diapir outcrop, respectively) from 2011 to 2022 were provided by
the Ebro Water Authority (CHE, 2023a and b) and the Navarra
Geographic Center (SITNA, 2023). The estimated discharge of the
Longinos spring was calculated by the dilution method from the elec-
trical conductivity and discharge of the Ega river (Table 1, supplemen-
tary material).

The cave topography, position and elevation of the main clastic de-
posits respecting the cave entrance were conducted using a DistoX2
Leica (x310) modified with an electronic base plate to measure the di-
rection and dip between selected points in the cave (Heeb, 2014). The
data were processed with the VisualTopo software (https://vtopo.free.
fr/) and was validated with the topographic maps produced by Eraso
(1959) and Chasco (2021). The morphological features were described
following criteria by Ford and Williams (2007). The temperature, pH
and electrical conductivity of the Longinos cave spring were measured in
situ using a Thermo Orion 250A portable pH-meter with temperature
compensation and a conductivimeter Jenway 4200 with automatic
correction of temperature. The chemical analysis of the water was
conducted by the Geochemistry Laboratory of the Earth Sciences
Department at the University of Zaragoza. The speciation-solubility
calculations have been performed with the PHREEQC code (Parkhurst
and Appelo, 2013) and the PITZER thermodynamic database included in
the PHREEQC package. Two detrital sequences (dep 1 and 2) were
identified and described following Miall facies codes (1996). Finally,
three charcoal fragments were recovered from deposits 1 and 2 (dep 1:
samples U4 and U27; dep 2: sample U5) for accelerator mass spectros-
copy (AMS) 14C dating (Table 2, supplementary material). Radiocarbon
ages were calibrated using in Clam 2.2 package (Blaauw, 2010) running
in r (R Development Core Team, 2020) by using INTCAL 20 calibration
curve (Reimer et al., 2020).

4. Results
4.1. Morphosedimentary features of the Estella diapir

The diapir top can be divided into two different domains separated
by a fault that forms a well-defined, up to 70 m high, 4.5 km-long, E-W
trending fault scarp attributed to the uplift of the diapir and whose
throw progressively decreases to the west and east (Figs. 2 and 4A). The
impact of subsidence and salt upwelling significantly varies at both sites
of the fault scarp. In the downthrown block located to the south, the
pediment deposits that partially cover the diapir residue, are thickened
due to subsidence. In contrast, the upthrown block, located to the north,
shows stratigraphic anomalies related to both processes (subsidence and
diapir growth). Here, the karstification of the gypsiferous caprock ac-
counts for the formation of sinkholes and the local thickening of terraces
while diapirism is responsible for the displacement of the Quaternary
deposits, the disruption of the drainage system, the anomalous longi-
tudinal profile of the Ega river and the Ega river channel migration.

4.2. Fluvial terraces, pediments levels and chronology

The Ebro river represents the regional base level and consequently,
the distribution of fluvial terraces along its tributaries including the Ega
river is related to repeated base-level drops and knickpoint retreat
induced by the Ebro river erosion phases from the Early Pleistocene
(Benito-Calvo et al.,, 2022). In the case of the Ega river, these
downcutting-filling phases has led to a stepped sequence of 8 rock-cut
terrace levels preserved in longitudinally erosional remnants along the
valley from T1 to T8. However, terraces T1 to T3 (Fig. 3; upper terraces)
are limited to its lowermost stretch downstream the study area at the
confluence with the Ebro river (Lenaroz, 1993). This geomorphological
configuration is in agreement with many other field studies (Bishop
et al., 2005; Crosby and Whipple, 2006; Marrucci et al., 2018) where the
number of terrace levels often decreases progressively upstream from
the confluence to the source area. Based on LiDAR DEM data, the height
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Fig. 3. (A) Simplified scheme of the spatial distribution of the Ega terraces from its confluence with the Ebro river to Estella village (Modified from Lenaroz, 1993).
(B) Detailed map of the Ega and Ebro terraces at their confluence displaying the spatial correlation of the lower and middle terraces. (C) Map of the northeast of Spain

showing the location of the Ebro Basin and the Ebro and Ega rivers.

of the river terraces above the channel in the study area are: T4: 47-52
m; T5: 33-36 m; T6: 24-26 m; T7: 16-17 and T8: 8-10 m. With the
exception of the floodplain that consists mainly of fine-grained sedi-
ments, the terraces are constituted by 2-4 m of massive, horizontal and
cross-bedded, clast-supported, sub-rounded, mainly limestone gravels
embedded in a sandy matrix (Gm, Gh and GP Miall’s (1978) facies) with
an increasing tendency of cementation from the lower to the upper
terraces. T8 terrace deposits show little pedogenic carbonate accumu-
lation, T7 and T6 consist of very well-cemented gravels with continuous
coated pebbles and T5 and T4 are made up of fully cemented gravels
with massive accumulations of carbonate within the clasts.

The development of detailed geomorphological maps of the Ebro
(Lenaroz, 1993; Benito-Calvo et al., 2020) and Ega rivers valleys
(Lenaroz, 1993; Olive et al., 2010a,b) allow fluvial terrace correlation.
At the confluence of both rivers, terraces T7, T6 and T5 of the Ega river
merge with terraces T19, T18 and T16 of the Ebro river, respectively,
establishing a direct spatial correlation. Besides, T8 and T4 terraces of
the Ega river can be correlated with terraces T22 and T13 of the Ebro
river based on their relative altitude above their present channels at
their confluence (Fig. 3).

The chronology of the Ega river terraces can be estimated from their
correlation with the Ebro terraces whose temporal evolution has been
recently studied in detail. Based on a thorough field survey and the
interpretation of aerial photographs and Digital Elevation Models
derived from LiDAR data, Benito-Calvo et al. (2022) recognise a
sequence of 22 fluvial rock-cut terraces in the Upper Ebro River ranging
from 200 to 4 m above the present channel. The Electron Spin Resonance
(ESR) dates of terraces T3 (4+-166 m; 1186 & 46 ka), T10 (+80-85 m; 945
+ 118 ka), T12 (+60-65 m; 716 + 71 ka), T15 (437-43; 660 + 75), T16
(+33-36 m; 630 + 59 and 644 + 81 ka) and T19 (+17-22 m; 387 + 45
ka) (Benito-Calvo et al., 2022) and Optically Stimulated Luminescence
(OSL) ages of T22 (+4-10 m; 22.4 + 1.3, 24.5 + 1.9 ka, 34.6 + 4.3, 47.2

=+ 4.7) (Benito-Calvo et al., 2022; Perucha et al., 2015) provide a strong
chronological framework. The ages of the undated Ebro river terraces
were estimated by Benito-Calvo et al. (2022) using a statistical regres-
sion curve and algebraic functions (Cunha et al., 2019; Benito- Calvo
et al., 2020).

Based on the spatial and altitudinal correlation of the Ega and Ebro
rivers terraces at their confluence (Fig. 3B) and considering the
maximum and minimum ages for every terrace, the formation of the Ega
river terraces was between 21 and 51 ka (36 & 15) for T8, 342 and 432
(387 + 45) for T7, and 563 and 725 ka (644 + 81) for T5. The modelled
ages for T6 and T4 would be around 432 and 738 ka, respectively
(Benito-Calvo et al., 2022). These ages are in agreement with their
pedogenic accumulation of carbonate.

Four mantled pediment levels connected to some of the terraces have
been mapped in the studied area (P4, P5, P6, P8). Besides, there are
other older pediment surfaces high above the terrace levels that were
deposited before the entrenchment of the Ega river system (Lenaroz,
1993). Overall, pediments form extensive surfaces dissected by
alluvium-infilled drainages coming from Cretaceous limestone plat-
forms and Tertiary conglomerates and sandstone outcrops at the
northern, southern and eastern edges of the Ega valley, respectively.
They are made up of alternating matrix-supported limestone gravels and
massive to horizontally-laminated brown silts with a total thickness
between 2 and 4 m (Olive et al., 2010a,b) except for P5 pediment whose
deposits thickens in the southern flank of the diapir. Here, groundwater
wells for irrigation penetrate more than 43 m of alternating gravels,
sands and clays without reaching the underlying tertiary bedrock (CHE,
2023a). This thickened fill also shows a conspicuous change in its
sedimentology with a much higher proportion of fine-grained
sediments.
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4.3. Quaternary diapirism

Parallel to the strike of the Cretaceous rocks-Triassic diapir contact,
the relative height of alluvium surfaces ascribed to terraces T4, T6 and
T8 may change substantially due to a differential diapiric uplift (Fig. 2,
see location of uplifted terraces). The rise of the terraces is maximum at
the centre of the uplifted block upstream the Urederra confluence and
decreases to the west and east towards the diapir edges in agreement
with the throw of the fault scarp that is also maximum at its middle
section. At Estella village, T8 tread is arched 6 m at the base of the fluvial
scarp. Upstream the confluence with the Urederra river, close to the
gauging station EGA-1, T6 and T8 straths are vertically displaced 12 m
projecting from 24 to 36 and 10 to 22 m above the present channel,
respectively. Further upstream, close to the end of the diapiric edge, T6
tread is also arched 7 m. Finally, a highly-cemented gravel deposit sit-
uated 85 m above the present channel and hanged with respect to P5 has
been ascribed to terrace T4. Considering the relative height of this level
between 47 and 52 m, the displacement related to salt diapirism would
be around 33-38 m (Fig. 2). The deformation recorded on the fluvial
deposits also causes several anomalies in the longitudinal profile of the
Ega river. The profiles of terraces T4, T6 and T8 show a sudden rise in
those reaches carved in the salt stock leading to anomalous convex ge-
ometries attributed to diapir growth (Fig. 5A). T4 terrace displays a
higher displacement and a strong convexity than the lower terraces that
is attributed to the higher impact of diapir uplift due to its older age.
However, the offset of T6 and T8 terraces is similar evidencing a
discontinuous supply of salt into the diapir over time. Terraces T5 and
T7 are not preserved upstream the diapir outcrop. Probably, their
erosion might be associated to a period of enhanced river downcutting
and scarp retreat probably due to salt upwelling. Today, the floodplain
shows a steepened profile changing from a slope of 0.2 to 0.41%
(Fig. 5A) when it crosses the diapir. This slope increase seems to point to
the current growing activity of the Estella diapir.
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The pediment correlative to P5 also shows conspicuous features
associated with salt upwelling. The fault scarp attributed to the uplift of
the diapir is responsible for the offset and fragmentation of this pedi-
ment surface (Fig. 4A) that once covered all the diapir top reaching the
Ega river (Urabayen and Chasco, 2001). Today, only some P5 remnants
are still preserved from erosion on the uplifted block. However, a thin
mantle of gravels and pebbles still covers most of the salt outcrop sup-
porting their previous extension up to the Ega river. Considering the
present dip of 6° of the pediment surface out of the salt plug as the
original angle of deposition, the maximum vertical displacement
required to restore P5 remnants to its original location is around 40 m
(Fig. 5B).

The drainage network in the Estella diapir also displays several
anomalies attributable to differential vertical deformation related to salt
flow. Firstly, the Ega river surrounds the Estella diapir changing in its
direction from east-west before reaching the Triassic evaporites to
northeast up to the Urederra confluence and finally to the south (Fig. 2).
This flowing trace suggests that salt upwelling is favouring the contin-
uous lateral migration of the river away from the diapir. This idea is
supported by the formation of a prominent, subvertical fluvial scarp of
up to 80 m high on the right margin of the river along the northern and
eastern diapir flanks at the contact with Cretaceous marls. Regarding the
scarp age, the occurrence of T4 deposits on top of it dates its initial
development after T4. Since then, the scarp has continued retreating due
to river undermining in those reaches where the river channel is located
at the toe of the scarp. This process has led to hanging valleys and un-
stable slopes affected by rockfalls and landslides that threaten Estella
village (Fig. 5C). Secondly, the growth of the diapir and the develop-
ment of the fault scarp has generated a barrier for those consequent,
north-flowing, alluvium-infilled drainages that used to traverse the
diapir flowing through P5 deposits and discharging into the Ega river. At
the present time, only those located at the margins of the salt outcrop
where the vertical uplift is lower or those that show higher erosion rates
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are able to flow across the fault scarp. In contrast, most of them can’t
keep pace with the diapir growing rate and are either defeated leading to
wind gaps in the upthrown block (Fig. 4B) or deflected such as Ayegui
creek that shows a sharp eastward deflection at the base of the fault
scarp to flow parallel to the diapir edges (Fig. 2). The maximum dif-
ference in elevation between the top and bottom of the defeated infilled-
drainages at both sides of the fault scarp is between 37 and 40 m which is
in agreement with the maximum estimated offset of P5 and can be
considered a rough estimate of the maximum vertical deformation
subsequent to the abandonment of these infilled-fluvial drainages
(Fig. 2). The minimum elevation difference is around 12 m and corre-
sponds to a drainage carved into the central part of P5 that, before being
truncated, was able to traverse the fault scarp towards the Ega river to
form a large alluvial fan overlying T6 deposits (Fig. 2). The vertical
displacement of this alluvium-infilled drainage at the fault scarp co-
incides with the 12 m uplift of its fan deposits and T6 and T8 terrace
surfaces in the upthrown block suggesting that it was probably defeated
after T8 formation.
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4.4. Dissolution phenomena and the Longinos cave

The increase in the hydraulic gradient caused by diapirism in the
uplifted block has favoured water infiltration, the underground kar-
stification of the caprock and sinkhole development. The contact be-
tween the gypsiferous residue and the fluvial mantle displays an
irregular geometry due to the differential dissolution of the rockhead
(Fig. 6). Locally, terrace deposits are thickened reaching more than 20 m
thick. In these areas, the thickened alluvium is constituted by a large
proportion of overbank sands and silts that show a centripetal dipping,
thicken towards the core and their dip decreases from the base to the
top. This stratigraphic arrangement is interpreted to be the result of the
syndepositional filling of large paleosinkholes (Fig. 6).

The karstic residue, fluvial terraces and pediments are affected by a
total of 3 large compound depressions with nested collapse sinkholes of
up to several tens of meter in diameter and 65 caprock collapse sink-
holes. The first ones are located at the toe of fault scarp where the
accumulation of water from defeated alluvium-infilled drainages

A Fluvial escarpment A Oek

Fault scarp

Fig. 4. (A) Panoramic view of the Estella diapir showing the offset of P5, the location of the fault scarp and the positive relief of the upthrown block eroded by the
Ega river. Vertical-dipping beds of Tertiary rocks at the background. (B) Zoom of the diapir fault scarp showing defeated infilled-valleys that used to drain P5
deposits. (C) Iguzquiza compound depression formed by the coalescence of 4 collapse sinkholes. (D) Circular, collapse Arbeiza sinkhole developed in the Ega river
floodplain. The bottom of the depression lies at the same elevation as the adjacent river and hosts a permanent lake.
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Fig. 6. Picture (A) and sketch (B) of a paleosinkhole filled by a large proportion of fine-grained sediments ascribed to T6 terrace. Note the irregular contact between

the alluvial and the dissolution residue.

favours karst processes and the development of irregular-shaped closed-
depressions with aerial surfaces of up to 0.5 km? that result from the
coalescence of several smaller sinkholes. The second ones occur in the
upthrown block and display a wide range of morphologies and di-
mensions. The major axis, area and volume varies from 1,061 to 5 m,
538,058 to 56 m? and 523,750 to 17 m®, respectively (Table 1). They are
normally subcircular with an average elongation ratio of 0.85 although
they may occasionally show an irregular shape due to sinkhole coales-
cence leading to minimum elongation and circularity ratios of 0.63 and
0.47. The orientation of the major axis of the depressions shows prev-
alent WNW-ESE and ENE-WSW trends (Fig. 7A). In general, these
closed-depressions often show well-defined scarped edges, a fresh-
looking appearance and depths over 10 m with an average of 15 m
(Table 1). Iguzquiza compound depression, formed by the coalescence of
4 collapse sinkholes in the 1850 is the deepest sinkhole with its 87 m
deep (Urabayen and Chasco, 2001) (Figs. 2 and 4C). Except for those
sinkholes located in the floodplain that intercept the phreatic level and
host permanent lakes like Arbeiza sinkhole (Fig. 4D), the rest act as
ponors that disrupt the local drainage and become the main entrance of
runoff into the endokarst developed in the brecciated karstic residue.
The visual inspection of the geomorphological map reveals a dispersed
distribution that is supported by a Nearest Neighbour Index of 0.97, very
close to a value of 1 that would indicate a perfect random distribution.
Considering the outcropping aerial surface of the Triassic rocks, the total
area affected by sinkholes is 1.4 km? (9.3 % of the diapir outcrop) that

yields a density of 5.1 sinkholes/km?.

The length of the major axis and the cumulative frequency has been
plotted in a semi-logarithmic graph to determine the number of sink-
holes that equals or exceed a particular size (Fig. 7B). The data shows a
sigmoidal pattern with a high R-square value (R? = 0.92) by a loga-
rithmic function although with a slight deviation for the extreme-size
values of the distribution. The regression that is similar to the sinkhole
pattern of other salt diapirs (Gutiérrez and Lizaga, 2016), predicts a
higher probability of occurrence for sinkholes smaller than 12 m and a
lower one for those larger than 350 m.

Only three vadose, 4 to 15 m long, dissolution-enlarged joints and a
larger phreatic cave, named as the Longinos cave, had been described so
far (Eraso, 1959; Urabayen and Chasco, 2001). The Longinos cave is
located on the eastern flank of the diapir at the village of Estella (Figs. 2
and 8). It shows two, E-W oriented epiphreatic levels connected by a
meandering conduit that runs parallel to the Ega river and the fluvial
gypsum scarp. The cave entrance, located 8.5 m above Ega river flood
plain, corresponds with the upper level, which acts as an overflow
conduit (trop-plein). The 18 m long, upper level is an old epiphreatic
conduit with an inward inclination from its entrance. This gallery ends
when the passage becomes subhorizontal. The altitude difference be-
tween the entrance and its end is 6 m. Its altitudinal position coincides
with a steady water-table related to the position of the fluvial network
during T2 Ega river terrace (Urabayen and Chasco, 2001). The lower
conduit consists of a 15 m long, 3 m high and flat ceiling room with large
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Fig. 8. Profile (A) and plan view (B) of the Longinos cave showing the flow-path of the saline water and abandoned and present springs (the vertical and horizontal
scales are the same). Antigravitative erosion morphologies include a flat ceiling and pendants of gypsum blocks (C), a ceiling channel (D, detail of the filling in lower

corner) and wall notches (D).

gypsum blocks that protrude as pendants and a sinuous channel carved
into the ceiling (Fig. 8C). These morphologies have been related to an
antigravitative erosion process in response to sediment accumulation on
the floor (Lauritzen and Lauritsen, 1995; Farrant and Smart 2011;
Cooper and Covington, 2020). Two charcoal samples located at the base
and top of the alluvial sequence, yielded calibrated radiocarbon ages of
1548-1701 and 692-789 cal BP, respectively (Fig. 2, Table 2, supple-
mentary material). The meandering conduit that connects both levels,
also shows antigravitative erosion morphologies including wall notches
and a meandering ceiling channel (Fig. 8D). The filling of the ceiling
channel is still preserved in some sections suggesting that the cave was
completely filled during this antigravitational stage. A charcoal sample
collected in a blind area from a sandy deposit at 0.5 m below the ceiling
provides a radiocarbon age of 9,963-10,256 cal BP (Fig. 2, supple-
mentary material). The antigravitative morphologies of the lower level
and the meandering conduit, the radiocarbon ages and the cut and fill
geometry of the Longinos cave deposits point to successive aggradation-
incision stages related to intermittent close-open conditions of the cave
outlet.

4.5. Hydrology of the Estella diapir

Runoff in the diapir outcrop is limited and surface water quickly
seeps through sinkholes and flows along underground karstic conduits

to finally recharge the underlying evaporitic endokarst system. The
Longinos spring represents the main groundwater drainage system of the
diapir aquifer (Chemical balance of the Ega river, supplementary ma-
terial). It consists of two discharge points located at different heights at
the base of the fluvial scarp and connected to a perennial saline stream
that flows into the main room of the lower conduit of the Longinos Cave
to form a large pool. The lower spring comes up to the surface at the
bottom of the Ega river, which represents the hydrological base level,
with an average discharge of around 80 1/s (Table 1, supplementary
material). The upper one is situated 1.5 m above the present channel
coinciding with the floodplain tread and works as an overflow conduit
(trop-plein) today.

The water samples are sodium chloride - calcium sulphate type and
are undersaturated with respect to calcite, dolomite, gypsum and
anhydrite and very far from the equilibrium with respect to halite
determined by the PHREEQC model (Parkhurst and Appelo, 2013). This
chemical composition is consistent with the dissolution of carbonates
and sulphates predominant in the caprock. The TDS and electrical
conductivity of this saline water ranges from 6192 to 8658 mg/l and
from 7590 to 12368 us/cm, respectively, with increasing values as the
discharge decreases (CHE, 2019; SITNA, 2023; Table 2, supplementary
material). Considering its average discharge and TDS, the estimated salt
flux of the Longinos spring into the Ega river would be roughly 48 tons/
day accounting (on average) for 70 % increase in the electrical
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conductivity of the Ega river across the diapir (from 538 to 888 us/cm;
Table 1, supplementary material). The saline water shows a constant pH
of 6.9-7.1 and a temperature ranging from 15.4 to 18,9 °C throughout
the year that is similar to the average temperature of the study area and
suggests a shallow flow path within the thick karstic residue, which is
almost devoid of halite. The load of Escherichia coli and Enterococcus spp.
that has linearly increased since 2014 reaching over 400 ufc/100 ml in
response to farming activities on the pediment P5 (CHE, 2019), locates
its main recharge area in the downthrown block. Water from rainfall and
runoff seeps into P5 deposits and flows at the contact with the dissolu-
tion residue until reaching the closed-depressions located at the base of
the fault scarp. Once here, groundwater sinks into dissolutional conduits
developed in the caprock towards the Longinos cave and the Ega river
across the fault scarp (Fig. 2).

5. Discussion
5.1. The evolution and uplift rate of the Estella diapir

The evolution and uplift rate of the Estella diapir can be unravelled
considering the vertical displacement of the Ega terraces and pediments
and their correlated ESR and OSL ages (Perucha et al., 2015; Benito-
Calvo et al., 2022). The similar offset of T4, P5 and infilled valleys
draining P5 suggests that diapir uplift started after P5/T5 formation. In
addition, the equal vertical displacement of terraces T8 and T6 upstream
Estella village clearly evidences that diapir growth was negligible be-
tween the sedimentation of these two terraces. These geological data
support a minimum of two growing events separated by a period of
inactivity. The first growing episode started with the beginning of dia-
pirism after T5 at around 644 + 81 ka and stopped before T6 at around
432 ka. Salt motion caused the development of the fault scarp, the
rupture of P5, the offset of T4 and the cut-off of those alluvium-infilled
drainages that used to traverse the salt outcrop. Diapir uplift enhanced
river erosion and incision that came into the development of a promi-
nent fluvial scarp carved at the diapir edges and the erosion of T5 de-
posits upstream Estella village. Subtracting the vertical displacement of
T8 (12 m) to the total offset recorded in T5/P5 deposits (40 m), the
minimum vertical deformation during this first halokinetic event would
be 28 m (40-12 m) for a time span of around 212 + 81 ka that yields an
uplift rate of around 0.09-0.21 mm/yr. Later, between T6 and T8, the
salt diapir underwent a long period of quiescence and some infilled
drainages were able to cut across the fault scarp to form extensive al-
luvial fans at the north side of the salt diapir on top of T6 terrace de-
posits. The second growing event happened after T8 formation at around
36 + 15 ka. Throughout this period, T6 and T8 were arched and uplifted
a maximum of 12 m in agreement with the vertical displacement of those
infilled-valleys that previously pierced the fault scarp and were finally
defeated leading to wind gaps. Several geomorphological evidences
suggest that this growing episode continues today. Firstly, the steep-
ening of the present floodplain from 0.2 to 0.4 % and secondly, the
occurrence of triangular facets and hanging valleys along the fluvial
scarp due to a rapid scarp retreat and river incision probably in response
to salt upwelling. This idea is supported by the adjustment of the
Longinos cave karstic system in the last 800 years. According to his-
torical data (Hermoso de Mendoza, 2007) the Longinos upper spring
that works today as a top-plein held most of the discharge during the XII
century, only half in 1950 and almost none today recording its pro-
gressive abandonment in favour of the lower spring in response to the
continuous incision of the Ega river probably due to diapir uplift.
Assuming the diapir is still growing today, the uplift rate of this second
upwelling event would be 0.23-0.57 mm/yr decreasing to half at the
diapir edges. This value doubles the one recorded during the first
growing phase. Considering the age and total displacement of T5/P5
deposits and infilled valleys since the beginning of the uplift, the long-
term, average growing rate of the Estella diapir would be 0.05-0.07
mm/yr. The existence of a calm period between two upwelling events of
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different ratios demonstrate the episodic kinematic of the Estella diapir
in agreement with the history of most salt domes that includes growing
pulses interrupted by long periods of inactivity (Millan, 2004; Hudec
and Jackson, 2011, Harding and Huuse, 2015).

5.2. Triggering mechanism of diapirism

Numerous studies demonstrate that salt flowage towards the river
valleys in response to erosion-induced differential loading causes terrace
tilting and arching, oversteepened slopes and cave abandonment (Lucha
etal., 2012; Bruthans et al., 2010; Guerrero, 2017; Gutiérrez et al., 2014,
2019 and references therein). In the Estella diapir, several lines of evi-
dence suggest that differential unloading caused by the Ega river inci-
sion seems to be the only possible triggering mechanism for salt
migration and diapirism. Firstly, the Pamplona fault, the South Pyr-
enean Frontal thrust and the Oco and Learza faults (Fig. 1) lack any
evidence of recent surface displacement. Secondly, the seismic catalog
of the IGN does not record any earthquake attributable to these base-
ment faults since the beginning of the data collection in 1370 suggesting
that the area seems to be tectonically inactive. Finally, GPS measure-
ments of deformation across the range suggest that the Pyrenees con-
tinues today under an extensive tectonic regime in response to the
separation of the European and Iberian plates at a rate between 0.2 and
0.5 mm/yr across the 150 km wide range (Asensio et al., 2012; Rigo
et al.,, 2016) whereas the Estella diapir growth rate alone equals this
value supporting a nontectonic genesis. On the other hand, the Ega river
has excavated a deep valley carved into the Cretaceous-Triassic diapir
contact, locally entrenched 500 m below the surrounding bedrock
reliefs. Moreover, based on subsurface data (IGME, 1990a,b; Camara
et al., 2020): (1) Triassic salt is far from being exhausted and its thick-
ness still ranges between 1000 and 3000 m with an average value of
around 1500-2000 m, and (2) the overburden on top of the Triassic
bedrock around the Estella diapir is over 3 km thick and exerts a strong
lithostratigraphic pressure on the salt. This overburden load together
with the topographic difference between the valley and the surrounding
reliefs create a significant hydraulic head gradient towards the valley
that might enhance salt flow. This genetic hypothesis is in agreement
with the deformation recorded on the terrace and pediment levels whose
uplift rates yield a direct relationship with river erosion. Considering the
average height of the terraces above the present river channel and the
correlated ages of the Ega terraces (Lenaroz, 1993; Perucha et al., 2015;
Benito-Calvo et al. 2022), the river incision rates during the first hal-
okinetic event, the quiescence phase and the latest upwelling event are
around 0.05, 0.03 and 0.2 mm/yr, respectively. These values show the
same trend as halokinesis with a moderate downcutting period during
the beginning of diapirism, followed by a lower erosion phase that co-
incides with the quiescence stage and a much higher incision value since
T8 when the growing rate is maximum. Finally, the anomalous thickness
of P5 deposits on the downthrown block reaching more than 43 m is
related to either salt dissolution or salt-withdrawal subsidence. The lack
of sinkholes affecting the large pediment surface points to the migration
of salt as the main responsible phenomena of its thickening and suggests
that the downthrown block represents the main feeding area of the
upthrown block. This is congruent with a north- northeast flow of salt
towards areas unloaded by the Ega river erosion.

5.3. The geomorphologic response to diapirism

The large number of collapse sinkholes in the upthrown block, the
development of large depressions at the toe of the fault scarp, the exis-
tence of caves developed in the gypsiferous caprock and the increase in
water salinity of the Ega river evidence that the karstification phe-
nomenon happens simultaneously to diapirism as it has already been
reported in other salt diapirs (Talbot and Aftabi, 2004; Bruthans et al.,
2006, 2010; Gutiérrez and Lizaga, 2016, Guerrero et al., 2019). High-
pixel resolution orthoimages and LiDAR data allow calculating



J. Guerrero et al.

sinkhole parameters with great accuracy and comparing their
frequency-size distribution with other salt diapir datasets. A similar
regression generated with the major axis of sinkholes in Ambal Ridge
salt diapir in the Zagros Mountain in Iran (Gutiérrez and Lizaga, 2016),
also displays a symmetric sigmoidal curve to the one obtained for the
Estella diapir with a high logarithmic correlation (R = 0.92) and a low
deviation between the empirical data and the regressions for extreme-
size values (Fig. 7B). However, the size-distribution sinkhole dataset
of the Iranian diapir is displaced to the origin of the graph one order of
magnitude. This difference means that the depressions of the Estella
diapir show larger dimensions than those of Ambal Ridge. Two main
factors may explain the higher formation probability of a large sinkhole
in the Estella Diapir: (1) the higher average rainfall rate of the study area
(750 mm/year; Urabayen and Chasco, 2001) which doubles the one
recorded in Ambal Ridge (365 mm/yr; Jalali et al., 2019) and favours
dissolution processes, and (2) a thicker and highly-cemented dissolution
residue with a higher mechanical strength on top of the Estella diapir
that allows the development of larger underground voids before their
roof collapse (Guerrero et al., 2015). In addition, the major axis of the
sinkholes shows prevalent WNW-ESE and ENE-WSW (Fig. 7A) orienta-
tions that match with the strike of the primary faults (Olive et al., 2010a,
b) and the elongation of the salt diapir suggesting that the structure is
controlling the development of the depressions. Regarding the endo-
karst, although the large number of sinkholes with a random distribu-
tion suggests the existence of a well-developed subsurface karst conduit
network developed in the thick insoluble residue, the Longinos cave is
the only known underground system in the Estella diapir. Nevertheless,
local farmers and previous studies (Eraso, 1957) report that during high
intensity rainfall events, as the Iguzquiza sinkhole progressively fills up
and drains, the Arbeiza sinkhole overflows providing a good indicator
for their underground hydraulic connection through ascending phreatic
passages. Despite the existence of other inaccessible endokarstic con-
duits, the chemical balance of the Ega river since 2011 (Table 1, sup-
plementary material) supports the lack of any other permanent saline
flux discharging into the river apart from the Longinos spring, which
represents the main drainage system of the diapir.

Finally, the ascending trend of the Longinos cave upper level has two
contrasting interpretations. Either, it represents an ascending conduit in
a phreatic environment or a back-tilted passage due to diapir uplift. The
existence of springs associated with ascending waters in the study area
such as the previously mentioned system Iguzquiza-Arbeiza sinkholes
supports the first option. Nevertheless, several evidences seem to sup-
port the diapir growth hypothesis: (1) the uplift of terrace T2 at Estella
village coincides with the net back-tilting of the upper conduit (6 m of
vertical difference between its entrance and its end), (2) the sub-
horizontal geometry of the lower level that suggests the existence of a
dense network of fissures at the diapir flank to develop a water-table
cave system rather than a phreatic cave with ascending passages (Ford
and Ewers, 1978), (3) the increase in the river erosion rate in the last 36
+ 15 ka and (4) the antigravitative morphologies of the lower level and
meandering conduit that points to a recurrent infilling process probably
favoured by the uplift of the diapir and consequently the increase in the
hydraulic gradient, erosion of the topographic surface and sediment
load into the cave.

6. Conclusions

The deformation recorded in the Ega river terraces and pediments,
infilled-valleys and the Longinos cave evidences that karstification, salt-
withdrawal subsidence and diapir uplift are coetaneous active processes.
The dissolution of the gypsiferous caprock causes the development of a
dense, randomly distributed sinkhole network that disrupts the drainage
system and feeds a well-developed endokarst system. The Longinos Cave
represents the main drainage system and holds a permanent calcium
sulphate-sodium chloride saline spring that discharges into the Ega river
an average of 48 tons of dissolved salt per day and contributes to its
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abrupt salinity increase. Salt-withdrawal subsidence is responsible for
the anomalous thickness of P5 deposits to the south of the diapir fault
scarp where salt flows from the downthrown block to the upthrown
block in response to fluvial erosion unloading. Nevertheless, salt flow
and diapir growth have not been continuous but episodic with two uplift
pulses between T4 and T6 and T8 to present separated by a calm period
between T6 and T8 yielding an average and maximum growing rates of
0.05-0.07 mm/yr and 0.23-0.57 mm/yr, respectively. Future geomor-
phological studies are needed to determine whether other salt stocks of
the Cantabrian basin would be also undergoing active diapirism at
similar salt upwelling rates.
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