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Abstract

This paper successfully explores the use of trenching and paleoseismological techniques
to determine salt flow rates into a salt diapir for the first time in the literature. The
Salinas de Oro diapir, located in the northern Spanish Pyrenees, is an oval-shape and
steep sides, Triassic-salt dome that extends vertically for more than 7 km down to the
Paleozoic basement. Salt dissolution subsidence and diapir growth are coetaneous active
processes. Karstification is responsible for the development of large bending and
collapse sinkholes, a thick caprock and the monocline folding and ring faulting of the
Cretaceous and Early Tertiary limestone rim. The evaporite karstic aquifer discharges
high-concentration water of up to 137 g/l of total dissolved solids and a conductivity

over 200 mS/cm into the Salado Creek, which drains the diapir top. The salinity
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monitoring of this drainage provides a karstic surface lowering rate of around 3.8
mm/year. Salt upwelling has caused the 150 m uplift of the annular limestone
escarpment and the development of more than 3000 m long radial grabens with up to 90
m of vertical offset that disrupt drainages, displace quaternary deposits and overprint
concentric faults. The 260 cm drag folding of lacustrine facies exposed in a 42 m long
and 6.5 m deep trench due to the creep motion of the western radial fault in Azanza
Graben yielded a minimum short-term uplift slip rate of 1.78 mm/yr for the last 1461
years and provides a minimum salt supply rate of over 5 mm/yr considering
karstification lowering. This value that is more than 800 times higher than average,

evidence the discontinuous growth of Salinas de Oro Diapir.

Keywords

Concentric fault, trenching, uplift rate, salt dissolution.

Introduction

The factors that control salt movement in diapirs are crucial variables in order to assess
the suitability of a diapir as a repository of waste disposal (Koyi, 2001), the timing of
migration and entrapment of potential hydrocarbons in the overburden (Smith et al.,
1993; Guglielmo et al., 1999; Stewart and Clarke, 1999), the potential seismic hazard
(Lehné and Sirocko; 2010; Choi et al., 2011; Dahm et al., 2011; Wetzler et al., 2011),
the impact in regional tectonics (Dooley et al., 2009; Santolaria et al., 2015) and the
effects on the topography, hydrology and geomorphology of salt regions (Holford et al.,

2007; Bruthans et al., 2010; Guerrero et al., 2015).

According to Koyi (2001) the rising rate of salt structures mainly depends on the

effective viscosity of salt, differential loading of the overburden units, the dimension of
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the feeding stem, the thickness of the feeding salt layer, the maturity of salt structures
and the regional tectonic stress. Depending on these factors the mean uplift rates of salt
diapirs varies between 0.01 to 15 mm/yr (Koyi, 2001; Bruthans et al., 2006). Several
methodologies have been used to report long-term and present-day uplift rates of
emergent salt diapirs. Many authors have reported uplift rates of salt-diapirs in different
areas based on the displacement of deformed strata and sediments on top of the crest of
the diapiric structure such as Jackson and Seni (1983) in several salt domes in Texas
(0.45 mml/yr), Davison et al. (1996) in Yemen (4.5 mm/yr; Jabal Al Milh diapir),
Zirngast (1996) in the northern Germany (0.1-0.5 mm/yr; Gorbelen salt dome), Autin
(2002) in Lousiana (2 mm/yr; Five Islands domes), Bruthans et al. (2006) in Iran (1-5
mm/yr; Hormoz and Namakdan diapirs) and Frumkin (1996) in Israel (6-7 mml/yr;
Mount Sedom diapir). Recently, the investigations dealing with salt structures have
experienced a substantial momentum, largely due to the precise measurement of the
ground displacement by Ground Survey Fechniques and Remote Sensing Methods that
complement conventional geological data. For instance, these techniques have been
successfully applied in the salt-related fault system of the Gulf of Mexico integrating
data from GPS, Synthetic Aperture Radar Interferometry (INSAR) and LIDAR and
(Huang, 2012; Han, 2013; Yu and Wang, 2016), the Mount Sedom diapir by precise
leveling and INSAR (Weinberger, 2006; Frumkin, 2009) and the Axel Heiberg Island
diapirs in the Canadian High Arctic using Polarimetric SAR Interferometry (PolINSAR)
(Harrington, 2018). In Spain, despite salt diapirs are common geological structures in
the Pyrenees (e.g., Serrano and Martinez del Olmo et al., 1990 and 2004; Sans and
Verges, 1995; Pinto et al., 2005; Ferrer et al., 2012; Quinta et al., 2012; Poprawski et
al., 2014) and Betics (e.g., De Ruig, 1995; Calaforra and Pulido-Bosch, 1999) most of

the works deal with the penetration mechanisms, fracture pattern and basin stratigraphic
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architecture to study potential hydrocarbon reservoirs and ignore their past and current
moving rates. Only Sans (2003) in the Cardona Diapir, Lucha et al. (2008) in the
Barbastro salt-cored anticline, Gracia et al. (2008) in the Strait of Gibraltar and
Poprawski et al. (2014) measured diapir rising rates of around 1, 0.3, 0.6 and up to 6.8
mm/yr, respectively, using geodetic measurements or displaced terraces and sediments

as markers.

This paper explores the suitability of combining trenching, classical geologic mapping
and hydrological studies for detailed diapir characterization. Despite trenching is mainly
utilized in seismic hazard assessments (McCalpin, 2009), a large number of research
manuscripts evidence the successful use of this technique to study gravitational
deformation processes such sinkholes (Gutiérrez et al.,, 2011, Carbonel, 2014),
gravitational faults related to interstratal karstification of salt (Gutiérrez et al., 2012,
2014, Guerrero et al., 2015), sackungs (Gutiérrez et al., 2005; 2008) and landslides
(McCalpiny Hart, 2003). The approach was tested in the Salinas de Oro piercing diapir,
in the northwestern Pyrenees in Spain, a relatively wet region (1200 mm/yr of rainfall)
where salt is outcropping and consequently, dissolving fast (Fig. 1). Karstic subsidence
and diapir growing rates will be compared in order to determine the dominant process
that controls the structural configuration of the diapir. To our knowledge, this is the first
paper in the international literature that addresses a detailed characterization of a

diapiric structure and displacement rates using paleoseismological techniques.

Geological setting
The Salinas de Oro salt diapir is a classic oval-shape Lower Cretaceous diapir with an

area of 18.4 km? very steep sides and no overhangs that extends vertically for more
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than 7 km down to Paleozoic basement (IGME, 19903, b; Pinto et al. 2005). It consists
of Keuper and Muschelkalk halite interlayered with anhydrite, gypsum, shale, limestone
and dolomite and intruded mafic volcanic rocks (Olive et al., 2010). Although
halokinetic processes started during the opening of the North Atlantic in Lower
Cretaceous under an extensional tectonic regime (Salvany, 1990; Garcia-Mondéjar,
1996; Serrano and Martinez del Olmo, 2004), the Salinas de Oro diapir didn’t pierce the
surface until the end of the Cretaceous due to the convergence of the Iberian and
European plates (Mufioz, 1992). After this period of tectonic shortening and salt uplift,
a stage of thermal subsidence occurred and the area underwent a succession of
transgressions and regressions from the Maastrichtiense to the Eocene. This led to a
thick sequence of calcarenites and bioclastic limestones that covered the salt diapir
(Castiella et al., 1982; Ramirez et al., 1987; Salvany, 1990). The strata deposited during
this period are from base to top (Olive et al., 2010) (Fig.1): (1) 50 m of Upper
Cretaceous marls; (2) up to 250 m thick Paleocene dolomites, bioclastic limestones and
marls; (3) 130 m thick of Lower Eocene calcarenites and limestones; (4) 350 m thick of
Middle Eocene cross-bedded limestones and bioclastic calcarenites and (5) 600 m thick
Middle and Upper Eocene grey marls of 40 to 37 Ma according to their planktonic
foraminifera assemblage (Payros et al., 1996; Payros, 1997). A reactivation of Salinas
de Oro diapir occurred from the beginning of the Oligocene to Middle Miocene in
relation with the development of the Ebro Foreland Basin, and the accumulation of
several thousand of meters of endorheic continental sediments related to thrust loading
(Vergés et al., 2002). During this halokinetic period, the Mesozoic and Early Tertiary
carbonate sequence were pierced and uplifted more than 150 m above their
surroundings to form an annular limestone escarpment with vertical beds at the contact

with the Triassic evaporites progressively decreasing their dips outwards from the
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diapir. Since the Middle Miocene, a change in the tectonic regime from compressional
to extensional allowed the top of the salt diapir to undergo intense erosion and karstic

dissolution.

Methodology

The geological and geomorphological maps of Salinas de Oro diapir produced by Olive
et al. (2010) and Guerrero (2017) constituted highly useful documents for the bedrock
geology, distribution of radial and concentric fault scarps and faulted Quaternary
deposits. The Azanza Graben was selected for the trenching investigation in order to
determine growing diapir rates due to its easy access for the backhoe and the existence
of a lacustrine area that increases the possibility of finding a fine-grained stratigraphic
sequence and radiocarbon datable material. The geological map of Azanza Graben was
refined in the field using color 1:5,000 scale orthophotographs to better locate the trench
that was oriented perpendicularly to the strike of the eastern radial fault. We followed
the procedure for logging paleoseismological trenches as described by McCalpin
(2009). The charcoal collected from the excavated deposits were dated at DirectAMS
radiocarbon dating services in Seattle using Accelerated Mass Spectrometry, and the

ages were calibrated using the CALIB 7.1 software (Stuiver et al., 2019).

In order to characterize salt dissolution rates and the main hydrochemical features of the
evaporitic aquifer, two sampling stations (stations A and B) together with 4 brine
springs were included in this study (Fig. 1, Table 1). Two sampling surveys were
carried out in May 2017 and September 2018 and included the major ion
concentrations, electrical conductivity (EC), temperature (T) and total dissolved solids

(TDS). The samples were analyzed in the Hydrochemistry Laboratory of the
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Department of Earth Sciences of the University of Zaragoza, Spain. Alkalinity and
chloride contents were determined by titration with a Mettler titrator with end-point
electrode and sulfate concentrations by colorimetry. Inductively Coupled Plasma-
Atomic Emission Spectrometry (ICP-AES) was used for the analyses of cations (Ca,
Mg, Na and K). Geochemical calculations were performed with the PHREEQC code
(Parkhurst and Appelo, 2013) using the pitzer.dat database. The calculated charge
balance error for the reported samples, as calculated with the PHREEQC code, is
always below 5%. The hydrochemical information of Estenoz gauging station (Table 2)
was obtained from the public database of the Ebro Waters Authority (Confederacion

Hidrografica del Ebro; CHE).

The geomorphology of the diapir crest

The present topography and structural configuration of Salinas de Oro diapir comes up
from the balance between passive diapirism and Kkarstification. A detailed description of
the structural configuration of the diapir can be found in Guerrero (2017). Diapirism has
uplifted the Mesozoic and Tertiary Limestone sequence more than 150 m to form an
annular limestone escarpment with dips of 75° at the contact with the Triassic evaporites
that progressively decrease to 20° outward from the diapir. In addition, the limestone
overburden was breached into more than 3000 m long radial grabens with up to 90 m of
vertical offset (Figs. 1, 2A, 2B).

The most significant karstic evidences are the occurrence of sinkholes at the bottom of
the valley and a ring-faulting structure at the edges of the diapir (Fig. 1). At the diapir
center, the dissolution of salt has transformed the diapir top into a 300 m deep
topographic depression covered by a thick caprock of more than 100 m in outcrop

composed of distorted clays with thick bodies of mafic rocks. The caprock is affected
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by a large number of rounded to irregular shape, bending and collapse sinkholes up to
310 m in diameter and 70 m deep (Fig. 2D). At the flanks of the diapir, a ring
monocline with limb-dips between 10 and 45° is broken by a swarm of synthetic and
antithetic inward-dipping normal annular faults that offset the limestone escarpment
(Figs 2B, 2D). This chaotic structure creates a outstanding landscape characterized by a
stepped sequence of circular ridges and grabens bounded by uphill-facing scarps and
linear ground hollows up to 50 m long and 4 m wide that disrupt the drainage system
creating defeated streams on the hanging wall and beheaded drainage channels in the
footwall. In addition, large collapse sinkholes of 20 to 150 m in diameter occur
primarily at the intersection between radial and concentric faults. The bigger and deeper
sinkholes may intercept the limestone aquifer water table and become permanent lakes
with a low conductivity of around 0,65 mS/cm and an oscillating surface water level
depending on the rainfall rate. The development of sinkholes and a ring-faulting
arrangement in the limestone rim is related to the continuous interstratal karstification
of the salt at the contact with the carbonate overburden that causes the passive bending
and gradual unfolding, tilting and final faulting of the overlying cover towards the

center of the diapir and the collapse of large salt-dissolution cavities (Guerrero, 2017).

The cross-cutting fracture pattern related to the interaction between karstic subsidence
and salt doming processes is dominated by the truncation of concentric faults by radial
grabens. Radial faults overprint the monocline and ring faults that may be offset several
tens of meters and become covered by slope deposits along main radial grabens bottom
(Fig.1, 2B). This overprinting configuration together with the disruption of the drainage

network, the displacement of stream and colluvial deposits and the development of
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sinkholes and linear troughs along radial faults suggest that diapirism is still an active

process (Guerrero, 2017).

Hydrogeology of the diapir

The area is characterized by two interconnected and unconfined Kkarstic aquifers: i) the
evaporitic aquifer developed in the thick caprock on top of the salt diapir and ii) the
fractured and highly permeable limestone escarpment aquifer at the flanks of the diapir
that collect most of the rainfall and discharges fresh water into the previous one. The
Salado Creek that dissects through 100 m thick caprock in a North-South direction and
drains the top of the diapir and the tertiary limestone escarpment, acts as the base level

for both aquifer systems.

The spatial distribution of sinkholes is clearly conditioning the hydrogeology of both
aquifers. Runoff along the diapir flanks quickly infiltrates through large intrastratal
collapse sinkholes disrupting runoff, feeding the limestone aquifer and ultimately
recharging the underlying evaporitic endokarst system. The entrance of freshwater
favors the interstratal dissolution of salt and consequently, the enlargement of sinkholes
and the passive bending and faulting of the limestone annular sequence in a feedback-
process. Five high-concentration perennial springs (S1 to S5) discharge into the Salado
Creek along the bottom of the valley with TDS up to 137 g/l and pH values increasing
with salinity petween 7.01 to 7.84 (Figs. 1, 2E, 2F, Table 1). All the water samples are
slightly saturated with respect to calcite and dolomite, close to saturation with respect to
gypsum and anhydrite and still far from the equilibrium with respect to halite despite
their high salinity, as determined by PHREEQC model (Parkhurst and Appelo, 2013).

These saturation indexes are consistent with the dissolution of carbonates in the diapir
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flanks that explains calcite and dolomite saturation and the predominance of gypsum
and anhydrite in the caprock that causes sulfate saturation. The relations,_between the
molar dissolved contents of Na/Cl and Ca/SO, show a good 1:1 correlation (Fig. 3).
This analytical result can be attributed to halite and gypsum/anhydrite dissolution
respectively, as the main source for Na, Cl, Ca and SO, in the hydrogeological system,
which is in agreement with the mineralogy of the evaporitic bedrock. Despite this
strong hydrochemical parameters correlations, the S1 spring waters show a different
evolution trend with constant Ca values at increasing sulfate and magnesium
concentrations. This pattern probably matches a dedolomitization process responsible
for the dissolution of dolomite and the precipitation of calcite in the presence of calcium
sulfate rich flowing fluids (Evamy, 1967; Wierzbicki et al., 2006; Hallenberger et al.,

2018) according to this reaction (Larsen and Chilingar, 1983):

CaMg(CO3), + CaSO, €~ 2CaCOz+ Mg + S0,*

This two evolution trends demonstrate that flow paths of S1 saline waters might
completely differ from S2 to S5 brine waters ones and that S1 brines probably cross
through Triassic dolomite beds interbedded in the Keuper facies in order to explain

dedolomitization.

The salinity, conductivity and chemistry values of the Salado Creek at stations A and B
(See location in Fig.1) before the discharge of brines S1 to S4 and at the southern diapir
edge, respectively, are shown in table 1. These hypersaline waters cause a dramatic
increase in the salinity of the Salado Creek from around 4 mS/cm to more than 85
mS/cm despite most of the S2 and S3 salty water is diverted to feed more than 300 solar
evaporation salterns to exploit the salt for industrial uses. TDS (Total Dissolved Solids)

also increases from less than 4 g/l to 61 g/l during the wet season and 70 g/l during the


Inserted Text
hips

Cross-Out

Cross-Out


249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

dry season between the two stations. According to Ebro Waters Authority
(Confederacion Hidrogréfica del Ebro, CHE) the measured average annual discharge of
the Salado Creek in a gauging station located 2 km South of Salinas de Oro Diapir is
around 3,53-10° m*/yr. The minimum, maximum and average water conductivity and
TDS at this point were 24.1, 104.5 and 52.3 mS/cm and 16.9, 84.9 and 43.8 g/l, for a

monitoring period of 7 years between 2007 and 2013 (Table 2).

Considering the mean TDS and annual discharge of the Salado Creek mentioned-before,
we can approximately estimate around 150-10° metric tons of dissolved halite and
gypsum per year. This is equivalent to the creation of a void with a volume of around
70*10° m® per year, assuming a specific gravity of 2.23 g/cm?® for the dissolved salts.
This rough value implies a karstic surface lowering rate of around 3.8 mm/year during

the monitoring period assuming a total diapir area of 18.4 km?.

Diapir growing rate

The Azanza Graben is a 1.14 km? radial graben with conspicuous geomorphic
expression and located in the north flank of the diapir, is the result of the extension of
the limestone overburden during diapir uplift (Figs. 1, 2C, 4). The graben is delimited
by two prominent normal radial faults of 4200 m long and 1.5 times the radius of the
salt diapir, a value that is in agreement with the ones obtained in analog models (Alsop,
1996; Yamada et al., 2005; Stewart, 2006). The faults cut across the tilted Mesozoic and
Tertiary limestone sequence whose beds rapidly decrease their N-dip away from the
diapir from 20° to 5°. These rupture surfaces overprint the ring monocline and annular
faults associated to karstic subsidence pointing to its activity (Figs. 1, 4). Mapping

reveals that strata gradually dip toward the fault scarps due to dragging to form a
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normal-faulted drag monocline in the hanging wall with forelimb dips of around 30°
(Fig. 4). Therefore, these fault scarps results from the throw on the radial fault and the
forced folding associated with the drag fold. The height of the fault scarps that is
representative of the minimum vertical displacement of the overburden decreases
progressively from 65 m and 90 m in the western and eastern flanks respectively, to
meter-throw faults with increasing distance from the diapir center. These values that
yields an estimated displacement to length ratio (Dmax/L) of 0.02 and 0.027 for the
eastern and western faults respectively, are comparable with those reported for
gravitational faults (Gutiérrez et al., 2012, 2014; Carbonel et al., 2013; Guerrero et al.,
2015).

The Karstification processes of the limestone rim are intense along the trace of the radial
fault leading to several sinkholes (Figs. 2C and 4). The bigger ones that are flooded all
year round are more than 50 m in diameter since they intercept the shallow water table
of the limestone aquifer. This aquifer discharges into a fresh water spring that supplies
drinking water to Azanza village and is the source of a little creek at the center of the
graben. The movement of the radial faults is disrupting the drainage network. The creek
that drains Azanza Graben is blocked by the movement of the western radial fault
creating a closed depression with a temporal lake and lacustrine sedimentation in the
downthrown block. At the southern margin, subsidence of Azanza graben has breached
the annular limestone escarpment and consequently, a stream reach that used to drain
several concentric depressions and flowed southward towards the diapir center, was

abandoned and now discharges northward into Azanza graben (Fig. 4).

A 42 m long and 6.5 m deep trench was dug into the hanging wall of the western radial

normal fault perpendicular to its trace and 4200 m away from the diapir center where
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the height of scarp was less than 4 m (Fig. 5). The trench exposed a relatively simple
structure constituted by slightly dipping fine-grained sediments unconformably lying on
an alternating limestone and marl, weathered and fractured sequence of Eocene age. The
graben fill is made up of three units that are from base to top: (1) a 0.5 m thick, grey to
light brown lacustrine massive clay with ferruginous and carbonate nodules; (2) 1.4 m
thick, bioturbated fine-grained silty slope deposits unconformably overlying the
lacustrine sediments; (3) a 0.4 m thick soil on top. Two samples collected at the base of
the lacustrine and slope sediments yielded calibrated radiocarbon ages of 1361+55 yr
BP (1461-1306) and 1217+45 yr BP (1262-1172). The bedrock strata mainly
accommodates throw by bending and undergo an abrupt change in dip from 10° to 35° E
to form a monocline (Fig. 5). Most of the fractures did not displace bedrock except for
faults F1, F2 and F3 that account for a cumulative vertical displacement of just 30 cm.
These fractures are truncated by the overlying graben fill what evidence their inactivity
in the last millennium and support the passive bending deformation style of the
substratum and graben fill associated to salt rising. Using the base of the lacustrine
sediments as a marker, and assuming a horizontal original attitude, we can estimate a
vertical displacement of 260 cm due to folding and a mean long-term deformation rate
of 1.78 mm/yr for a time span of 1461 years. This datum has to be considered a
minimum value since tilted lacustrine sediments have been partly eroded by the
overlying unit and haven’t been completely exposed in the trench. Given that throw of
the radial fault attenuates towards its tip, it is expected that the rate of salt rising and radial

fault slip were much higher than the obtained in the trench.

Discussion



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

Guerrero (2017) using the age of the top of the limestone sequence as a geologic marker
estimated a net vertical displacement of the overburden rim related to karstic sagging
and collapse of around 90 m and an average subsidence rate of 0.002 mm/yr over the
past 37 Ma in the Salinas de Oro Diapir. However, the large number of sinkholes at the
diapir roof, the existence of open fissures in the hanging-wall of concentric faults and
the disruption of the drainage network point to a subsidence ratio higher than average.
Runoff and spring water salinity measurements corroborates that salt karstification is
currently a very active process. Water mass balance of the Salado Creek yielded a rough
dissolution lowering rate of the diapir roof of around 3.8 mm/yr for a monitoring period
of 7 years, a datum that is 1900 higher than average and points to a discontinuous
dissolution. Several recent trenching investigations demonstrate that salt-dissolution
induced-faults show an episodic displacement style (e.g., Gutiérrez et al., 2012, 2014;
Carbonel et al., 2013). Any change in the base level, precipitation rate, temperature,
pressure, chemistry and velocity of underground flows, area affected by dissolution or
mechanical strength of the overburden result in increases or reductions in the
dissolution rate of evaporites and contributes to the episodic behavior of karst
(Guerrero, 2017). In addition to all this variables, the alternating sequence of quiescence
and growing stages seems to favor changes in the intensity of karstification in salt
domes. The warping and breaching of the overburden usually end exposing the salt at
the diapir top. This leads to intense evaporite dissolution, the formation of large voids,
sinkholes and maze caves (e.g., Frumkin, 1996, 2009; Lucha et al., 2008) and
consequently the subsidence accommodation of the overburden strata on top of the
diapir roof by a combination of sagging and annular faulting (Gutiérrez, 2004; Carbonel
et al., 2013; Guerrero et al., 2015). This sinking phenomenon that has already been

described in other analog geolegic landforms like pingos (Mackay, 1998; Burr et al.,
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2006) and calderas (Walter and Troll, 2001; Holohan et al., 2005), is often coeval to salt
rising. The Mount Sedom in Israel (Frumkin, 1996, 2009), Gulf Coast salt domes in
Texas (Huang, 2012) and salt diapirs in Iran (Bruthans et al., 2006, 2010) are some
examples of the coexistence of these two geological mechanisms. Once salt flow into
the diapir is abruptly reduced or stopped and the diapir entries into a quiescence period,
the development of a thick insoluble dissolution residue on top of the diapir might
partly inhibit karstification in a similar way as clay sediments settling at the bottom of
salt caves impede further vertical dissolution (Frumkin, 1996). The hydrogeological
studies of Iranian salt domes support that the occurrence of a karstic residue cap exerts a
critical drop in the surface dissolution rate (Bruthans et al., 2017; Zarei and Raeisi,
2010; Zarei, 2016). Here, water concentrations measured in runoff partly derived from
salt exposures were halite-rich and had high to very high TDS values between 50 g/l to
more than 330 g/l, while the dissolved halite content of runoff from even very thin cap
soils of less than 2 m was very low and sometimes did not exceed 0.5 g/l, exponentially

decreasing with time.

Using geologic markers, the minimum average vertical growth of the Salinas de Oro
diapir was estimated to be around 0.004 mm/yr considering 150 m uplift of the
limestone rim (Guerrero, 2017). However, the 260 cm offset of lacustrine sediments in
Azanza Graben, 4200 m away from the diapir center and close to the tip of the fault
evidenced a minimum salt rising rate of 1.78 mm/yr due to bending for the last 1461
years. Despite this upwelling ratio is 400 times higher than average, jt is expected to
significantly increase and exceed subsidence at the diapir flanks at the contact between
the salt dome and limestone overburden where fault scarp reaches up to 90 m high (20

times higher than at the tip). Bruthan et al. (2006) detailed studies in Hormoz and
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Namakdan diapirs demonstrated that the gradual increase in the uplift rate of circular
diapirs from the margins towards the diapir center fits a parabolic profile of Newtonian
fluid and so, the rise rate in the center is often over 2-6 times higher than at the margin
depending on salt flow velocity. Assuming these numerical relationships and
considering that the trench in Azanza graben was dug at its end, the growing rate of

Salinas de Oro diapir might reach up to 8 mm/yr.

The difference between the long-term and short-term upwelling ratios in Salinas de Oro
Diapir supports the episodic behavior of the rising phenomenon in agreement with the
history of most salt domes that includes long periods of quiescence interrupted by
growing pulses (Vendeville and Nilsen, 1995; Harding and Huuse, 2015). Nevertheless,
the kinematic of radial faults determined from the structural arrangement of the
sedimentary fill and bedrock in Azanza Graben apparently disagrees with the episodic
movement of the Salinas de Oro Diapir. The lack of fissure fills, colluvial wedges and
large unconformities that might record sudden surface ruptures (McCalpin, 2009)
together with the inactivity of faults F1 to F3 in the last 1461 years and the progressive
bending of the lacustrine deposits and Eocene bedrock fit better with the creep motion
rather than the episodic slip of the radial faults. This apparent controversy suggests that
although diapir growth is discontinuous in the long-term (quiescence stages and pulses),
there seems to be a continuous supply of salt during the growing periods that explains
the creeping behavior of radial faults. On the other hand, although diapir growing
periods are often correlated with regional tectonics (Vendeville and Jackson, 1992;
Hudec and Jackson, 2007), geodetic measurements of extensional deformation across
the 150 km wide Pyrenees of around 0.5 and 0.2 mm/yr (Asensio et al., 2012; Nocquet,

2012) are between 3 to 8 times lower than the minimum slip rate of Azanza Graben and
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doesn’t support the exclusive tectonic genesis for the current episodic growth of Salinas
de Oro Diapir. Probably, the differential loading related to a North dipping basement
fault and 1500 m thick difference in sediment thickness between the feeding area and
the Salado Creek Valley may be responsible in part for the lateral flow of salt into the

Salinas de Oro diapir (Guerrero, 2017).

The prevalence of either subsidence or salt upwelling would determine the cross-cutting
relationships between ring and radial faults and consequently the structural
configuration of the diapir roof. In the Salinas de Oro diapir, the radial breaching of the
limestone rim, the development of fault scarps that disrupt drainage and the overprinting
of radial grabens on ring subsidence-induced faults evidence that the rising-subsidence
ratio is notably higher than 1. According to the geological markers, the average uplift
rate of the limestone overburden is double than subsidence. In the present time,
considering the slip rate of Azanza Graben and Bruthans et al. (2006) numerical
relationships, the current uplift rate of Salinas de Oro diapir would be up to 8 mm/yr,
which would double again the present subsidence rate. These data suggest that
dissolution subsidence might roughly be around half diapir uplift and consequently is
partly compensating salt flow. Since there is no evidence of salt extrusion, the rate of
salt supply would be approximately equal to the sum of karstification and diapir roof
uplift rates (Hudec and Jackson, 2007; Poprawski et al., 2014). As a result, salt flow
velocity would be around 0.006 mm/yr in the long-term and between 5 and 12 mm/yr in
the present considering the minimum or maximum slip ratio of Azanza Graben,
respectively. This last valug which is more than 800-2000 times higher than average
places the Salinas de Oro Diapir as the fastest quaternary growing diapir of the Spanish

territory in the published literature so far (e.g.; Sans, 2003, Lucha et al., 2008; Gracia et
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al., 2008). On the other hand, the more marked geomorphic expression of the radial
grabens located on the east, west and north flanks points to an asymmetric uplift and
probably indicates that upward salt emplacement is not accomplished as a single
uniform mass of rock salt but by the movement of individual salt spines with different
rates of vertical movements. Unfortunately, the trenching study of Azanza Graben does
not allow an accurate estimation of diapir growth velocity in the entire salt top and
consequently the measured uplift rate has to be carefully taken. Extended trenching
surveys and precise uplift monitoring using ground survey techniques and remote
sensing methods used successfully in other salt domes (e.g., Weinberger, 2006; Looff et
al., 2010; Huang, 2012; Han, 2013; Yu and Wang, 2016), will provide further
information to infer the asymmetry and diachrony of salt flow and precise uplift-

subsidence ratios in the Salinas de Oro Diapir.

Conclusions

In continental settings, salt diapirism and dissolution subsidence are often coetaneous
and their relative activity would influence the geomorphic expression of the diapir top.
In the Salinas de Oro diapir, radial grabens cut across ring faults, disrupt drainage and
displace Quaternary deposits evidencing active salt-flow and diapir rise. This structural
configuration is supported by an average growing-subsidence ratio over 1. The 260 cm
tilting of the lacustrine sediments exposed in the Azanza Graben trench yield a growing
rate of the diapir of 1.78 mm/yr for the last 1,461 years. This value has to be considered
a minimum since the trench was done close to the tip of the radial fault and it is
expected to exceed karstification rate that was estimated to be around 3.8 mm/yr for a

monitoring period of 7 years from runoff water mass balance.
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The notably, difference between the long-term and short-term diapir growing rates
evidences a currently active rising period and an episodic diapirism. Despite the
discontinuous rising of the Salinas de Oro Diapir in the long term, the lack of surface
ruptures signs and the flexural accommodation of the overburden in response to the
creeping motion of radial faults suggest that there is a continuous supply of salt into the
diapir during pulses.

The estimation of diapir roof uplift by accurate paleoseismological techniques is a
precise and novel approach to constrain rates of halokinesis in salt diapirs, compare

changing growing rates over time and determine the kinematics of radial faults.
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Figure Captions

Figure 1. Geological and geomorphological map of the Salinas de Oro diapir showing
the cross-cutting relationship between radial grabens and concentric faults and the

location of saline springs and sampling stations.

Figure 2. A) Radial grabens crosscutting the Mesozoic and Tertiary overburden at the
diapir edge. B) Radial graben overlapping concentric faults developed on the limestone
rim. C) Panoramic view of Azanza Graben and location of the trench. D) Active ring
faults and elongated sinkhole at the eastern diapir edge at the contact with the limestone

overburden. E and F) S1-S2 high-concentration springs at the bottom of the valley.

Figure 3. Correlation between hydrochemical parameters in the water samples. A)
Sodium vs. Chloride dissolved concentrations; B) Calcium and magnesium vs. sulfate
dissolved concentrations; C) Magnesium vs. calcium dissolved concentrations, with

indication of the S1 spring water.

Figure 4. Shaded relief map and geomorphology of Azanza graben showing the location

of the trench close to the tip of the western radial fault.

Figure 5. Log of the W wall of the trench. Indicated error range of C14 samples is at 2
sigma. See location in Figs. 2C and 4 and explanation in text. The photographs illustrate
the geomorphic setting of the trench excavated across the western radial fault scarp (A),
faults truncated by the overlying sediments and soil (B and C) and the tilting of the

graben fill and weathered bedrock (D).



Table 1 and 2

Sampling | oo | cond| TDS | pH |HCOs| cF [so2|ca |Mg*| Na* | k* | tonic
points Balance
A | 2000522017 | 39 | 3749 | 82| 277 | 1870 | 177 | 155 | 27 | 1226 | 17 | 166
10/09/2018 | 44 | 3954 |825| 281 | 1950 | 202 | 158 | 28 | 1316 | 19 | 251

o1 | 20005/2017 | 1601 | 114287 | 7.01| 232 | 64300 | 4545 | 1120 | 280 | 42900 [910| 0.82
10/09/2018 | >200 | 137077 | 7.07 | 245 | 75100 | 5542 | 1200 | 310 | 53800 | 880 | 3.87

s, | 200052017 | 1043 79780 |7.82| 170 | 45600 | 3067 | 1060 | 170 | 20340 |373| -0.63
10/09/2018 | 121.2 | 91125 |7.49| 272 | 50500 | 4676 | 1700 | 240 | 33700 | 37 | 0.85

g | 200052017 | 117.6 | 88664 |7.50 | 253 | 49400 | 4193 | 1530 | 184 | 32590 | 514 | 063
10/09/2018 | 165.4 | 91102 | 7.55| 272 | 50900 | 4765 | 1520 | 202 | 33400 | 43 | -0.39

s4 | 20/05/2017 | 24.4 | 15520 |7.84| 85 | 7320 | 2247 | 850 | 117 | 4880 | 30 | 1,550
s5 | 20/05/2017 | 302 | 18900 |8.43| 220 | 10500 | 880 | 280 | 51 | 6940 | 20 | -0.20
o |.20005/2017 | 855 | 61276 |8.17| 240 | 35100 |2352 | 860 | 135 | 22350 | 239 | -1.4
10/09/2018 | 97.3 | 70732 | 8.2 | 206 | 40500 | 2695 | 970 | 152 | 25830 | 379 | -0.95

Table 1. Major ion

concentrations and TDS (total dissolved solids) in mg/l and
conductivity in mS/cm of the brine springs (S1 to S4) and the sampling stations A and B
located before and after the emergence of the saline springs.

Date Cond | TDS | T* |pH | HCOs | €I |sO,” | Ca® |Mg®| Na* | K
01/03/2007 | 78600 | 62299.9 | 16.1 | 8.4 | 149 | 35900 | 2480 | 501 | 69 | 23200 | 293
03/07/2007 | 50000 | 40649.6 | 21.9 | 8.6 | 203 | 24100 | 1533 | 572 | 90 | 14150 | 179
04/10/2007 | 52300 | 29708.9 | 17.2 | 8.3 | 169 | 12210 | 1584 | 590 | 86 | 15070 | 125
17/01/2008 | 38100 | 261405 | 6.4 | 8.4 | 231 | 15415 | 1188 | 384 | 52 | 8870 | 108
03/04/2008 | 27600 | 18747.1 | 12.8 | 8 | 325 | 10430 | 832 | 358 | 42 | 6760 | 74
03/07/2008 | 37600 | 26202.7 | 19.8 | 8.5 | 244 | 15050 | 1004 | 438 | 66 | 9400 | 108
02/10/2008 | 80600 | 59249 | 15 | 8.2 | 147 | 32650 | 1748 | 950 | 154 | 23600 | 276
15/01/2009 | 46400 | 334275 | 2.6 | 8.3 | 264 | 18995 | 1252 | 501 | 75 | 12340 | 143
01/04/2009 | 44200 | 30778 | 86 | 85| 210 | 17460 | 1193 | 478 | 77 | 11360 | 130
02/07/2009 | 74900 | 58159 | 24.8 | 8.3 | 136 | 32110 | 2150 | 879 | 144 | 22740 | 270
28/10/2010 | >45000 | 66000 | 14.1 | 84 | 110 | 37800 | 2570 | 892 | 148 | 24480 | 313
23/03/2011 | 35000 | 24577 | 154 | 8.7 | 214 | 13900 | 1010 | 403 | 50 | 9000 | 100
09/05/2011 | 61900 | 47140 | 28,6 | 8,6 | 87 | 26900 | 1930 | 684 | 109 | 17430 | 212
22/06/2011 | 91600 | 673195 | 24,1 | 8.4 | 133 | 37060 | 2637 | 701 | 88,5 | 26700 | 320
14/12/2011 | 89100 | 66170 | 8 |83 | 156 | 37900 | 2630 | 826 | 158 | 24500 | 314
00/05/2012 | 24100 | 172385 | 25,6 | 8,5 | 207 | 9250 | 813 | 322 | 46 | 6600 | 67
12/07/2012 | 89400 | 79659 | 25,6 | 8,5 | 94 | 45590 | 3310 | 1020 | 165 | 29480 | 388
18/10/2012 | 104500 | 84983 | 15 | 8,3 | 104 | 48600 | 3280 | 1160 | 209 | 31630 | 418
24/01/2013 | 2460 | 14578 | 56 | 84 | 145 | 656 | 139 | 921 | 8,7 | 417 | 4
03/12/2013 | 52300 | 35061 | 58 | 8,4 | 160 | 19700 | 1480 | 495 | 76 | 13150 | 151

Table 2. Major ionic concentration and TDS in (mg/l) and conductivity in mS/cm of the
Salado Creek at Estenoz Gauging Station located 2 km downstream Salinas de Oro
Diapir from 2007 to 2013 obtained from the CHE database. Dissolved K concentrations
were not available for some of the samples and they have been estimated from other
samples with similar TDS contents.
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