Science of the Total Environment 789 (2021) 147909

Contents lists available at ScienceDirect

Science o«
Total Environment

Science of the Total Environment

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

The origin of the saline waters in the Villafafila lakes (NW Spain). K
A hydrogeological, hydrochemical, and geophysical approach Sl
Pedro Huerta ®*, [ldefonso Armenteros , Clemente Recio®, Pedro Carrasco-Garcia®,

Carolina Rueda-Gualdrén ®, Azahara Cidén-Trigo”

2 Dpto. Geologia, Escuela Politécnica Superior de Avila. Universidad de Salamanca, Av. Hornos Caleros, n° 50, 05003 Avila, Spain

b Dpto. Geologia, Facultad de Ciencias, Universidad de Salamanca, Pza. de la Merced S/N, 37008 Salamanca, Spain
© Dpto. Ingenieria Cartogrdfica y del Terreno, Escuela Politécnica Superior de Avila. Universidad de Salamanca, Av. Hornos Caleros, n° 50, 05003 Avila, Spain

HIGHLIGHTS GRAPHICAL ABSTRACT

Villaféfila lake waters
meteoric origin
(Nat-CI)
(TDS=800-6200 mg/L

Villafifila lakes behaves as through flow

lakes draining to the Salado river. Local grounduwater flow
s . (Ca2+-HCO3")

Villaféfila lake waters have meteoric or- (TDS= 250 mg/L

igin, solutes comes from groundwaters

Basement elevation produces discharge

of regional groundwaters

The main source of solutes are Triassic

and Cenozoic evaporites.

The brine in the lake sediment's aquitard

overlies less saline groundwaters

Brine in the Quaternary lake
sediments aquitard
(TDS=12-27 g/L

Regional groundwater flow
(Na+-CI)

(TDS= 3000-5000 mg/L
Residence time of 22-28 ky.
Mixed local and regional groundwaters
(Na+-HCO3--CI)

(TDS= 1300-3800 mg/L Salinity

ARTICLE INFO ABSTRACT

Article history:

Received 25 February 2021

Received in revised form 14 May 2021
Accepted 16 May 2021

Available online 26 May 2021

Editor: Christian Herrera

Keywords:

Saline lake

Through-flow lake

Regional discharge

Duero hydrological basin
Solute origin

Time domain electromagnetism

Villaffila lakes are a natural reserve included in the intergovernmental RAMSAR agreements for conservation of
wetlands, with special interest for their brackish-saline waters. These lakes are located at the western margin of
the Duero basin, whose aquifer system has no evaporitic rocks upstream. Understanding the origin of the lake's
salinity, the groundwater circulation and the distribution of the brackish-saline waters in the area is important
not only for the preservation and management of the natural reserve, but for human water consumption as
well. Three types of waters have been identified according to their chemical composition. Type 1 are calcium-
bicarbonate fresh waters identified in the local recharge areas (surrounding hills); Type 2 are mixed waters
dominated by sodium and chloride-bicarbonate, identified at the toe of the hills; Type 3 are brackish to saline
sodium-chloride waters from the lakes, springs and boreholes. Time domain electromagnetic (TDEM) profiles
have revealed the existence of a basement elevation that forces brackish regional groundwater flow to rise.
Radiocarbon age of regional groundwaters points to residence times of 20-30 Ky. Villaféfila lakes are through-
flow lakes nourished by meteoric waters (direct precipitation and shallow groundwaters) as deduced by stable
isotopes (6'%0p20, 8Dy20), While the solutes are provided by ascendant deep groundwater flows in the lakes bot-
tom and in the surrounding area. Sulphate stable isotopes (8'®0s4—; 5>*Sso4—) suggest that deep groundwaters
have been in contact with Triassic and Cenozoic evaporites. Below the lake's bottom there is a brine (TDS =
27 g/L) contained within the lake-sediment aquitard that is concentrated by evaporation in the vadose zone
and by salt recycling. A salinity inversion has been observed below the brine. The lack of saline crusts on the
lake's bottom is favored by the SW outflow of the brine.
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1. Introduction

Brackish or saline lakes usually occur under arid or semiarid climates
where evaporation exceeds precipitations (Hardie et al.,, 1978). The sa-
linity of lakes, not related to marine waters, commonly originates in
areas with salt-bearing rocks in their surroundings (Kohfahl et al.,
2008), or is concentrated from runoff and/or groundwaters that have
not had contact with highly soluble rocks. In this second case low salin-
ity waters can concentrate by direct evaporation of lake waters in termi-
nal lakes (Jones et al., 2009) or could be previously concentrated in
groundwaters. Increasing salinity of groundwaters can be produced by
several factors like the residence time of groundwaters in the aquifer,
climate change and, in coastal aquifers, sea water intrusion (Bahir
et al., 2018; Jacobson et al., 1988; Jones et al., 1977; Ouhamdouch
et al., 2019), the interaction with earth's surface (Cartwright et al.,
2004, 2009), or the nature of the geological formations, amongst others
(Chebotarev, 1955). Long path saline regional flows discharge into riv-
ers, coastal areas, or -in endorheic hydrological basins- large saline
lakes. Saline deep waters could be forced to flow up in mid-path areas,
upstream the main discharge zones, due to the occurrence of faults or
other obstacles in the regional groundwater flow (De la Hera-Portillo
et al.,, 2021) and, if this is the case, saline or brackish water through-
flow lakes can occur. In the Duero river hydrological basin, in the west-
ern part of the Cenozoic Duero basin, Villafafila lakes could be an exam-
ple of this situation. Lithology of the area is sedimentary siliciclastic
rocks, mainly sandstones, conglomerates, and mudstones, but Villafafila
lake waters are brackish to saline, and halite-bearing efflorescences
occur during the dry season. There are many sources of ions in continen-
tal saline lakes (Yechieli and Wood, 2002) but at Villafafila the brackish
deep groundwaters could be the main ion source. The objectives of this
research are: i) understanding the groundwater flow patterns and
explaining the origin of brackish to saline groundwaters in the area ii)
identifying the ion source(s) for lake and groundwaters, and iii) to iden-
tify the lake-groundwater interaction. To accomplish these objectives it
is important to characterize the basin geology, the lake hydrology, and
the hydrochemistry of lake waters and both shallow and deep ground-
waters (Bahir et al., 2018; Marazuela et al.,, 2018; Saeed et al., 2021).
Comparative analysis of water chemistry in lakes and associated
groundwater flow systems has proven to be a good indicator of these in-
teractions (Cui and Li, 2014; Donovan and Rose, 1994). Stable isotope
ratios are a useful tool for understanding lake-groundwater interaction
and can help to decipher the origin of different waters and the processes
involved (Cartwright et al., 2009; Robinson and Gunatilaka, 1991;
Wassenaar et al., 2011). The use of electric geophysics (time-domain
electromagnetic surveys; TDEM) can help to reveal not only the aquifer
geometry and characteristics (Flores Avilés et al., 2020; Young et al.,
1998), but the changes in groundwater salinity as well (Goldman
et al, 2004; Levi et al.,, 2008; Tchouta et al., 2019). The low density of pi-
ezometers in the area makes it difficult to measure the hydraulic heads
and the scarcity of hydrogeological studies makes this research useful
not only for understanding the hydrogeology of the Villafafila lakes
but the dynamics of groundwater discharge in the western part of the
Duero basin as well.

These lakes were of economic importance in the area from the
Bronze age until the Middle Ages to obtain salt, a valuable resource at
that time. For this purpose, the brine was concentrated by what is
known as an “igneous method”, that consisted on evaporating the wa-
ters by heating on the fire and finally obtaining salt cakes by the repet-
itive addition of more brine (Abarquero Moras et al., 2017).

During the 1970’s decade Villafafila lakes were threatened by the wet-
land desiccation policy of the Spanish Government for agricultural pur-
poses. Some trenches were excavated for desiccating Laguna Salinas,
that disappeared almost completely (Gonzalez-Bernaldez, 1992). Nowa-
days, Villafafila lakes area is a natural reserve, an area of special protection
for birds (ZEPA), a Site of Community Importance (SCI) for the European
Union, and it is included in the intergovernmental RAMSAR treaty for
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conservation of wetlands. Villafafila lakes is an ecosystem developed on
a steppe landscape with saline grasslands, that constitutes the habitat of
one of the world largest population of Great Bustard (Otis tarda), and is
the place for wintering of a large number of ducks and geese. The salinity
of the lake waters is one of the key issues for the existence of this ecosys-
tem and understanding its interaction with groundwaters is essential to
maintain the equilibrium with human water consumption activities
such as agriculture and livestock. This research, focused on the hydrogeol-
ogy of the lakes basin, can help characterize the present situation of the
area, analyze the lake - groundwater interaction and take informed deci-
sions for managing the environmental protections.

2. Hydrogeological background
2.1. Duero basin

Villafafila lakes are located in the Duero river hydrological basin that
occupies the Northern Spanish Meseta which has an altitude of 700 to
800 m above sea level (masl) along the central axis of the Duero River.
This low relief area is dominated by Cenozoic continental sedimentary
rocks surrounded by mountain ranges, about 2400 masl, constituted
mainly by pre-cenozoic rocks. The northern hydrological basin divide
locates in the Cantabrian Mountains, constituted mainly by Precam-
brian and Paleozoic metamorphic and sedimentary rocks, and a Meso-
zoic sedimentary cover, consisting of evaporites, limestones and
clastics, that forms a discontinuous marginal fringe around the Cenozoic
infill of the Duero basin (Fig. 1). To the East, it is bounded by the Iberian
Ranges, with a similar rock record but with a thicker Mesozoic succes-
sion. The Spanish Central System represents the southern divide, mainly
consisting of Paleozoic plutonic and metamorphic rocks with an Upper
Cretaceous sedimentary cover at the contact with the Cenozoic succes-
sion. The western margin (Iberian Massif) is dominated by Precambrian
and Paleozoic metamorphic and plutonic rocks, surrounded by a discon-
tinuous fringe of siliceous sandstones attributed to the Upper Creta-
ceous (Corrochano and Armenteros, 1989; Corrochano et al., 2006).

The Cenozoic succession forms low relief areas and is constituted by
continental detrital sedimentary rocks in the periphery and by non-
marine carbonates (mainly limestones) and evaporites (mainly gypsum)
towards the center (Alonso-Gavilan et al., 2004; Armenteros et al.,
2002). This rock succession is the main aquifer system in the region. The
hydrological basin is drained by the Duero river and its tributaries towards
the west (Fig. 1). Close to Zamora city, the Duero river abandons the Ceno-
zoic succession and dissects the plutonic and metamorphic rocks of the
Iberian Massif till its outlet in the Atlantic Ocean.

The Cenozoic aquifer system of the Duero basin is one of the largest in
the Iberian Peninsula (Navarro Alvargonzalez et al., 1993). It has an ex-
tension of about 45,000 km? and its thickness is about 1000-2000 m,
reaching 3500 m in some parts, like in the Almazan basin and in the
northern basin margin (Herrero et al., 2004; Huerta et al.,, 2011).

Regional groundwater flow pattern in the Duero aquifer system
(Fig. 1) comes from the basin margins, showing an increase in electric
conductivities and ClI~ content downflow, towards the Duero river
where brackish groundwaters discharge (IGME, 1980).

The aquifer recharges mainly by rain infiltration and by subterraneous
flows coming from the mountain ranges. In the Esla-Valderaduey area
(north of the Duero River), where Villafafila's lakes occur, recharge
areas are mainly the interfluves, and local groundwater flows towards
the rivers Cea, Esla and Valderaduey, tributaries of the Duero river from
the north (IGME, 1980). In the Villafafila groundwater mass, deep bore-
holes (> 150 m) are flowing artesian wells with specific discharges
about 1 L/s like in Villalpando (Navarro Alvargonzalez et al., 1993).

2.2. Villafdfila area

Villafafila's lakes are located in a low slope reach at 677 masl, at the
bottom of a wide valley surrounded by hills that reach up to 730 masl, at
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Fig. 1. A) Geological setting of the Duero river hydrological basin and location of Villafafila's lakes. Green lines are the water table map of the Cenozoic Duero aquifer system obtained from
boreholes screened at depths greater than 200 m (reference piezometry, >200 m) (CHD, 2009). B) Cross section of the Duero basin from the Cantabrian Mountains to Villaffila lakes area.

See location in (panel A).

the head of the Salado river, tributary of the Valderaduey. The slope of
the Salado river increases downstream from the locality of Villarrin de
Campos towards the south. The hydrological basin of the lakes has an
area of 156 km? till Villarrin de Campos, with several main lakes aligned
northeast to southwest: Barillos (118 ha), Salina Grande (194 ha) and
San Pedro (70 ha) lakes (Fig. 2). Salinas lake was drastically disrupted
after it was dredged in 1972. These ephemeral lakes are normally
flooded from November to June and dry out from June to October
(Fig. 3). There are no salt crusts on the lake bottoms, but there are efflo-
rescences in the lake sediments and in the lowland areas surrounding
the lakes during the summer. The streams that flow into the lakes are
normally dry, only carrying water during strong storms events. Drain-
age is normally through the shallow groundwaters occurring in the

lowlands that surround the lakes (Ferndndez Pérez and Cabrera
Lagunilla, 1987). Several springs close to the lakes supply low water dis-
charges (about 0.2 L/s each). Overall, the Villafafila hydrological basin
drains into the Salado river at Villarrin de Campos, and despite the Sali-
nas lake having been artificially drained, the surficial discharge is very
low. Instead, the main outflows correspond to groundwater discharge
(Fernandez Pérez and Cabrera Lagunilla, 1987). Lake bottoms accumu-
lated Holocene sediments that reach up to 9 m thick, as observed during
the construction of a piezometer in Salina Grande, and consist on clays,
silts and sands with carbonate nodules (Lépez Séaez et al., 2017;
Santisteban et al., 2003). These Holocene sediments behave as an
aquitard with hydraulic conductivity of 0.05-0.1 m/d. This aquitard
lies directly on top of Miocene heterogeneous beds of siltstones,
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Fig. 2. Geological setting of the rio Salado and the Villafafila lakes hydrological basin. Orange lines mark the location of the TDEM profiles and the squares points to location of the TDEM

stations.

sandstones and conglomerates which crop out on the surrounding hills,
conforming the “Facies Tierra de Campos” Unit, that towards the west
show proximal coarser terrigenous deposits (Martin Serrano and
Barba Martin, 1979; Martin Serrano and Piles Mateo, 1982) (Fig. 2).
On the southern edge of the lacustrine area crops out the basal Miocene
unit (“Facies Aspariegos”), stratigraphically below “Facies Tierra de
Campos”, formed by conglomerates, sandstones and siltstones (Fig. 2).
The thickness of the Miocene aquifer is variable because it adapts to a
palaeorelief, but normally exceeds 100 m in the Villafafila area (IGME,
1980). Its permeability is medium to high (0.1-100 m/d) (IGME-DGA,
2009). The Salamanca Sandstone Formation (Upper Cretaceous) under-
lies the Miocene units and crops out discontinuously along the western
margin of the Duero basin, and can be seen at surface, underlying the
Miocene Units, 8 km west of Villafafila's lakes. It consists of iron-
mottled opal-cemented sandstones and conglomerates with interca-
lated silcretes (Alonso-Gavilan et al., 2004; Blanco et al., 2008) and it
has low permeabilities. The older rocks in the area are the Ordovician
quartzites and shales (Culebra Fm) of the Iberian Massif that crop out

to the west of Villafafila, forming northwest-southeast trending folds
in the Sierra de la Culebra. The permeability of these rocks is very low,
but they show rock fracturation.

2.3. Climate in Villafdfila

Average annual precipitation in Villafafila for the period 2015-2019
is 330 mm, mostly scattered from October to May. The summer (June to
October) is dry and average monthly precipitation does not exceed
30 mm, being less than 14 mm in July and August (Fig. 3). Mean annual
temperature in the area is 13 °C with the lowest values in January
(4.3 °C) and the highest in July (22.7 °C) (AEMET, 2020). Mean annual
lake evaporation, measured from evaporation tanks, is 720 mm. Mean
annual real evapotranspiration (ETR) for the period 2015-2019 is
237 mm. Annual ETR has been obtained from the sum of the monthly
ETR. Monthly ETR, soil deficit and surplus have been calculated using
the exponential method for soil water balance (Thornthwaite and
Mather, 1955) for the period 2015-2019 assuming a field capacity of
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Fig. 3. Five years time series of average monthly precipitation and temperature obtained from Villafifila's meteorological station. Surplus and deficit have been obtained using the
exponential Thornthwaite and Mather (1955) method, for a field capacity of 60 mm. Salina Grande lake level record spans only from February 2018 to December 2019.

60 mm (Table SM 1 - Suppl. Mat.). From October to April, precipitation
exceeds evapotranspiration, favoring the soil surplus, the aquifer re-
charge and the rise of the lake level (Fig. 3). During summer, evapo-
transpiration exceeds precipitation, resulting in soil water deficit that
coincides with the decrease of lake level and its final drying out (Fig. 3).

3. Methodology

Surface and groundwaters were sampled from lakes, springs, bore-
holes (depths >40 m) and dug wells (depths <40 m) (by sampler or
by pumping) in the Villafafila hydrological basin. Most of the boreholes
and dug wells are screened in the Miocene aquifer. Depth to water table,
pH, electrical conductivity (EC), temperature and alkalinity were mea-
sured in the field. pH was measured with a Hanna HI 9023 pH-meter
calibrated with pH buffers. EC and temperature were measured with a
Hanna HI 9835 m and probe. Alkalinity was determined using drop ti-
tration and appropriate reagents. Samples were collected in screw-cap
HDPE bottles filled to overflowing and stored refrigerated at 4 °C until
analysis. Major and minor cations (Al, Ca, K, Mg, Na, Si; ppm) were an-
alyzed on field-acidified water samples (16 N HNOs to pH = 2) using
ICP-OES (Ultima II from Jobin Yvon) and minor and trace elements (Li,
Sr; ppm) by use of an ICP-MS (Elan 6000 from Perkin-Elmer) at the
Servicio General de Andlisis Quimico Aplicado, Universidad de Sala-
manca, Spain. SO7~ NO3 and CI™ concentrations were determined
with a Hatch DR2800 spectrophotometer after addition of appropriate
reagents and titration.

Additionally, monthly precipitation was collected according to the
method of IAEA-WMOs GNIP Network (www.naweb.iaea.org/ih/IHS_
resources_gnip_faq.html, accessed on 2020/10/07), employing a
home-made pluviometer emplaced within the grounds of the official
“Villafafila” meteorological station, operated by the Spanish Meteoro-
logical Agency (AEMET) and located within the premises of Villafafila's
Natural Reserve “park house”. Evaporation was prevented by adding to
the pluviometer a thin (~2 mm) layer of paraffin oil. The sampling pe-
riod extended for 24 months, from October ‘2016 to September ‘2018,
both included, although the number of results reported is fewer than
24, since there was no precipitation in some of the summer months.

Stable Oxygen isotope analyses on water (6'80yaer) Were done by
equilibration with CO,, using a Multiflow (Micromass) equilibrium de-
vice. D/H ratios were determined on H, gas obtained by the Cr-
reduction method, using a EuroVector EA3000 elemental analyzer. Iso-
topic ratios were measured on a continuous flow Isoprime (Micromass)
mass spectrometer coupled on line to the preparation devices. Water
samples for §>*Sgos—, 6'®0s04— analyses were filtered through
0.45 um nylon filters. Water-soluble sulphate was precipitated by addi-
tion of 10% BaCl, solution to the previously acidified (to pH = 2) water,
essentially following the original method of Rafter (1967), as amended
by Sakai and Krouse (1971) and Mizutani and Oana (1973). The BaSO,4
precipitate was separated from the solution by filtering through
Whatman #42 filter (125 mm diameter), washed with distilled water,
and air-dried. Sulphur isotope analyses (6#S) were done on SO, pro-
duced off-line following the method of Robinson and Kusakabe
(1975), with modifications for sulphates by Coleman and Moore
(1978). Isotopic ratios were determined on a dedicated dual inlet
SIRA-II (VG-Isotech) mass spectrometer. The oxygen isotopic composi-
tion of the BaSO, (6'80s04— ) was measured on CO obtained by pyrolysis
on a EuroVector EA3000 elemental analyzer, coupled on-line to an
[soprime continuous flow mass spectrometer. Isotopic ratios are re-
ported in the usual “8” notation as per mil (%.) deviations from V-
SMOW (61801.[20, 6Dy20, 8180504:), CDT (8345504:). Radiocarbon dating
was performed by Beta Analytics Inc. on a single sample DIC of ground-
water and is reported both as percent modern carbon (pMC) and frac-
tion of modern (F14C). Dissolved inorganic carbon (DIC) extraction
consisted of injecting sample water into an acid bath attached to an
evacuated collection line. pH was reduced to <1 and evolved CO, was
dried with methanol slush and collected in liquid nitrogen. CO, was
then graphitized over cobalt in a hydrogen atmosphere to produce the
target for AMS. Reported radiocarbon results are relative to NIST
SRM—4990C.

Time-domain electromagnetic (TDEM) surveys allow measuring the
resistivity (p) distribution at depth. Resistivitiy depends on factors such
as porosity, rock resistivity, water resistivity (inverse of electric conduc-
tivity) and water saturation (Merritt et al., 2016; Waxman and Smits,
1968). Nine sites of TDEM surveys were carried out with a TerraTEM
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(MONEX GeoScope Ltd.) transient electromagnetic survey system on
the summer of 2019, with the geophysics company Técnicas Geofisicas
S.L. Four sites were performed with 150 x 150 m side square single
loops to construct the NE-SW profile parallel to the lakes orientation.
The other five sites were done with 50 x 50 m side square single
loops situated in a line perpendicular to the valley axis.

4. Results
4.1. Groundwater head

The regional water table map in the Esla-Valderaduey interfluves in
the northwestern sector of the Duero basin aquifer system indicates
that regional groundwaters (depths >200 m) come from the northeast
and flow towards the Duero river in the Zamora city area (Fig. 1). Hy-
draulic Gradient in the upflow areas, from the Cantabrian Mountains
to Villafafila is 0.003 and from Villaféfila to Zamora reduces to 0.0015
(Fig. 1). The local water table map in Villafafila hydrological basin,
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obtained from dug wells (depths <40 m) and springs, was measured
in September 2017. It shows a northeast-southwest groundwater flow
component and a lateral component from the hills that surround
Villaféfila towards the lakes (Fig. 4A). The lowlands where the lakes
occur show very gentle gradients (0.001) and a shallow (decimetric
depths) groundwater table, while in the hills the gradient is 0.01 and
the groundwater table is about 7 m deep. In the upper part of the hills
wells (screened at depths >40 m) show lower hydraulic heads than
dug wells (screened at depths <10 m) (Fig. 4B). Both opened in the
Miocene aquifer. At the toe of the hills and at the margins of Salina Grande
and Barillos springs and flowing artesian wells (depths >40 m) occur
(Fig. 4A). The flowing artesian observation well (SGR- 3) screened from
10 to 1 m depth, drilled in the bed of Salina Grande (Fig. 4A, C), evidenced
that hydraulic head at 10 m depth was 677.6 masl (0.4 m above lake bot-
tom) during September 2020. On the other hand the observation well
SGR-2, also within Salina Grande (200 m apart from SGR-3) (Fig. 4C),
screened at 3.5 m depth had a hydraulic head of 676.6 masl., (0.6 m
below lake bottom) during September 2020. Calculated vertical gradients
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of hydraulic heads should be corrected using the environmental hydraulic
head (Lusczynski, 1961), but the salinities of Villafafila groundwaters (see
Section 4.2.1) make this correction negligible with respect to the hydraulic
head differences. During the dry season (September 2020), when the
lakes were completely dry, the vertical gradient is 0.14. During winter
and spring, when the lake level is high, the vertical gradient decreases no-
tably but SGR-2 cannot be measured. Outside the main lakes, between
Barillos and Salina Grande, permanent small ponds occur. These ponds,
dominated by palustrine vegetation, remain flooded during the dry sea-
son, while the main lakes are dry. The water level in these ponds is higher
(0.2-1.5 m) than the groundwater table in Salina Grande lake and some-
times overflows to this latter.

4.2, Water chemistry

4.2.1. General patterns

Shallow and deep groundwaters show contrasting values for major
physicochemical parameters, both as it regards absolute values and
their variation along the year (Table SM 2 - Suppl. Mat.): deep groundwa-
ters have relatively constant temperatures between T = 15-18 °C all year
round, pH =~ 7.2 and there are no major salinity variations (TDS =
3200-5000 mg/L; EC = 4600-6400 pS/cm). Shallow groundwaters
around Villafafila, however, have contrasting T, pH, TDS and EC, that are
different in the hills (pH = 7.5, TDS = 256 mg/L, EC = 400 pS/cm) and
in the plains surrounding the lakes (pH = 8.6, TDS = 1300-3850 mg/L,
EC = 2000-6000 pS/cm), with T = 10-18 °C. Variation is even more
marked in lake water itself, with pH = 7.8-10.0, T = 7.5-23 °C, TDS =
800-6200 mg/L and EC = 1000-10,000 pS/cm, increasing as the lakes
evaporate or at the beginning of the winter. During summer drying,
shallow groundwater underneath lake beds (i.e., at piezometer
SGR-2, Fig. 4) shows highest values of TDS (12-27 g/L) and EC
(19000-42,000 pS/cm).

4.2.2. Major components

Major components in lake and groundwaters (Table SM 2 - Suppl.
Mat.) allow identifying 3 different water types (Fig. 5): Type 1) low sa-
linity groundwaters dominated by Ca®™ (up to 50% of total cations) and
HCOs3'; Type 2) mixed groundwaters dominated by HCOs', ClI™ (about
50%) and Na™ (>70% of cations); Type 3) high salinity waters domi-
nated by Na* and CI~ (>70% of both ions) (Fig. 5). Type 1 corresponds
with the groundwaters sampled in dug wells located in the hills sur-
rounding the lakes. Type 2 generally occurs at the toe of the hills in
dug wells and springs. Type 3 has been identified in lake waters, springs
close to the lake margins and boreholes deeper than 40 m. Boreholes
and observation wells close to or within the lakes show type 3 waters
at depths shallower than 40 m.

Tonic relationships (expressed in meq/L) are a guide to the behavior
of lake and groundwaters in the Villafafila basin (Fig. 6 A-F): Na™ and
Cl~ show good correlation (R?> = 0.96), (Fig. 6 A) with Na™/Cl~ ratios
close to 1 (0.98) (Fig. 6 A, E). Dug wells in the surrounding reliefs, and
the springs at their toe show lower concentrations of Na™ and Cl—
than the deep groundwaters (boreholes >40 m and the springs sur-
rounding the lakes). The spring 5-F-001 show higher Na/Cl ratios than
other samples (Fig. 6E). Na* and Cl~ concentrations in lake waters are
variable. During winter to spring periods, when water levels are high,
Na™ and CI~ concentrations are lower than those of deep groundwa-
ters. In contrast, when the lakes are concentrated by evaporation (end
of spring) or at the beginning of the winter, when starts to be filled
up, some lake waters show higher Na™ and Cl~ values than deep
groundwaters.

Ca* and CI~ show a poorer correlation (R? = 0.72) than Na™ and
Cl™ (Fig. 6B). Most of the samples (except for dug wells located in the
hills) have Ca?*/Cl~ ratios lower than 1 (0.099) (Fig. 6 F). Ca>* and
SOZ~ have poor correlation (R?> = 0.66) and Ca®>*/SOZ™ ratio is 0.46,
and is even lower for the more evaporated lake waters, which are de-
pleted in Ca>* (Fig. 6 C). The Mg?™/Ca®* ratio is mostly <1 (about 0.5
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for the whole samples), except for some lake waters that show Mg?*/
Ca™ ratios that slightly exceed 1 (Fig. 6 D).

Saturation indices for several minerals have been calculated with
PHREEQC (Parkhurst and Appelo, 2013) (Table SM 3 - Suppl. Mat.).
Lake waters, especially those that have suffered evaporation, are
oversaturated with respect to dolomite, calcite and aragonite, but are
highly undersaturated with respect to gypsum and halite. Most of the
deep and shallow groundwaters (springs, boreholes and dug wells)
are undersaturated in all those minerals.

4.2.3. Stable isotopes

[sotopic ratios obtained are reported in Table SM 2 - Suppl. Mat. and
Fig. 7A and B.

Precipitation samples collected span two consecutive meteorological
years (October ‘2016 to September ‘2017 and October ‘2017 to September
‘2018), that provided 21 values, ranging from 8'80 = —11.7%. in
November ‘2016 to 6'80 = —3.3% in July 2017, and from 8D =
—84.8%. (November 2016) to 6D = —18.9%. (in May ‘2017; the next
heaviest value, at 8D = —23.6%. was also measured in the sample corre-
sponding to July 2017). There was no rain in September ‘2017 and August
‘2018, and the sample corresponding to July ‘2017 (29.2 L/m?) was lost.

When plotted on a 5'80 vs 6D graph (Fig. 7A) precipitation samples
analyzed plot very close to the Global Meteoric Water Line (GMWL, as
defined by Craig, 1961), although slightly below it (as it corresponds
to a semiarid area; accumulated precipitation for the 2016-17 meteoro-
logical year was 235.6 mm, and 396 mm for 2017-18; data from
AEMET) and can be used to define the local Villafafila meteoric water
line (LMWL) as 6D = 7.3 6'%0 + 2.1.

As far as possible, lake water was sampled seasonally. However, the
natural dynamics of these very shallow lakes result in them drying out
for extended periods, and as such, surface water was not always avail-
able for sampling. Measured values range from 6'80 = —9.3%,, 6D =
—67.9%. (Laguna Salina Grande, December ‘2017) to 6'80 = +4.8%.,
oD = +5.9%. (Laguna San Pedro, June 2016). When plotted on the
180 vs 6D graph (Fig. 7A) oxygen and hydrogen isotopic values strongly
correlate (6D = 5.2 6'80 - 14.1; R = 0.97, for n = 21), defining an evap-
oration line with lower slope than LMWL, and a negative value of deu-
terium excess.

Deep groundwaters, sampled from deep boreholes (some of which
are flowing artesian wells) and springs located in the lake margins
have remarkable constant (both in space and time) '%0 and &D values,
averaging 6'%0 = —9.8 4 0.3%o and 6D = —69.8 =+ 2.8%., for n = 26.0n
the 5'80 vs 6D graph of Fig. 7A these waters plot around the intersection
between GMWL and LMWL, at values that are lower than the intersec-
tion of the evaporation line defined by lake waters with either GMWL
or LMWL. Deep groundwaters have sulphates whose 6'20 varies from
+10.8 to +17.8%., and 5>*S from +13.4 to +18.6%.. It is worth noting,
within this set of samples, that the lowest 5'0 and &S values obtained
all correspond to the same station, sampled over time. This station (6-
CDP-001, in Table SM 2 - Suppl. Mat. and Fig. 4) is a deep borehole
heavily pumped all year round to maintain water in an artificial pond
within the premises of the Natural Reserve's Park House, and as such
it differs from any other boreholes sampled, none of which are regularly
pumped. If 6-CDP-001 borehole is not considered, the range of values
reduces considerably, to 8'%0 = 12.8 to 17.8%. and &°%S = 16.8 to
18.6%o.

The three samples of shallow groundwaters (dug wells) vary be-
tween 8'%0 = —9.4 to —6.3%. and 6D = —68.3 to —50.3%.. When plot-
ted on Fig. 7A, a linear trend with a lower slope than LMWL is observed
(6D = 6.4 6'80 - 8.3), hinting that these samples were also subjected to
evaporation. Thus, if these samples were included in a single regression
along the lake waters, the new defined evaporation line (6D = 5.3 6'%0 -
14.1) would be indistinguishable from that defined by the lake water
alone (8D = 5.2 6'%0 - 14.1).

Sulphate isotopes from surface (lake) waters (Fig. 7B) gave 6'®0spow
values that ranged between §'30 = +10.3 to +20.1%., although we have
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Fig. 5. Piper diagram showing the chemical composition of lake and groundwater in Villafafila watershed. Three types of waters have been identified according to their composition. Data

are shown in Table SM 2 - Suppl. Mat.

reasons to consider this higher value as an outlier. Disregarding that sam-
ple the range reduces to 5'80 = +10.3 to +16.2%.. The range for 5**Scpy
spans from +8.4 to +25.8%.. The upper end of this range results from
three samples with 5>S around +25%., sampled on 16/06/2016. Without
these samples the 5>4S values range from +8.4 to +18.8%.. The lower end
of the range was measured on station 11-AS-001, during the winter (31/
01/17) and one of the highest 5>*S values was taken at the same station
but 7 months later (16/06/16).

4.2.4. Mean residence time of deep groundwaters,

Single-sample radiocarbon dating of deep groundwater was ob-
tained from 32-S-003 borehole at 60 m depth, close to the locality of
Villarrin (Fig. 2). DIC measured activity was 1.24 +/— 0.04 pMC
(Table 1). Radiocarbon ages can show wide ranges depending on the es-
timation of '“Cy, but single-sample models like Pearson's (Ingerson and
Pearson, 1964; Pearson and White, 1967) and IAEA's (Gonfiantini, 1972;
Salem et al., 1980) are considered to include all common processes and
can be used in wide ranges of 1>C values (Han and Plummer, 2016). Ac-
cording to Pearson's model initial activity 14Cq is 18.57 pMC, while ac-
cording to IAEA's model '“Cy is 32.31 pMC. The ages calculated using
the measured DIC activity and the Pearson and IAEA initial activities
are 22.3 Ka. and 28.9 Ka BP respectively, but the use of other models
could provide older ages.

4.3. Geophysics

Time domain electromagnetic (TDEM) profiles measure resistivity
changes of rocks and pore waters below the surface. Profile 1 is oriented
NE-SW, parallel to the lakes alignment (Fig. 2) and reaches 300 m
below the terrain surface. Profile 2 is perpendicular to profile 1 and goes
from the hills close to Villafafila village to Salina Grande lake (Fig. 2),
reaching about 200 m below the surface. Profile 1 evidences the
occurrence of several geoelectric units (GE) with different geometries
and resistivities (Fig. 8A). From base to top, GE-1 has the highest resistiv-
ities (70 Ohm/m) and its upper part appears 120 m below the surface
(580 masl) in the SEDT 1 station (Between San Pedro and Salina Grande
lakes). GE-1 slopes gently dipping to the NE in its NE side while its SW
side is more abrupt. On SEDT 8 station, below Barillos lake, the top of
GE-1 is deeper than 300 m (below 400 masl). GE-2, with resistivities
about 30 Ohm/m, lies above GE-1. It has tabular geometry and its thick-
ness is about 70 m. This unit dips gently northwards, from SEDT-2 to
SEDT-8 (below Salina Grande and Barillos lakes), and is partially trun-
cated from SEDT2 (Salina Grande) towards the SW. GE-3 lies on top of
GE-2 in profile 1 and has low resistivities ranging between 3 and
10 Ohm/m. In profile 2 GE-3 appears at the lower part of the profile and
its recorded thickness is variable, reaching up to 150 m (Fig. 8B). GE-4
shows variable resistivities between 10 and 20 Ohm/m in profile 1
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(Fig. 8A), and is sandwiched between low resistivity (<10 Ohm/m)
units GE-3 and -5. In profile 2, below the hills (stations SEDT 6 and
7), GE-4 corresponds with the transitions between the low resistivi-
ties of GE- 3 and the high resistivities of GE-6 (Fig. 8B). GE-5 has low
resistivities (2-10 Ohm/m) and appears just below the terrain sur-
face, with tabular geometry. Below SEDT-2 (Salina Grande lake)
and SEDT-8 stations (Barillos lake) its thickness is about 20-30 m.
Towards the southeast of SEDT-2 (Salina Grande lake) GE-5 sinks
below 30 m depth and increases progressively its resistivity values
towards the SW (Fig. 8A). GE-6 is a high resistivity unit located
under the hills surrounding the lakes. Measured resistivity is about
30 Ohm/m; its thickness below the hill's surface is about 30 m and
decreases towards the toe of the hills (Fig. 8B).

5. Discussion
5.1. TDEM profiles interpretation

This research uses the TDEM technique to study groundwaters in
lake basins because of its sensitivity to low resistivity changes
(Pedrera et al.,, 2016; Tchouta et al., 2019). This method is useful to pin-
point salinity changes not only in aquifers related to saline lakes, but in
coastal aquifers as well (Al-Garni and El-Kaliouby, 2011; El-Kaliouby,
2020). It has also been used to determine aquifer geometries (Ruiz-
Constan et al., 2015). GE units defined correspond with the different
units of the rock record and with the different salinity content of their
groundwaters. The lowermost unit GE-1, which has high resistivity
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Fig. 7. Stable isotopic composition A) 8Dsyiow Vs 6! ®Osyow of rainfall, lake waters and groundwater in Villafafila area. GMWL is the Global Meteoric Water line (Craig, 1961). LMWL is the
Local Meteoric Water Line obtained from Villaffila rainfall. The Evaporation Line for lake waters is indicated. B) Sulphate isotopic composition 6'®0syow Vs 6>*Scpr of lake and
groundwaters in Villafdfila area. Relevant data for regional gypsum, mentioned in the text, are obtained from the literature, and have been plotted with smaller size for comparison.
Huerta et al. (2010), Paleogene of the Almazan basin (dry mud flat and saline mud flat deposits); Utrilla et al. (1992), Late Triassic of the Iberian Chain and Miocene of the Madrid
basin (Lower and Intermediate units); Alonso-Azcarate et al. (2006), Lower Cretaceous of the Cameros basin.

values, is interpreted as the low permeability Ordovician quartzites
(Culebra Fm.) that crop out in the “Sierra de la Culebra”, which consti-
tutes the basement of the Cenozoic succession in this area. Background
values for the basement in other areas of the Duero basin are about
30 Ohm/m (Nieto et al., 2020). The variable depths along profile 1 are
in agreement with the existence of a palaeorelief below the Cenozoic
succession of the Duero basin in its western margin (Martin Serrano
and Piles Mateo, 1982). The tectonic structure of the metamophic

10

rocks of the Sierra de la Culebra show WNW-ESE fold axes trends that
continue below the Cenozoic succession towards the Villafafila area,
forming a basement elevation between the Salina Grande lake and
Villarrin village. Outcrops of metamorphic rocks with the above-
mentioned bedding orientation appear surrounded by Miocene rocks,
4 km W of the lakes (Fig. 2). The steep slope of GE-1 towards the SW
of profile 1 could be interpreted as the occurrence of a high angle
fault. GE-2 lies onto GE-1 and shows lower resistivities, but higher
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Table 1
Radiocarbon dating of a water sample.

s13C 5%
%o %o

Beta - 570,623-P003 1.24 +/— 0.04 pMC 0.0124 +/— 0.0004 —3.9 —9.85 —68.23

AMS-Standard delivery
MATERIAL/PRETREATMENT: (water DIC) acidify-gas strip

Sample data pMC F'iC 8D %o

COMMENTS: The equivalent “Apparent” radiocarbon age to the reported pMC/fMDN
values is ~35,280 BP (not adjusted for any hydro-geochemical effects on meteoric water
14C02). Given the complex nature of groundwater DIC14 chemistry, duplicate measure-
ments within 1-2 pMC are reasonable for a single water sample. For very low DIC concen-
tration waters (< 20 mg/LHCO3) DIC14 and waters with complex organic chemistry,
results can vary significantly outside of this expectation.

than in the overlying GE-3 unit. GE-2 is interpreted as the Salamanca
Sandstone Formation or siderolithic unit (Corrochano, 1982;
Santisteban et al., 1991) because of its stratigraphic position, its tabular
geometry and its thickness. Salamanca Sandstone Fm. has siliceous ce-
ments, that reduce its porosity and permeability. GE-3 has low resistiv-
ities and is interpreted as the lower part of the Miocene aquifer (Martin
Serrano and Piles Mateo, 1982), containing brackish (Type 3) ground-
waters (TDS between 3200 and 5000 mg/L) observed in boreholes
screened at depths below 40 m. Background resistivity values for the
Miocene aquifer in the southern part of the Duero basin are about 20
Ohm/m (Nieto et al., 2020). Resistivities and position of GE-4 suggest
that it corresponds with parts of the Miocene aquifer containing type
1 to type 2 waters, with salinities (TDS) ranging from 350 to 3500
mg/L. GE-4 in profile 2, below the hills (SEDT-7 station), corresponds
with the shallow fresh groundwaters (Type 1), observed in dug wells.
Towards the toe of the hills (SEDT-3 and 5) and below the lakes
(SEDT-4) (Fig. 8B), GE-4 groundwaters become more saline (less resis-
tive), which is consistent with the measured electric conductivities in
mixed waters. In profile 1, GE-4 appears between GE-3 and 5 (Fig. 8A)
and correlation of the two profiles, despite they do not actually cross
each other, evidences the contribution of mixed groundwaters, coming
from the hills and from deeper parts of the aquifer, to Salina Grande lake
(Fig. 8B). Although profile 1 and 2 do not cross each other, SEDT-2 (pro-
file 1) and SEDT-4 (profile 2) stations are 400 m apart. The top of GE-2 in
SEDT-2 (profile 1) is at 600 masl, but in profile 2 has not been identified.
This is interpreted as a consequence of the lateral geometry of the
palaeorelief, that in SEDT-4 (profile 2) sinks the top of GE-2 to below
500 masl. The low resistivity of GE-5 corresponds with higher salinities
of the brine (Type 3; TDS of 27,000 mg/L) contained in the Quaternary
lake sediments aquitard. Profile 1 (Fig. 8A) shows that GE-5 sinks and
its resistivity progressively decreases from Salina Grande lake towards
the SW. This is interpreted as a flow pattern associated with the saline
brine identified below the lakes and its progressive dilution. GE-6
shows high resistivity values and appears below the hills. It corresponds
with the vadose zone and/or fresh groundwaters (type 1) observed in
dug wells below the hills, tapping the upper parts of the Miocene
aquifer.

5.2. Groundwater circulation in Villafdfila's lakes basin

Villafafila area is poorly gauged, but a gross water balance has been
made. The Villafifila hydrological basin (156.5 km?) balance for a steady
state situation follows Eq. (1):

P+ GWI = ETR + Ev + SR + GWO (1)

Annual precipitation (P) represents 51.7 hm>/yr (see Section 2.3).
Deep groundwater input has been estimated with spring discharges at
0.75 hm?/yr. Real evapotranspiration (ETR) is 36.3 hm>/yr. Evaporation
of lake's water (about 4 km? of pond areas) (Ev) is 2.9 hm?/yr, and sur-
face runoff (rio Salado) 3.3 hm?/yr (Fernandez Pérez and Cabrera
Lagunilla, 1987). Groundwater output (GWO) has been estimated by
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difference of terms as 10 hm?/yr. This balance indicates the secondary
role of groundwater inputs.

Hydrochemistry, hydraulic head and geophysics have revealed the
occurrence of 1) local shallow fresh groundwater circulation, 2) regional
deep brackish groundwaters and 3) a recycled lake brine.

1) Local fresh groundwaters (type 1) identified below the hills that sur-
round the lakes have hydraulic heads about 720 to 710 masl. Water
table depths range from about 7 m in dug wells located on the hills to
decimetric depths at the toe of the hills. Despite the low number of
data, mean isotopic values (6D = —51.75%; n = 2; 680 =
—7.08%0; n = 2) of dug wells located on the hills are close to the
LMWL (Fig. 7A) and are clearly different from those obtained from
deep boreholes and springs. This suggests that fresh groundwaters
identified in the hills are locally recharged and have not mixed
with deep groundwaters. Horizontal gradients in the hills are typi-
cally 0.01-0.014 with a downward vertical component in the
upper parts (Fig. 4B; S-002 and P-007). At the toe of the hills and
in the lowlands surrounding the lakes the vertical component of
groundwater flow is upwards. This is evidenced by the hydraulic
head differences of boreholes opened at different depths, the occur-
rence of springs at the margins of Salina Grande and Barillos, and
flowing artesian wells (depths >40 m) at the toe of the hills
(Fig. 4). The groundwater specific discharges from the hills, consid-
ering the hydraulic conductivities for the Miocene aquifer, vary
from 0.001 to 1 m/d. Geophysics (profile 2; Fig. 8B) evidences that
these local fresh groundwaters lie onto more saline groundwaters
that appear in the deeper parts of the Miocene aquifer (Fig. 8B).
The contact between fresh groundwater lenses and the brackish
deep groundwaters is about 100 m below the hills and becomes
shallower at the hill toes (Fig. 8B). Towards the lakes these fresh-
groundwaters (type 1) become more mineralized (type 2 and type
3) and appear sandwiched between brackish-saline groundwaters
(Fig. 8B). Below appear brackish (TDS = 3200-5000 mg/L), deep
groundwaters, identified in the lower parts of the Miocene aquifer.
In the upper part, within the lake sediments aquitard, occurs a
brine (TDS = 12,000-27,000 mg/L). This inversion of the salinity
gradient is contrary to the density driven Ghyben-Herzberg relation-
ship, which states that the less dense freshwater overlies the more
dense saline groundwaters. This inverted salinity gradient can be ex-
plained by the low permeabilities of the lake aquitard and a contin-
uous state of dynamic disequilibrium. In Lake Bonneville (Great
basin) inverted salinity gradient has been attributed to the osmotic
pressure effect (Mayo et al., 2020). In saline lakes like Fuente de
Piedra (Kohfahl et al., 2008) or the Dead Sea (Yechieli and Wood,
2002) the depth of the saline - fresh water interface (Hs) is respec-
tively 3.4 to 4.5 times the elevation of fresh groundwater (Hf) with
respect to the playa lake level. In Villafafila it is similarly about 3.3
(Fig. 8B).

2) Regional deep brackish (Type 3) groundwater appears mainly in
springs surrounding Laguna Grande and in deep boreholes (depths
>40 m). The TDEM survey has revealed its occurrence in the lower
parts of the Miocene aquifer. Deep groundwaters are remarkably
similar to each other, both when considering different locations
and for different times of sampling of a single location. Physicochem-
ical parameters are also quite constant (see Sections 4.2.1 and 4.2.2
above, and Table SM 2 - Suppl. Mat.) indicating that these waters
have been thoroughly homogenized within the regional flow, likely
pointing to large residence times (see Section 4.2.4). The average
hydrogen and oxygen isotopic values (6D = —70 + 2.8%.; n = 29;
5180 = —9.8 4 0.3%.; n = 26) plot on the LMWL, but are lower, in
absolute terms, than average local meteoric water (6D = —51.5%o;
8'80 = —7.2%), and close to precipitation occurring at the coldest
months. This, together with the fact that deep groundwaters plot at
values that are lower than the intersection between LMWL and the
evaporation line (Fig. 7A) suggest that deep groundwaters are not
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Fig. 8. Time Domain Electromagnetic profiles (TDEM), in Villafafila (see location of stations in Fig. 2).
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local precipitation. They probably represent precipitation occurring
at lower average temperature that infiltrated into the aquifer, and
travelled long distances before being tapped by deep boreholes or
springs at the Villafafila area. Considering regional water table map
(Fig. 1), radiocarbon dating (20-30 Ky; see Section 4.2.4) and the av-
erage 8D and 680 values, deep groundwaters infiltrated in moments
(20-30 Ky ago) with climatic conditions cooler than current (Clark
et al., 2009), and/or at high altitudes in the Cantabrian Mountains
N and NE of Villafafila.

Recycled high salinity brines (TDS = 12,000-27,000 mg/L) occur
within the lake's sediment aquitard as have been observed in shal-
low piezometers (SGR-2 and SGR-3) (3.5 to 10 m deep) and in the
TDEM profiles (Fig. 8). These highly mineralized brines are the
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product of the concentration by evaporation of lake waters during
the summer, and by evaporation of groundwaters through the capil-
larity fringe when the lakes dry out, as it occurs in the Salar de
Atacama (Kampf and Tyler, 2006; Marazuela et al., 2018). The shal-
low groundwater table below the lakes (0.6-0.9 m) at the end of the
dry season supports the idea of evaporation by capillarity. Vertical
gradients (0.14) measured at Salina Grande lake (Fig. 4C) would
produce and ascendant groundwater specific discharge about
0.007-0.014 m/d during the summer, but it is compensated by evap-
oration via capillarity. During winter vertical gradients decrease
when lake level is high. This brine was exploited to obtain salt
through the excavation of holes from the Bronze age till the Middle
age (Abarquero Moras et al., 2017). The lack of evaporite deposits on



P. Huerta, I. Armenteros, C. Recio et al.

the lake bottom is indicative of solute evacuation through ground-
water output and the through-flow behavior of the Villafafila lakes.
This is in agreement with the southward flow of the brine, observed
in TDEM profile 1, at the southwestern margin of Salina Grande
(SEDT-2), when it abandons the aquitard constituted by the lake
sediments and sinks towards the lower parts of the Miocene aquifer
driven by its higher density (Fig. 8A). Salt efflorescences formed dur-
ing the summer are dissolved with the first autumn rains and
reincorporated into the brine.

5.3. Lake waters origin

Water balance of Villafafila's lakes basin suggests that direct precip-
itation and local shallow groundwater are the main sources of water to
the lakes, and despite the poor gauging of the lake levels, this is consis-
tent with periodical observations (Fig. 3). Comparison of 8D and 620
stable isotopes of rain, lake waters and groundwaters can be useful to
understand how the different water sources contribute (Bocanegra
et al,, 2013; Cartwright et al., 2009; Valiente et al., 2019). Although pre-
cipitation samples only cover two consecutive meteorological years, the
equation of the regression line through such data (6D = 7.3 6'%0 + 2.1)
is very close to Craig's (1961) GMWL and can be used to define a local
meteoric water line (LMWL) in the area, at least at the time of sampling.
The validity of such LMWL is confirmed by comparison with the larger
dataset (17 years of monthly samples, between January ‘2000 and De-
cember ‘2016; data obtained from the “Red de Vigilancia de Isétopos
en Precipitacién (REVIP)”, managed by the “Centro de Estudios y
Experimentaciéon de Obras Piblicas (CEDEX)” in collaboration with
the “Agencia Estatal de Meteorologia (AEMET)”) from the meteorologi-
cal stations at Le6n (~80 kms N of Villafifila; 6D = 7.47 §'80 + 4.94)
and Valladolid (~75 kms ESE; 6D = 7.47 6'80 + 3.70). Isotopic mass bal-
ance, considering monthly precipitation at the sampling station (data
from AEMET) results in average oxygen and hydrogen isotopic ratios
of 8D = —51.5%. and 6'80 = —7.2%. for precipitation at Villafifila dur-
ing the sampled period.

6D and 680 in lake waters plot below the LMWL, and also show a
good correlation (6D = 5.2 6'80 -14.1; R> = 0.97, for n = 21), defining
an evaporation line whose slope is an indication of dominant relative
humidity during evaporation. Keeping in mind that the slope of LMWL
is less than 8, a slope of 5.2 for the evaporation line suggests average rel-
ative humidities around 70% (see Gonfiantini, 1986), which is within
range of daily relative humidities measured at the Villafafila Meteoro-
logical Station (data from AEMET). Extrapolation of the evaporation
line to cut LMWL suggest values around 8D ~ —55%o, 6'%0 ~ —7.8%.,
which compare reasonably well with precipitation at Villafafila during
the sampled period (see above and Table SM 2 - Suppl. Mat.).

Despite precipitation is the main water contribution to the Villafafila
lakes, regional groundwater discharges are providing the solutes.
Groundwater discharge to the lakes is evidenced by: a) the ascendant
vertical component of the groundwater flow in the lake (vertical gradi-
ents of 0.15) and b) by the occurrence of brackish water springs in their
surroundings with similar salinities and composition to those observed
in deep boreholes (Type 3). Interpretation of TDEM profile 1 suggests
the existence of upward groundwater flows with high salinities and
long residence times (20-30 Ky) in the lower parts of the Miocene
aquifer. This ascendant groundwater flow would be produced by the
threshold resulting from elevation of the metamorphic basement from
depths below 300 m to only 100 m at the SW of Salina Grande lake.
Similar contributions occur in other through-flow or terminal lakes
(Cartwright et al., 2009; Herczeg and Lyons, 1991; Tweed et al., 2009).

5.4. Solute sources
5.4.1. Shallow groundwaters in the hills

Low mineralization calcium-bicarbonate groundwaters, identified in
the hills, obtained their composition from the dissolution of the
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carbonate cements and pedogenic nodules of the “Facies Tierra de Cam-
pos” unit that crops out in the hills surrounding the Villafafila basin
(Martin Serrano and Piles Mateo, 1982). The water table map of the
Villafafila hydrological basin points to a local groundwater flow from
the hills towards the lakes (Fig. 4), suggesting that the Miocene rocks
of the hills are the main contributor of solutes to the shallow groundwa-
ters. 5'80 and 8D values of shallow groundwaters in the hills are close to
the average values of local rains, supporting the idea of local recharge
and low evaporation.

5.4.2. Deep groundwaters

Na*/Cl~ ratios of lake and groundwaters are close to 1, (Fig. 6)
which is evidence of halite dissolution. On the other hand Ca®*/S03 ™ ra-
tios are more variable, suggesting not only gypsum dissolution, but cal-
cite or aragonite precipitation/dissolution processes as well. Na* Cl—
brackish groundwaters (Type 3) identified in boreholes (depths >40 m),
and springs (Fig. 5) surrounding the lakes have obtained their solutes out-
side Villafafila's lakes basin (Fernandez Pérez and Cabrera Lagunilla,
1987). This is supported by the lack of known evaporites in the basin,
but it is important to highlight that the nearest outcropping evaporites,
in an upflow position, as indicated by regional water table map (Fig. 1)
(CHD, 2009), are located about 150 km NE of Villafafila. These evaporites
are Triassic and Cretaceous in age and crop out in the Cantabrian
Mountains (Camara, 2017; Iribar and Abalos, 2011). There are Cenozoic
evaporites in the northeastern part of the Duero basin as well (Pineda
Velasco, 1996; Siemcalsa, 1997), but not in the northern part (Herrero
et al., 2004; Herrero et al., 2010), where the present-day groundwaters
come from. As discussed before, deep groundwaters in Villaféfila corre-
spond to regional discharges with long residence time in the aquifer sys-
tem. The source of solutes could be far away from Villaféfila. Probably in
the main recharge areas in the northern or northeastern part of the
Duero aquifer system or in the Cantabrian Mountains. The following pos-
sible solute sources will be discussed below: 1) Triassic or Cretaceous
evaporites in the Cantabrian Mountains; 2) Cenozoic evaporites in the
Duero basin.

There is a great number of saline lakes in the Iberian Peninsula fed by
groundwaters with solute sources located in Triassic evaporites (Jédar
et al., 2020; Kohfahl et al., 2008; Luzén et al.,, 2007; Rodriguez-
Rodriguez et al., 2006). Stable isotopes of water dissolved sulphate
(62S; 6'80) are an important tool to identify possible solute sources
specially when evaporites are involved (Iribar and Abalos, 2011).
Regional Triassic evaporites contain halite and gypsum and the isotopic
signal of the gypsum can be identified in the dissolved sulphate. A wide
isotopic data set is lacking for the Triassic gypsum of the Cantabrian
Mountains, but values are well known for the Iberian Range (Alonso-
Azcarate et al., 2006; Utrilla et al., 1992). Triassic gypsum from both
the Cantabrian and Iberian ranges formed in coastal environments of
the same basin (L6pez-Gomez et al., 2002) and has isotopic values
similar to those in other Alpine ranges (Longinelli and Flora, 2007). S
and O isotopic ratios in sulphate from Villafafila's lake waters and
deep groundwaters range from 6> = +11.2 to +18.8%. and 6'0 =
+10.8 to +17.8%. (with outliers mentioned removed). Average values
for Triassic gypsum (84S = +13.4 & 1.4%.; 6'%0 = +11.8 + 1.7%;
(Utrilla et al., 1992) are similar to the lower values of the mentioned
ranges (Table SM 2 - Suppl. Mat.; Fig. 7B). 8>S values of Cenozoic
gypsum from the Almazan basin (Colmenares section, dry mud flats;
84S = 11.8 £ 0.6%.;(Huerta et al., 2010) lie within the lower part of
Villafifila's %S range. %S values of Miocene gypsum from the
Madrid basin (lower and intermediate units, 6>S = 17.3 + 1.1%;
(Utrilla et al., 1992), the Paleogene saline mudflats/ ephemeral lakes
of the Almazan basin (Las Rozas and Monteagudo sections; %S =
16.3 4 2.1%.; (Huerta et al., 2010), and the Lower Cretaceous of the
Cameros basin (6>4S = 18.2 & 1.1%.; (Alonso-Azcarate et al., 2006)
-all formed under sulphate reducing conditions- lie within the upper
part of Villafafila's 5*4S range (Fig. 7B). Similarly, sulphur of Villafafila's
dissolved sulphate could derive from waters that have dissolved Triassic
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gypsum from the Cantabrian Mountains and maybe Cenozoic gypsums
that precipitated from Triassic-derived sulphates in sulphate-reducing
conditions. Obviously Almazan's, Madrid's and Cameros' basins gyp-
sums have not contributed dissolved sulphate to Villafafila's waters,
due to their location and their different 6'20 values, but document pro-
cesses that probably also affected the Cenozoic gypsums from the
north-eastern part of the Duero basin. Although there are no sulphate
isotopic data from the Cenozoic gypsum of the north-eastern part of
the Duero basin, the playa-lakes “Facies Villatoro” and “Facies Bureba”
units (Pineda Velasco, 1996) are similar to those described in the central
Duero basin (Lower-Middle Miocene, §34S = 14.3 & 0.9%., 10,n = 7;
Middle-Upper Miocene 6*4S = 15.7 + 0.6%., 10, n = 34; (Armenteros
and Recio, 1995). If Cenozoic evaporites of the north-eastern part of
the Duero basin were a solute source for deep groundwaters in
Villafafila, a change in the palaeogroundwater path lines is implied to
explain the northeast-southwest flow trajectories.

5.4.3. Lake waters

Solutes in lake waters come mainly from deep groundwaters and the
brine below the lakes, which show high TDS (Type 3), and a minor
amount from shallow groundwaters recharged in the hills that are less
mineralized. Evaporation of lake water concentrates the brine and a
small amount of salts precipitate in the vadose zone. These salts are dis-
solved during the following rainy period and reincorporated to the
brine. Some low Ca?*/S03~ and high Mg?*/Ca?* ratios (Fig. 6) in lake
waters could be favored by calcite precipitation. Precipitated calcite is
documented in lake-bottom sediments and cores (Cidon Trigo, 2016;
Martin Bermudez, 2018; Santisteban et al., 2003). The occurrence of sul-
phate reduction processes in lake bottoms is supported by the high §>*S
of some lake water samples with values around +25%..

6. Conclusions

Villafafila lakes are through flow lakes located 40 km to the N of the
Duero River. These lakes are ephemeral and only contain water during
winter and spring (November-June). Most lake water comes from di-
rect precipitation and shallow groundwaters but there are minor contri-
butions from runoff and deep groundwaters as well.

Three types of water have been identified in the Villafafila area ac-
cording to groundwater chemistry. Type 1 are freshwaters with Ca?™,
HCO3™ compositions that appear below the hills surrounding the lakes.
Type 2 are mixed groundwaters dominated by HCO3', CI~ and Na™
that appear at the toe of the hills. Type 3 are high salinity Na*™ Cl~ wa-
ters that can be identified in lake waters, in the springs surrounding the
lake and in boreholes with depths >40 m. Type 1 represents local
groundwater recharge in the hills. Type 2 corresponds with a mix of
Type 1 and Type 3 waters at the toe of the hills. Type 3 corresponds
with deep groundwaters with high residence time in the aquifer as
evidenced by the lack of seasonal variations in their chemical and
isotopic composition, and by their radiocarbon ages (22.3-28.9 ky).
Regional water table map indicates that these deep groundwaters
come from the NNE of the Duero basin and/or the Cantabrian
Mountains.

TDEM survey, groundwater heads and the occurrence of flowing
artesian wells (depths >40 m) with brackish waters have evidenced
that deep groundwaters flow upwards due to the existence of a base-
ment elevation that forces the deep groundwaters to rise. Underneath
the lakes, and within the Quaternary lake sediments that behave as an
aquitard, a saline brine reaching TDS = 27 g/L occurs. As observed in
TDEM profile 1, a density inversion exists below the lakes where less sa-
line mixed waters, like those identified at the toe of the hill, are
sandwiched between the brackish deep groundwater and the saline
brine. The brine flows towards the SW, abandoning the lake sediments
aquitard and sinking towards deeper parts of the Miocene aquifer. This
hinders the over-saturation with respect to halite in lake waters and in
the brine.
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Solutes (mainly Ca?* and HCO3) in the shallow groundwaters
below the hills come from calcretes and carbonate nodules in the Mio-
cene succession (“Tierra de Campos Unit”). The solutes from deep
groundwaters come from the dissolution of Triassic and Cenozoic
evaporites, mainly halite and gypsum, from the eastern part of the
Cantabrian Mountains and the north-eastern part of the Cenozoic
Duero basin.

This research has evidenced that shallow groundwaters below the
hills in Villafafila have low salinities till elevations about 600 masl and
can be used for human consumption. In contrast, regional brackish
groundwaters are the main source of solutes to the ecosystem of
Villaféfila's Lakes Reserve. The data and conclusions of this paper
could be useful for the environmental management of the Natural
Reserve of the Villafafila lakes and to compare the present situation
with future scenarios. Villafafila area is an excellent example to study
the regional groundwater flow of the northern part of Duero hydrolog-
ical basin. The origin of the lakes' salinity will be of interest for the
archaeologist that study salt exploitation in western Iberia for the
Bronze age - Middle age period.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.147909.
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