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ABSTRACT

The Cristo lagoon, situated on Neogene deposits in the northern Spanish Meseta, occupies a shallow depression on a Pleistocene
piedmont. The development of the lacustrine depression on the piedmont was favoured by the fault network, reinforced by substrate
loss by weathering, probably during the late Quaternary. Even during the hot summer season, salinity is low, with concentrations of
total dissolved solids (TDS) being around 150 mg L. Only when the lagoon is almost dry do TDS concentrations exceed 500 mg L™,
sometimes rising as high as 1700 mg L™'. When the lake level is high, lake chemistry is dominated by Na*, Ca**, HCO; and CI". During
drier stages, there is a relative increase in Ca’**, Mg**, CI, and SO/, trending toward a calcium chloride-sulphate brine. Values of pH
are above 9 during late spring and summer, resulting primarily from evaporative degassing favoured by the shallow depth of water, and
secondarily from photosynthesis by the abundant submerged macrophytes. The infilling deposits, less than 0.5 m thick, are dark brown,
massive, sandy muds consisting of quartz and clays (illite, kaolinite, smectite), all of which are allogenic in origin. The main source of
dissolved sulphate was the oxidation of sulphides during weathering of lower Palaeozoic rocks in the catchment area. The >C-depleted
nature of dissolved inorganic carbon indicates an origin mostly by respiration and oxidation of organic matter. Geomorphology and

hydrogeochemistry indicate a flow-through lake dominated essentially by groundwater flows.
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INTRODUCTION

Wetlands (including ponds and shallow lakes) are
ecosystems which provide one of the most important habi-
tats in Iberia for migratory waterbird species. The shallow
lakes in Iberia are very complex systems, mainly influ-
enced by geological characteristics, hydrogeological
processes and water flow patterns. In addition, they are
very sensitive to climatic fluctuations, especially to
changes in the rainfall/evaporation balance, and also to
biological factors (Committee on Characterization of Wet-
lands, 1995). Seasonal oscillations in lake level should be
reflected in changes in the chemical composition of the
water (Quesada ef al., 1995). Furthermore, groundwater
(GW)-dominated lakes receive dissolved components
mainly from discharging GWs, and GW-wetland fluid ex-
changes are primarily controlled by climate, especially in
the arid and semi-arid regions, where the ponds are abun-
dant and these fluctuations are common (Bernaldez, 1989;
Rey Benayas, 1990).

Most chemical investigations of ponds and shallow
lakes in Central Spain have focused on the occurrence of
pollutant chemicals and nutrients, either natural or anthro-
pogenic (Albaiges ef al., 1987). Some articles have taken
hydrochemistry into account as part of major biological
studies (Alonso and Comelles, 1987; Cirujano et al.,
1992; Alonso, 1998), but there has been little interest in
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analysing systematic hydrochemical variations during an-
nual cycles. Lakes in some other high-plain settings differ
significantly from Cristo lagoon (CL). Some have a dif-
ferent water source, a higher salinity, and are more acidic
(Risarcher et al., 2002). Others are larger and deeper, with
a greater variability in the chemical composition of the
inflows and the lake water (Li ef al., 2008). Still, others
are larger and deeper, lie at higher altitudes, are subject to
colder climatic conditions, and have higher salinities (Keil
et al., 2010).

This study focuses on an unusual wetland — the CL —
representing a depressed area on a high plain of transient
discharge connected to a surficial aquifer (subject to sea-
sonal fluctuations). Its location is characteristic of nume-
rous wetlands on the high plains of Northern-Central
Spain, and therefore constitutes a representative example
for studying the influence of the GW supply on water
composition, and for understanding chemical variations
controlled by seasonal changes.

Its geological location aside, it is also worth mention-
ing the persistence of the CL, which rarely dries out in
spite of the semiaridity of the region. This indicates a re-
gional GW supply through the shallow Miocene aquifer,
with flow paths sourced in the Variscan siliceous meta-
sediments (Palacozoic). However, in spite of this rela-
tively long path for its feed-waters, the CL is characterised
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by minimal mineralisation and alkalinisation during a
winter-summer cycle, indicating a flow-through, rather
than a local discharge system (Bernaldez et al., 1993; Fer-
nandez Alaez et al., 2006). This indicates that the water
composition of CL is controlled by GWs that originate in
the Variscan metasediments and interact with the silicic
sediments of the Miocene aquifer. This has seldom been
addressed in the shallow lakes commonly found on the
Variscan (siliceous source areas) domains of the Iberian
Peninsula (Fernandez Alaez et al., 2006), since most re-
search has been focused on biological and geomorpho-
logical features (Alonso and Comelles, 1987; Rey
Benayas ef al., 1990; Rey Benayas, 1991; Bernaldez et
al., 1993; Sanz Donaire and Garcia Rodriguez, 1998).
The present research focuses on the geological origin
of the CL, and on a characterisation of the seasonal varia-
bility of its hydrogeochemical features, with the aim of
establishing a hydrogeochemical model for this flow-
through wetland that would be applicable to wetlands with
a similar setting in the central Spanish Meseta. Therefore,
this research centres on: i) the hydrochemical composi-

tion, seasonal balance and evolution of the CL waters,
originating in a siliceous catchment, together with the sta-
ble isotope characterisation of CL solutes [dissolved in-
organic carbon (DIC), SO,*]; and ii) an integrated
sedimentological and morphotectonic analysis, in order
to explain the origin and development of the depression
occupied by the CL lake.

Geological and environmental setting
Geology and morphotectonic framework

Cristo lagoon (40° 40’55 N, 6° 14° 17 W, 845 m asl)
is a shallow lake on a Pleistocene alluvial piedmont at the
southern border of the Tertiary Ciudad Rodrigo basin, a
markedly elongated depression within the larger Tertiary
Duero basin, on the Variscan (Lower Palaeozoic) terrain
of the Iberian massif (Fig. 1A-B) (Martin-Serrano ef al.,
1998).

The piedmont slopes 1% from 1000 m asl near the
Palacozoic southern hills of the Pefia de Francia
(Tamames syncline) down to 840 m asl in the distal areas
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Fig. 1. A) Geological setting of Ciudad Rodrigo basin in the Variscan domains of the Iberian peninsula (after Castro et al., 2003); B)
geological sketch of the Ciudad Rodrigo basin where Cristo lagoon is located. The inset corresponds to Fig. 3. SS, Sancti Spiritus; CR,
Ciudad Rodrigo; FSE, Fuente de San Esteban; CL, Cristo lagoon; AC, Aguado creek; FC, Fresneda creek.
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where the pond is located, hanging above the Yeltes river,
which flows towards north-west on a lower plain (820 m
asl). The piedmont and lower plain both slope regionally
towards north-west, consistent with the main drainage di-
rection (Figs. 1 and 2).

However, locally (in the area surrounding the CL), the
piedmont surface on which the pond is situated slopes to-
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wards north-east, as indicated by the flow direction of
Aguado creek, the natural north-easterly outflow of the
lagoon, which seldom contains water even in rainy years
(Fig. 3). This local slope may be related to the movement
of northwest-southeast (NW-SE) faults that were active
until recently, such as that controlling the Fresneda creek
tract (Fig. 3). On the other hand, the Aguado creek and
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Fig. 2. A) Topographic situation of the Cristo lagoon, with the location of sampling points and the outline of the variation of lake
margins; B) aerial view of the area sketched in A; C and D) two different panoramas of Cristo lagoon taken from the same point during

high (C) and low (D) water levels.
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the lagoon, situated within the area of its headwaters, are
aligned with a southwest-northeast (SW-NE) fault that is
highlighted by the existence of a concave scar in the cliff of
the right margin slope of the Yeltes river (Figs. 2B and 3)
(Martinez Grana et al., 2007).

The piedmont is built on reddish brown, siliciclastic,
Miocene gravel deposits, with thinner intercalations of
muddy sandstones and mudstones. These deposits lie hori-
zontally. The gravels form sheets ranging from 0.2 to | m
in thickness, and are tens of metres wide perpendicular to
the palaeocurrent direction, coming from the Tamames Pa-
leozoic syncline to the south-east (Fig. 1B). The current
runoff and the general direction of GW flow follow these
ancient directions. Gravel deposits consist of quartzite and,
to a lesser extent, quartz clasts (up to 40 cm; mean sizes
around 5 cm), with an interstitial sandy-clayey matrix.
Other than the dominant quartzite clasts (pebbles and cob-
bles), quartz and, to a lesser extent, schists, the sand-sized
fraction mainly consists of quartz, micas and feldspars (or-
thoclase and albite), whilst the clayey matrix and fine de-
posits are dominated by the assemblage illite, kaolinite and
dioctahedral smectite, in decreasing order. All deposits are
impregnated with goethite, resulting in a light brown (5 YR
5/6) to greyish orange (10 YR 7/4) colour. This character-
istic weathering profile developed at the top of this
Miocene formation is associated with the degradation of
the piedmont on the Miocene alluvial fan. This probably
occurred during the Pliocene and Quaternary, although new
research suggests that this process may still be continuing
(Molina et al., 1990; Molina and Cantano, 2002). Two vari-
ations of this lithology showing secondary alteration appear
in the area surrounding the lagoon: 1) the lower bed (2-3 m
thick) is the lithological continuation of the underlying less
altered Miocene gravelly deposits; it shows a clear colour
differentiation consisting of isolated reddish brown patches
surrounded by bleached gravels, where the clasts show
arenisation; ii) the upper bed (around 1-m thick) consists
of brown, quartzitic gravels, disorganised by in situ remo-
bilisation that have largely lost their fine-grained matrix, as
a result of eluviation and leaching.

Hydrology

Regional data on the hydrology of the lagoon area are
not available, although the record of lagoon levels from
2007 to 2011, together with popular knowledge in the
area, suggests that the CL is a permanent to semiperma-
nent flow-through steppe wetland characterised by abun-
dant littoral vegetation (Casado and Montes, 1995). The
pond is kidney-shaped, around 720 m in length (SW-NE)
and 300 m in width (NW-SE), and has a maximum depth
of 1.8 m at high water. This shallow lake has no perennial
surficial inlet or outlet, but during infrequent rainy years
it has a localised ephemeral inlet and an outlet close to the
northeastern tip of the lake (Fig. 2). This outlet is con-

nected to the Aguado creek, a tributary to the Fresneda
creek, which flows into the main water course in the area,
the Yeltes river, located in a lower plain below the pied-
mont where CL is situated (Figs. 2 and 3).

The lagoon water balance is chiefly controlled by the
GW dynamics of a surficial, unconfined aquifer that is
mainly fed by a catchment area comprising the siliciclastic
sediments and metasediments of the Palacozoic Tamames
syncline in the Pefia de Francia range (Fig. 1B). The aquifer
feeding the pond is hosted within the upper few metres of
the underlying Miocene unit, which is made up of con-
glomerates and muddy sandstones. It has a decreasing hy-
draulic head from the catchment area (Tamames syncline)
towards the northwest that mimics the palacocurrent direc-
tions measured in the Miocene deposits, whose directions
were themselves controlled by the Variscan syncline axis
(SE-NW) (Fig. 1). The aquifer is recharged both by direct
infiltration through the piedmont surface and by lateral GW
supply from the Palaeozoic source area in the Pefia de Fran-
cia range. The pond only shows strong control by direct
precipitation on the surrounding areas during very wet
years and by direct evaporation during severe droughts. In
the driest years, the period of lower lake levels coincides
with the beginning of autumn. The relatively stable levels
of the lagoon during summertime, in normal precipitation
years, suggest that regional GW inflow is the main control
of the lagoon level.

Climate and vegetation

The present climate is continental temperate with a
marked dry season during the warm months. According
to the Thornthwaite index, it corresponds to a subhumid
(nearly semiarid) climate, with prairie vegetation close to
the transition to steppe. The monthly mean temperature
ranges from 4 (January) to 25°C (July). Annual precipita-
tion ranges from 600 to 1000 mm (Alonso, 1998) with a
maximum in autumn (42 mm in November) and a second-
ary peak in May. In contrast, the summer months (July to
September) are the driest (10 mm in August) (Sanchez y
Llorente et al., 1997).

The vegetation of the wide shore of the lake is domi-
nated by Phragmites and Eleocharis palustris, and the la-
goon floor is covered by dense stands of aquatic
macrophytes (Chara fragifera, Nitella opaca, Myriophyl-
lum, Ceratophyllum, Potamogeton crispus, Potamogeton
sp., and Spirogyra) (Alonso, 1998).

METHODS

Sample cores (12-30 cm) were taken in July 2007
(under water) and in October 2009 (when the pond was
at its lowest level) using a manual corer. Samples, which
include both the gravelly substrate and the muddy pond
sediments, and their locations are shown in Fig. 2. Cores
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were studied using X-ray diffraction (XRD) for bulk min-
eralogy, oriented samples of the <2 um fraction for clay
mineral identification and by sedimentological analysis.
X-ray powder patterns were obtained using a Bruker D8
Advance diffractometer in the step scan mode, Cu Ka
(M=1.54060 A y 1,=1.54439 A) radiation, at a step value
0f 0.03° 20, measuring for 1.5 s at each step. The clay frac-
tion (<2 pm) was extracted by decantation after sedimen-
tation and identified by XRD of oriented, air-dried, heated
(550°C), and glycolated samples, by reference to the Joint
Committee on Powder Diffraction Standards’ database
(BRUKER AXS GmbH, Karlsruhe, Germany).

Two selected samples from core VII (characterised by
smectite—rich clays) were analysed by inductively coupled
plasma-optical mass spectrometry (ICP-OES; Jobin Ivon
Ultima II) at the University of Salamanca, Spain.

Hydrochemistry was monitored during the 2007-2008
annual cycle, during the 2009 severe drought (late sum-
mer to early autumn), when the lake was almost dry, and
at the end of the 2009-2010 wet winter, in order to sample
a range of seasonal differences of the physical hydrolog-
ical parameters and hydrochemistry. Eight points around
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the perimeter of the pond (LCrl, LCr5, LCr6, LCr7,
LCrll1, LCr12, LCr13 and LCrl14; Fig. 2) were sampled
in spring (May 2008) and summer (July 2007), and a sin-
gle point (LCrl15) in a deeper zone was sampled in Sep-
tember 2007. At the time of the greatest drought (October
2009), two additional samples were collected from the
inner central areas of the pond: surface water (SW), from
the surface residual brine, and GW, from an excavated
hole 20 cm below the exposed lake floor. After a wet win-
ter (March 2010), two stations were resampled (LCr5 and
LCro6) (Fig. 2). Water samples were collected in clean,
high-density polyethylene bottles (1-10 L capacity) that
had previously been washed with hydrochloric acid and
distilled water, and then thoroughly rinsed with the water
to be sampled. All samples were refrigerated at 4°C to
minimise changes in chemical composition due to bacte-
rial activity before laboratory analysis.

Temperature and pH (Hanna HI 9023 pH meter;
Hanna Instruments, Woonsocket, RI, USA), conductivity
(CRISON CDTM 523 electronic meter), Cl-, SO, and
phosphates (determined using a PF-11 Macherey-Nagel
photometer) were measured at the field site. Once in the
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Fig. 3. A) Sketch of the location of the Cristo lagoon on the piedmont developed on the siliciclastic Miocene deposits near the cliff of
the Yeltes river; B) conceptual hydrogeological sketch of the Cristo lagoon.
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laboratory, samples were vacuum-filtered through 0.45
pm membrane filters (SUPELCO-Sigma Aldrich, St.
Louis, MO, USA; 47 mm diameter). Alkalinity (CO,*
+HCO;") was determined in the field on non-acidified
samples by acid titration with methyl orange, and is ex-
pressed in mg L' as CaCO,. Samples to be analysed for
major cations were acidified to pH<2 with HNO, and Ca,
K, Mg, Na, and Si were measured by ICP-OES.

Stable isotope ratios were measured on SO,
(8" Ospow» 03*Scpr) and HCO; (8"3Cppg) dissolved in the
water samples. The sulphate was precipitated as BaSO,
by acidification with HCI to pH<2 and addition of excess
5% BaCl,. The BaSO, precipitated was filtered and thor-
oughly washed with distilled water. **S was measured on
SO, produced off-line following the method of Robinson
and Kusakabe (1975), with modifications for sulphates by
Coleman and Moore (1978). Isotopic ratios were deter-
mined on a dedicated dual inlet SIRA-II mass spectrom-
eter at the Stable Isotope Laboratory of Salamanca
University, Spain. §'*0 values were determined on CO
obtained by pyrolysis on a EuroVector elemental analyser,
coupled on-line to an Isoprime continuous flow mass
spectrometer (Isoprime Ltd., Cheadle, UK). *C/*2C ratios
of HCO;~ were measured on SrCO; precipitated from the
previously basified water (to pH>9, using 15% NaOH) by
addition of 45% SrCl,. 3'3C was determined on CO, ob-
tained off-line by reaction with 103% H,PO, (McCrea,

Tab. 1. Mineralogical content.

1950; Craig, 1957), measured on a second, dual inlet,
SIRA-II mass spectrometer. The isotopic results are ex-
pressed in the usual delta notation as per mil deviation
from the international primary standard [standard mean
ocean wate (SMOW) for 8'%0; canyon diablo troilite
(CDT) for 8*S, and pee dee belemnite (PDB) for 3!3C].
Analytical precision, based on repeated analyses of both
in-house and international reference samples (NBS-19;
NBS-127), is always better than +0.2%o.

RESULTS
Mineralogy and sedimentology of the pond deposits

Sediment recovered from the cores is very thin, up to a
maximum of 40 c¢m thick in the small, deep, circular de-
pressions of the pond basin. It lies over a substrate of
quartzite cobbles, and consists of sandy mud with some
partings of muddy sands, coloured dusky brown (5YR 2/1)
to brownish black (5YR 2/1), due to the abundance of or-
ganic matter. It is a massive, structureless deposit, with
abundant bioturbation. Whole rock XRD reveals quartz and
clays (illite, kaolinite) as the main inorganic mineral phases;
less abundant albite, orthoclase and minor iron oxyhydrox-
ides are present (Tab. 1). The XRD mineralogy of the fine
sediment fraction (<2 microns; dried, glycolated and, in
some cases, heated samples) consists of, in decreasing
order, illite, kaolinite and dioctahedral smectite. Results of

Date Sediment deposits  Core Length core Length
(cm) sampling Sample  Quartz Moscovite Fd Gypsum Kaolinite Smectite Illite
(cm)

2007 Substrate sediment 1 30 15 LCr4 XX t t - t t t
25 LCr3 XX X t t t X X

Pond sediment 11 14 4 6 XX X t t t t
8 5 XX X t - t t X
Pond sediment 11T 11 4 8 XX X t - X X X
8 7 XX X X t X X X
Pond sediment v 40 5 4 XX X X t t t X
15 3 XX X X t X t X
25 2 XX X X - t t X
35 1 XX X t - t t X
Substrate sediment \Y Bulk-sediment Bulk-sediment  LCrl6 XX X X t X X
2009 Pond sediment VI 12 2 SLCIAt XX X X t X X
4 SLC1Am XX X X t X X
8 SLCI1Bt XX X t X t X
10 SLCIBm XX X X t X X
Pond sediment Vil 26 3 SLC2At XX X t t t X
8 SLC2Abt XX X t t t t
13 SLC2Abm XX X X t t X
18 SLC2Bt XX X X X t X
23 SLC2Bm XX X t t - X

Fd, feldspar; xx, abundant, t, trace; -, not detected, x, present.
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the analyses of two smectite-rich samples (core VI) indicate
a typical composition of aluminous 2:1 smectite (Deer et
al., 1993) (Tab. 2). During the summer 2009 drought, a
thin, white crust precipitated out onto the exposed floor of
the pond. X-ray diffraction analysis identified gypsum as
its main mineral component (Tab. 1). Since the clayey as-
semblage is similar to that of the Cenozoic substrate, a
mostly detrital origin is inferred for these clay minerals.

Hydrogeochemistry

Field and laboratory analyses are shown in Tab. 3.
Water temperatures, which were measured during water
sample collection in late spring (May 2008), summer (July
and September 2007), mid-autumn (October 2009) and
winter (March 2010), range from 10.1 to 27.9°C. Mid-au-
tumn samples (October 2009) represent an unusually strong
drought event. pH ranged from 5.2 (autumn) and 6.0 (win-
ter) through 8.6 (low water level at the end of summer in a

Tab. 2. Chemical analyses of smectite-rich clays.
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normal hydrological year) to 9.6 (average of summer
samples). Total dissolved solid concentrations derived
from conductivity measurements vary between 200 and
250 uS cm™! from low to high lake levels. During the Oc-
tober 2009 drought, the highest value (3570 pS cm™) oc-
curred in the GW sample. The lowest value (64 uS cm™)
was measured in winter (Tab. 3). Concentrations of the
main cations (Mg*", Ca*", K*, Na") increase significantly
from high lake levels to the end-of-summer low level and
the October 2009 drought stage. The same is true for the
anions. Dissolved silica is low during moderate to high lake
levels, but during the October 2009 drought stage it showed
a significant increase (22.9 mg Si L™!). The phosphate con-
centration is below the detection limit with the photometer
used (i.e. <2 mg L), except for SW and GW (4 mg L1);
no determinations were conducted for the winter samples.

The charge balance is nearly at equilibrium for all
samples except for the SW sample, where the anion sum

ICP-OES Calcination 1000°C
Core Sample AlLO; (%) CaO (%) Fe,0;(%) K,0 (%) MgO (%) MnO (%) Na,O (%) P,05(%) TiO, (%) SiO, (%) LOI (%)
VI SLCIAm 2141 0.81 9.36 2.91 1.42 0.02 1.20 0.06 0.58 49.1 11.90
SLCIAt 19.93 1.01 9.57 2.45 1.29 0.03 1.43 0.07 0.51 47.83 16.98
ICP-OES, inductively coupled plasma-optical mass spectrometry.
Tab. 3. Chemical analyses of lake waters.
Sample pH T EC TDS  Alk SO, Cl PO, Na’ K’ Mg*™ Ca* Si
(°C) (uSem)(mgL)(mgL") (mgL™") (mgL") (mgL™") (mgL") (mgL') (mgL') (mgL") (mgL™)
Summer July 2007 LCRI 99 194 198 127 60.0 20 39 <2 22.3 14.2 8.5 19.6 0.05
LCR5 9.6 21.8 216 138 60.0 20 354 <2 16.1 7.1 8.4 19.3 0.05
LCR6 9.7 23.0 202 129 60.0 20 21.3 <2 18.7 10.8 8.1 20.2 0.05
LCR7 9.6 233 223 143 60.4 22 85 <2 17.6 8.1 9.2 19.7 0.05
LCRI1 9.6 22.8 230 147 74.6 26 74.5 <2 18.1 8.5 9.3 21 0.05
LCRI2 9.8 220 238 152 65.0 27 31.9 <2 21.0 14.5 8.8 19.8 0.05
LCRI3 8.8 258 251 161 60.0 21 106.3 <2 21.9 15.2 8.5 21.4 0.05
LCR14 9.7 243 226 145 70.0 22 77.9 <2 18.2 11.2 7.9 18.8 0.05
Sept 2007 LCRI5 8.6 21.1 246 157 125.0 20 21.3 <2 24.9 9.5 11.2 23.4 0.05
Spring  May 2008 LCRI 9.7 20.5 243 155 74.6 22 39.0 <2 21.0 6.8 9.4 19.5 0.05
LCR5 9.5 23.0 194 124 65.0 20 42.5 <2 19.3 6.0 9.0 18.8 0.05
LCR6 93 246 255 163 74.6 20 24.8 <2 19.4 6.5 8.3 18.5 0.05
LCR7 89 26.7 230 147 80.0 20 88.6 <2 20.5 7.8 7.4 18.6 0.05
LCRI1 92 254 257 164 85.0 21 77.9 <2 22.7 7.2 9.7 21.7 0.05
LCR12 103 249 - - 74.6 20 32.9 <2 18.6 6.4 8.7 19.3 0.05
LCR13 9.8 24.1 - - 80.0 24 99.3 <2 18.5 6.3 8.5 19.2 0.3
LCR14 104 24.6 - - 80.0 20 77.9 <2 18.7 5.8 9.0 19.2 0.2
Autumn  Oct 2009 SW 6.5 22.1 1003 465 182.4 384 300 4 43.2 16.3 35.8 113.9 11.7
GW 52 279 3570 1790  65.0 1385 700 4 147.5 62.1 171.5 5303 229
Winter March 2010 LCr5 6.0 10.5 64 32 15.0 21 8.0 - 3.6 0.3 1.8 43 0.5
LCr6 59 10.1 147 74 17.5 48 20 - 8.0 3.0 5.0 15.2 0.6

T, temperature; EC, electrical conductivity; TDS, total dissolved solids; Alk, alkalinity; Sept, September; Oct, October; SW, surface water; GW, ground-

water 20 cm below the exposed lake floor.
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of milliequivalents is almost twice that of the cations (20.2
meq,,/10.8 meq,,=1.9).

In the trilinear molar percent diagram (Hardie and Eug-
ster, 1970; Eugster and Hardie, 1978), the separation of
the samples corresponding to low and high lake levels in
the years 2007 and 2008, and the separation of the sam-
ples taken in the winter of 2010 from those taken during
the October 2009 drought, are evident, both for anions
and cations (Fig. 4). Samples from the October 2009
drought are significantly enriched in Ca?>" and SO,*,
slightly enriched in Mg?* and Cl-, and show a relative de-
crease in HCO,+CO,*. The final, more evolved water re-
flects a trend towards a calcium chloride-sulphate brine.

Representation of the common system Ca-SO,-(HCO;~
+CO;*) in the Spencer Triangle (Jones and Deocampo,
2003) is the simplest way of illustrating the solute evolution
of the waters (Fig. 5). It is constructed by placing these
three components in equivalents at the vertices of a trian-
gular diagram. Plotting the values for the CL water samples
showed that less concentrated and alkaline samples, corre-
sponding to high lake levels, evolved by evaporation to
slightly acidic values during the drought stage, when there
was a relative decrease in HCO;+CO;>" and a significant
increase in SO,>, consistent with the observed precipitation
of gypsum during the October 2009 drought.

Stable isotopes

Dissolved sulphate 8**S (%o CDT) and 30 (%o
SMOW) results obtained are detailed in Tab. 4. Measured

® Summer (July 07- Sep 07) or
O Spring (May 08&/\’

¥ Autumn (GW, SW October 09)

4 Winter (March 10) 0 100

— Increasing salinity

values range from 7.1 to 9.8%o for **Sg; 2- and from 5.5
to 11.0%o for 8"0 5,2~ (with one outlier of 20.4%o).

The eight 6"3Cp;. values measured from the samples
taken in July 2007 range from -19.76 to -24.24%o, with
an outlier of -13.92%o. More recent analyses during the
October 2009 drought (ground water sample) and at the
end of the 2010 winter (March 2010) are slightly more
negative (Tab. 4).

DISCUSSION

This section is focused on the three main objectives
of this study, namely the hydrochemical characteristics,
the stable isotopic characterisation and the origin of the
lagoon.

Hydrochemistry

Discussion of water hydrochemistry is focused mainly
on water characteristics during the spring/summer seasons
and the inter-season comparison at normal water levels
and during the abnormal October 2009 drought. The ab-
sence of CaCO, precipitates and the striking changes of
pH require particular attention.

During the spring and summer stages, the water is
slightly oversaturated with respect to calcite, as indicated
by the inverse relationship between log[Ca*'] and P,
which is reflected in the leftward displacement of the
equilibrium line in Fig. 6 (Deocampo and Ashley, 1999),
although calcite precipitates were never found. It is known

Nat+K*

Cal*
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0
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HCO3™ + CO32" Mg2*

Fig. 4. Composition of the lagoon water in the system Ca?*-Mg>*-(Na"+K")-(HCO, +C0O,>)-Cl-SO,*(percent molar composition for

anions and cations).
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that organic acids and phosphate inhibit the precipitation
of carbonate both in fresh water and sea water (Berner and
Morse, 1974). However, in the CL, maximum phosphate
concentration attains a value of around 4 ppm (=0.04
umol L) during the October 2009 drought, which is well
below the known limit for inhibition (<1.0 pmol L!; Le-
bron and Suarez, 1996). On the other hand, the concen-
tration of organic acids in the lagoon during the
spring/summer seasons is unknown, although during the
drought stage, it is expected that residual organic acids
are present in quantities sufficient to inhibit calcite pre-
cipitation (even <10 um L' can prevent its precipitation).
However, the true influence of phosphates and organic

acids on the inhibition of calcite precipitation is unknown.

The enrichment of all ions in the two samples taken
during the October 2009 drought results from evaporative
concentration, as evidenced by the positive correlation be-
tween Na®, Ca?', Mg?" and CIl- with SO,*. The lower
amount of SO,>~ and Ca* in SW relative to GW is also
observed in all other components, confirming less evap-
oritic concentration of SW relative to GW. Loss of both
ions from solution as gypsum precipitates seems to be
minor, since the molar ratio SW:GW for each ion remains
similar (approximately 0.2). The higher concentration in
the GW sample is probably related to evaporitic pumping
in the capillary zone, the efflorescent gypsum crust being

@ Summer (July 07-Sep 07)

CaZ* O Spring (May 08)
v Autumn (GW, SW October 09)
F o 0 A Winter (March 10)
&0
A
Oy
B
F S
o &
&,—O,y Calcium 70

Chloride 60

50 Calcite

Alkaline

10

0
HCO3™ + CO32

5042- 0 10 20 30 40 50 60 70 80 90 100

Sodium Sulphates Sodium Carbonates

Fig. 5. Plot of the common system Ca**-SO,>- (HCO,+CO,*) in a Spencer triangle. Quantities are expressed in percent milliequivalents
L! for each vertex component. Note that the October 2009 drought resulted in samples enriched in SO,*>~ and Ca?" and impoverished
in carbonate species relative to the rest.

Tab. 4. Isotopic ratios measured in dissolved inorganic carbon and dissolved sulphate.

Season Period Sample 3BCpe 63"5304 8‘80504
Summer July 2007 LCR1 -19.77 - -
LCR5 -21.29 9.8 20.4
LCR6 -19.76 - -
LCR7 -13.92 - -
LCRI11 -19.98 - -
LCRI12 -23.76 - -
LCRI3 -24.24 - -
LCR14 -23.08 - -
Autumn Oct 2009 SW - 9.6 11.0
GW -26.1 7.2 10.9
Winter March 2010 LCr5 -25.76 7.1 7.5
LCr6 -26.41 8.1 5.5

Oct, October; SW, surface water; GW, ground water 20 cm below exposed lake floor:
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the final product of capillary rising. Binary plots (not
shown) between Cl-, Na*, Ca*", SO,* and HCO;~ (this lat-
est only in SW) show the expected conservative evaporitic
enrichment.

The drop in HCO;~ for GW, which shows the lowest
value of any samples, suggests precipitation of carbonate.
However, at pH=5.2 measured for GW, Fig. 6 indicates
that a simultaneous increase of [Ca®"] and P, is possible
without calcite precipitation. Thus, under the above con-
ditions, calcite precipitation would require much more
Ca?" than is available (Drever, 1997). The pH decrease
may result from acidification of the pore waters by or-
ganic acids and from oxidation of organic matter, which
induced an increase in Py, and therefore greater sub-
saturation with respect to calcite (Deocampo and Ashley,
1999). Lower 8"3C values of DIC seem to corroborate the
influence of oxidised organic matter. It is known that pH
can fall as a result of the decay of plant matter during
evaporation in some saline environments (i.e. Coorong
lake, Australia; Hesse, 1990). It should be noted that cal-
cite was never found as a precipitate, at any stage of the
CL, which is at odds with the chemical divide (Hardie and

logPCO,=-1.5 SOLID

log PCO,= -2.5
logPCO,=-3.5

Spring-Summer

log[Ca®"]
o

AQUEOUS

'5 L] L} 1
5 6 7 8 9 10 11

pH

Fig. 6. pH-log[Ca*"] diagram showing calcite solution/precipi-
tation equilibrium as logP, changes from atmospheric (-3.5)
to higher (-2.5 to -1.5) values . As P, increases there is a drop
in pH, and the equilibrium Ca*",,, line shifts to the left. Winter
samples, as well as surface water and ground water remain un-
dersaturated in calcite (see text for details) (based on Deocampo
and Ashley, 1999).

Eugster, 1970), whose general principle requires the pre-
cipitation of a calcium carbonate phase before any gyp-
sum can form. As evidenced by cations (Fig. 4), the
evaporitic path of waters does not follow a trend toward
the Na+K pole, but rather reflects a relative enrichment
in Ca?" and Mg?*, which runs counter to the trend in most
lakes undergoing evaporitic evolution (Eugster and
Hardie, 1978). The mineralogical composition of the la-
goon sediment and substrate (Tab. 1) does suggest that
this enrichment is due to water-sediment/substrate ex-
change. Higher Al content and lower Mg and Ca content
in the smectite-rich samples from the lake floor sediment
(Tabs. 1 and 2) indicate dioctahedral smectites of probable
detrital origin, discounting Ca-Mg exchange between la-
goon water and the sediment. The trend in the anion molar
diagram [(HCO+CO,;>)-CI~-SO,*], on the other hand,
behaves as expected: waters plot in the (HCO,+CO,*)-
CI" side at normal to high water levels, and evolve to-
wards the CI-SO,* axis as a result of evaporation
(October 2009 drought). In spite of the evaporitic concen-
tration, the absence of CaCOj, precipitation essentially re-
flects the subsaturation of waters with respect to calcite:
in contrast to increasing values of pH and CO,*, normally
expected during the evaporitic concentration of dilute wa-
ters (Garrels and Mackenzie, 1967), CL behaves differ-
ently, which explains why calcite does not precipitate
despite an increase in Ca** and Mg?* concentrations.
There are, however, additional issues regarding the
change in pH: the significant drop associated with the Oc-
tober 2009 drought could result from the decay of organic
matter and the increase in sulphate during evaporation and
ensuing salinity increase (Hesse, 1990). Additionally, du-
ring drought stages, pH is also lowered by the reoxidation
of Fe?" (ferrolysis), resulting in further acidification (Van
Ranst and De Coninck, 2002). Calcite subsaturation in
GW, in spite of its high Ca?* content, is explained by the
pH decrease and the P, increase (Tab. 3; Fig. 6). Indeed,
as the water chemistry evolves by evaporation, pH de-
creases and the HCO;+CO,* contribution to > CO, be-
comes small, explaining the lack of calcium carbonate
precipitation (Given and Wilkinson, 1985). On the other
hand, the pH of relatively high water levels during the
spring to summer seasons is about 4 units higher than for
the drought stage (from 5.2 to 9.6; Tab. 3), which is
mostly caused by the significant removal of CO, due to
holomixis. The highest observed pH values (up to 9.6) in
spring (May 2008) and summer (July 2007) samples co-
incide with greater development of the aquatic vegetation
and higher temperatures, which would have led to an in-
crease in photosynthetic activity and CO, loss. However,
high pH values also occur during periods of scarce macro-
phytic vegetation, suggesting that macrophyte photosyn-
thesis is not the principal factor. The two winter samples
are plotted in the area of subsaturation due to the lower
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[Ca*"] and pH values (Fig. 6) and the presumed higher
Pco, at lower temperatures.

Increase in silica values during the October 2009
drought stage is interpreted to be a consequence of eva-
porative concentration. However, in spite of this higher
concentration, silica and silicate precipitates were not
found on the lagoon floor (concentrations did not exceed
the solubility of opal).

Stable isotopes

Sulphate in water can be of anthropogenic origin (in-
dustrial wastes, pesticides, fertilisers, animal wastes, etc.)
or natural origin. Although the values for 6*Sq,,* (7.1 to
9.8%0) and 6'30gp,* (5.5 to 11.0%o) are within the range of
anthropogenic sources (8°**S=0 to +10%o; 8'0=+5 to
+15%o; Nriagu et al., 1991), this influence can be ruled out,
since the area is remote and far from industrial and agricul-
tural spillages, and cattle farming is insignificant. Natural
sulphate can be produced by the weathering of Palacozoic
and Tertiary rocks in the recharge area and the surrounding
fringe of the lake. No evaporite outcrops are known in the
region, and therefore it is expected that the isotope values
will not be associated with evaporite weathering. Sulphides,
on the other hand, are relatively abundant in the Variscan
rocks of the source area in the Tamames syncline (silici-
clastic sedimentary and metasedimentary rocks). Oxidation
during weathering of sulphides is not known to result in
marked fractionation of 3S/32S ratios (from no fractionation
observed in field studies to a maximum average fractiona-
tion of Agp>¢*=-5.2%o in high-pH experiments at environ-
mental temperatures; Fry et al., 1988; Toran and Harris,
1989). Regional Lower Palacozoic rocks average
8*S~+9%o (Recio, unpublished), and as such, are a poten-
tially reasonable source of the sulphur in the dissolved pond
sulphate.

8'80 values measured in aqueous SO, increase pro-
gressively from the ephemeral creek feeding the pond, to
high-water sulphate and then to maximum drought sam-
ples, suggesting that evaporation is the main mechanism
for 80 enrichment (Pierre, 1988).

The 8'*Cp, values (Tab. 4) are indicative of a strong
biogenic contribution to dissolved C (C3 biota typically
have 8"°C values ranging from -25 to -28%o; Deines,
1980), and the terrestrial detritus derived from C3 plants
has a mean value of 83C=-28+0.2%o in rivers, although
the endogenous organic matter (algae, seston) may vary
widely (Finlay and Kendall, 2007). The oxidation of or-
ganic matter, either by dissolved oxygen (CH,0+0, —
CO,+H,0) or bacterial sulphate reduction (2CH,0+S0O,*
— 2C0O,+S*+2H,0), will contribute isotopically light C
to the DIC pool (Atekwana and Krishnamurthy, 1998;
Kendall and Doctor, 2003). The dominance of siliciclastic
(meta)sediments and the scarcity of carbonates in the
catchment area, together with the siliciclastic nature of the

Miocene aquifer feeding the pond, explain the low §"*C
values of DIC in the lake water, indicating that the HCO;~
is derived mainly from organic CO,. Higher values of DIC
during summertime are probably for the most part the re-
sult of photosynthetic processes. This may be related to
the greater organic productivity (abundant aquatic plants),
consuming the light isotope, and to poor mixing with the
rest of the pond. On the other hand, the higher values of
the samples taken in the south-eastern margin (LCrl,
LCr5, LCr6 and LCr7 samples; Fig. 2 and Tab. 4), could
be due to its shallower water.

Origin of the lagoon

Casado and Montes (1995) proposed a man-made ori-
gin for the lagoon, but the absence of excavated material,
geomorphological features in the surrounding areas, and
the morphotectonic considerations detailed below, indi-
cate an alternative natural origin.

Structural control exerted by the two crossing sets of
faults with NW-SE and NE(NNE)-SW(SSW) directions
has conditioned the drainage on the piedmont and is prob-
ably the primary control on the development of the lagoon
(Fig. 3).

In addition to this morphotectonic control, a combi-
nation of substratum and climatic factors may have also
contributed to the evolution of Cristo lagoon. This is in-
dicated by two characteristic features: the first is the
elliptical shape, elongated along the NE-SW axis, coin-
ciding with the currently dominant winds in the area, that
have either a north-easterly or south-westerly component.
However, the southwesterly wind components are domi-
nant all year long (Sanchez y Llorente et al., 1997). It is
known that the northern Spanish Meseta was subjected to
two phases of aeolian activity after the last glacial stage.
The first correlates with the cold, arid Younger Dryas
(about 12.5 to 10.2 ky cal. BP) and the most recent oc-
curred during the warm aridity of the Atlantic period
(about 6.5 to 8.8 ky cal. BP), as dated by luminescence
[thermoluminescence (TL) and optically stimulated lumi-
nescence (OSL)] in aeolian deposits of the southern Duero
basin (Diez Herrero et al., 2002). Deflation by similar
winds blowing from the south-west formed many shallow
depressions, now occupied by ponds and lakes on the
plains and piedmonts of the northern Spanish Meseta dur-
ing this period. Previous studies have invoked deflation
to explain numerous Quaternary depressions in the Duero
basin (Pérez-Gonzalez, 1982; Pérez-Gonzalez et al.,
1994; Sanz Donaire and Garcia Rodriguez, 1998). A
friable substrate, such as that underlying the CL, would
have been strongly affected by aeolian activity, creating
the bowl-shaped depressions that are ubiquitous in the de-
sertic areas (Bristow et al., 2009). However, the absence
of sand dunes in the vicinity calls into question the role
of wind in the evolution of the CL depression.
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The second important feature is the presence of a
pavement of quartzite pebbles and cobbles, more strongly
developed downwind in the north-western, northern and
north-eastern shores of the lagoon (Figs. 2 and 7). Clasts
show an inherited three-faceted pyramidal shape and are
moderately to well-rounded, and free of muddy and sand
matrix (clast-supported gravels). Gravel pavements are
characteristic landforms of hot and arid regions (Cook and
Warren, 1973; McFadden et al., 1987). Pavement forma-
tion has been attributed both to physical mechanisms,
such as aeolian deflation and/or erosion (Cook and War-
rern, 1973), chemical weathering of the clast source rocks
(McFadden et al., 1987), or salt weathering, exploiting
pre-existing weaknesses in the clasts or source rocks (Al-
Farraj et al., 2008). As discussed above, it is difficult to
invoke development of a deflation pavement by the sur-
face winnowing of fine-grained material. Similarly, an

origin by erosion is unlikely, due to the low-energy littoral
processes in this very shallow lake, and downslope move-
ment of clasts is unlikely, given the low gradient of slopes
connecting surrounding higher areas and the lacustrine
depression.

Pavement genesis by chemical mechanisms, as pro-
posed above, does not seem feasible, since the required
set of conditions are not met in the CL. However, an al-
ternative mechanism, i.e. chemical alteration (hydrolysis),
which has been documented in the alteration zone under-
lying the alluvial piedmont where the CL is situated, could
explain the loss of fine-grained material. It affects not only
the more readily altered components such as 2:1 clays and
feldspar, but even in quartz components within the dy-
namics of the shallow aquifer (Molina and Cantano, 2002;
Molina, personal communication 2010). Bleaching and
other processes are mainly related to the hydromorphic

Fig. 7. The lagoon in autumn 2010, with the gravelly north-western shore in the foreground and the watershed drainage of the Paleozoic
Tamames range in the background. The bottom left inset shows the appearance of the quartzitic gravels fringing the lake margin. Note-
book for scale is 14x21 cm.
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conditions controlling the alteration profile overlying the
siliciclastic formation, due to the poor external and inter-
nal (through pores) drainage in the semiconfined aquifer
at the piedmont subsurface (Molina and Cantano, 2002;
Molina et al., 2010; Molina Ballesteros et al., 2011). This
process can be enhanced by the commonly high pH of the
lagoon water, which would have accelerated dissolution
of the fine-grained silicate sediments. When the water
level falls, ferrolysis (oxidation of Fe*") may occur, lead-
ing to increased acidity and hence to the release of cations
from silicates, and the destruction of clays (Van Ranst and
De Connick, 2002). The thinness of the accumulated
muddy sediments originating at the shores of the lagoon
may thus be attributed to the chemical loss of material.
As a consequence, this process could aid in widening the
lacustrine depression.

CONCLUSIONS

The absence of chemical precipitates, except during
the drought periods, and minimal seasonal hydrochemical
variation, characterise a hydrologically open through-flow
system. Recharge is by underground flow from areas with
higher piezometric potential within the surficial aquifer,
and is controlled by the textural characteristics of the un-
derlying Miocene formation.

The lagoon is normally a dilute lake (with around 150
mg L' TDS) dominated by Na*, Ca**, HCO; and CI". Dur-
ing occasional droughts, there is a relative increase in the
concentration of SO,*, Cl-, Ca* and Mg?** ions that can ex-
ceed 500 mg L}, rising as high as 1700 mg L' TDS.

During drier years, evaporation concentrates the
chemical composition of the waters, photosynthetic activ-
ity is largely suppressed, and the decay of organic matter
results in lower pH and, eventually, in the precipitation of
gypsum. Calcite saturation was never achieved, in spite
of the high Ca?" content attained during the spring-sum-
mer period, because of the particular combination of pH,
Ca?" concentration and P,. Stable isotopes indicate that
DIC is the result of organic matter decay, while the sul-
phur in the sulphates is derived from oxidation of catch-
ment-area sulphides with little isotope fractionation. The
dilute water composition and the sulphur isotope charac-
teristics indicate waters mainly derived from the wea-
thering of metasedimentary and sedimentary siliceous
rocks.

The evaporative trend of CL water produces an in-
crease in all ions, and a decrease in pH by almost four
units with respect to normal water levels, thus precluding
the precipitation of calcite and favouring the precipitation
of gypsum at some stages of brine concentration.

Development of the depression now occupied by the
CL was initially controlled by tectonic faulting. Geomor-
phological and sedimentological features, GW flow and
the loss of fine material by chemical weathering all con-

tributed to modifying the initial depression, probably dur-
ing the Holocene.
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