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Abstract Lake level in an endorheic saline lake in Southern Europe has been inferred for the last 105 years (1889 – 1994) at an annual level of resolution using two independent methods. First, ordination analyses (factor analysis (FA), correspondence analysis (CA) and detrended correspondence analysis (DCA)) have been used to point out the mineral successions of the sedimentary record. These successions are evidenced by the arch disposition of both samples and mineral phases in the plane defined by the first two eigenvectors calculated by these analyses. These temporal evolutions are the same as those obtained during the drying and refilling phases of saline lakes. Relay indices (RI) were obtained from distances to the first two eigenvectors, which accurately reconstructed the lake-level evolution during this period. Second, an inferred lake-level series was obtained using a multivariate time series model from the average maximum temperatures and total rainfall. Six main drought periods were found, which coincided with known droughts in the area. A high level of agreement was found between the two reconstructions, which offered the possibility of directly extending the instrumental record back into the past. Therefore, climatic changes could be reconstructed from saline lakes provided that an accurate chronological control of sedimentary processes is available. D 2002 Elsevier Science B.V. All rights reserved. Keywords: Saline lakes; Lake level; Climatic changes; Paleoclimatic reconstruction



1. Introduction
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Lake sediment records are useful tools that have long been used to reconstruct changes in lake water levels (Richardson, 1969; Bradbury et al., 1986; Rippey, 1982; Digerfeldt, 1986). Lakes can be important proxy indicators of climatic change in several ways
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(Langbein, 1961; Bowler, 1981; Teller and Last, 1990; Mason et al., 1991; Guiot et al., 1993; Rodo´ et al., 1997), especially through the analysis of variations in levels and areas (Benson and Thompson, 1987; Benson and Paillet, 1989; Benson et al., 1991; Harrison et al., 1993). This is particularly true for closed lakes, which are known to be sensitive indicators of changes in climate (Flower and Foster, 1992; Mason et al., 1994). Interest in modern and ancient athalassic saline lakes has grown significantly in recent years (Hammer, 1986; Comı´n and Northcote, 1990; Teller and Last, 1990; Williams, 1991). These athalassic systems are also capable of recording very small variations in evaporation and precipitation, which can drastically affect physical and chemical conditions in lake waters (Pienitz et al., 1992; Last, 1994; Roca and Julia`, 1997). Paleoclimatic studies provide vital information on the long-term climatic trends, which are required to generate and test hypotheses about climate patterns and to validate climate models (Bender et al., 1994; Julia` et al., 1994; Kenneth and Ingram, 1995). Lake levels and areas integrate many physical variables and time scales and can be decomposed in terms of a sum of contributing components. Reconstruction of past water level changes and ecosystem functioning have usually been made using biological remains such as diatoms (Battarbee et al., 1988; Fritz and Battarbee, 1988; Fritz, 1990, 1996), ostracods (Engstrom and Nelson, 1991), and fossil pigments (Sanger, 1988; Leavitt et al., 1989), water content (Rippey, 1982) and sedimentology (Last and De Deckker, 1990; Flower and Foster, 1992; Almquist-Jacobson, 1995). All these provide clues to the understanding of lake dynamics, with external (climatic and catchment area uses by humans) and internal factors (biogeochemical processes) interacting, despite the difficulty of quantifying the relative contributions of the many influences. Nevertheless, there is a lack of reliable long-term series of direct lake-level records with the result that inferred climatic reconstructions are usually made using palaeolimnological data. The ultimate goal is thus to use historical (long-term) fluctuations in lake level as an indicator of regional climatic variations. When pursuing this approach, the key point is to know accurately how fluctuations in lake level will later be mirrored as differential depositions in the sedi-



mentary record. In semiarid environments, where evaporitic sequences record lake-level variations with great precision, the use of the sedimentary history is highly desirable. After having calibrated palaeodata in terms of lake level, it will be possible to infer palaeochanges in regional climate from lake-level fluctuations. Sedimentary facies in saline lakes record the biogeochemical changes taking place over time. In endorheic areas, the hydrological balance is related to rainfall (as the main input) and to evaporation (as the principal output). The surface area of the lake is a function of this balance (Langbein, 1961) with the result that oscillations in the lacustrine area are related to variations in this water balance, as evidenced by a number of saline lakes (LADWP, 1984; Vorster, 1985). Fluctuations in lake level produce concentrations or dilutions of the water, leading to changes in chemical composition (Eugster and Hardie, 1978). As the lake becomes dry, the saturation coefficient of the different mineral species is progressively reached. Carbonates, sulphates and chlorides are the most important authigenic salts precipitating during the drying phases of the lake, whereas, normally, carbonates precipitate during refilling phases, together with the input of siliciclastic minerals.



2. Site description Lake Gallocanta (40j50VN, 2j11VW) is a saline lake where all its components, including water level and mineral composition, fluctuate at different temporal scales driven by meteorological and climatic variations (Comı´n et al., 1991; Rodo´ et al., 1997). Lake Gallocanta is located in an endorheic watershed of the Iberian range (NE Spain) at 1000 m above sea level, between the Santa Cruz and Valdemadera Sierras. The first one is mainly constituted by Paleozoic quartzites, shales and sandstones forming the Hercinian basement, while Mesozoic marls, dolomites and sandstones forming the sedimentary cover compose the second one (Calvo et al., 1978). Between these Sierras and the lake, large Quaternary alluvial fans are developed. The climatological characteristics of this region are highly variable from year to year. The lake is located
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in a semi-arid zone, with annual average rainfall below 600 mm (Comı´n et al., 1983). The maximum area of the lake is 20 km2 on average (this area being covered by water in 1975 when maximum depth was 2.5 m, maximum length 9.5 km and maximum width 3.4 km). The area of the watershed covers 520 km2. Most of the watershed (Mesozoic and Quaternary plains) is used for cereal cultivation, and native oak forest occupies a small area in the margins of the watershed, where a Paleozoic substrate dominates. The upper sediments in the central part of the lake are rich in organic material, mostly originated from cyanobacterial mats growing during periods of low water level (Comı´n et al., 1991), while top layers are rich in salt content in the margins of the lake (Comı´n et al., 1990). Eight temporary streams drain the watershed, which have water only sporadically. Only three of them discharge directly into the lake, one in the north shore, another one in the southwest shore and another one in the south shore of the lake, at least 3 km far from the sampling zone of this study. During the last 10 years, the maximum lake level fluctuated below 1 m and the lake remained dry for most of the time during this period (Rodo´ et al., 1997). Salinity fluctuates in Lake Gallocanta between 20 and 150 g/l in total dissolved solids, following the long-known model for this type of lakes (Langbein, 1961; Comı´n et al., 1990). It belongs to type IIIb, which is characterized by an ion dominance of Na – Mg –Cl –SO4 (Eugster and Hardie, 1978; Comı´n et al., 1990). These circumstances make Lake Gallocanta an excellent place to undertake paleoenvironmental studies. In this paper, lake-level evolution has been reconstructed using the mineralogical changes of two cores. The level of Lake Gallocanta has been also inferred for the last 105 years (1889 – 1994) from the relationships between climatic variables (rainfall and temperature) and direct measurements of the lake level. The good correspondence between both reconstructions enables future inferences to be made from the mineralogical records of saline lakes in other parts of the world, where the same conditions apply. Beyond this approach, regional climatic inferences could be made in remote areas where saline lakes are the only climatic ‘recorders’.
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3. Materials and methods Four sediment cores were taken from two sites in the lake, two from the depocenter—labelled Gallocanta-63 —and two others from the geometric center of the lake —labelled Gallocanta-110 (points A and B in Fig. 1)— in order to account for possible variations due to spatial heterogeneity both in sedimentation rate and catchment runoff. Cores were taken with a piston corer from a raft, and, in all cases, at least 1.5 m of sediment were extracted. The cores were wrapped in aluminium foil and stored in a cool room at + 2 jC until sampling, which took place within a month. Cores were subsampled at resolutions as low as 1 to 2 mm with a Microtom in the first few centimeters to account for all the facies changes appearing in this section of the core. Cores were subsampled every centimeter below these few initial centimeters. Only the first 40 cm were studied because they parallel the available instrumental record. The samples for mineralogical study were weighed, dried at 60 jC for approximately 48 h, and weighed again in order to determine their water content. These samples were ground manually in a small agate mill and sieved to obtain a < 40-Am grain-size fraction. X-ray diffractions were performed with an automatic Siemens D500 X-ray diffractometer: Cu ka radiation, 40 kV, 30 mA and graphite monochromator. Quantification of different mineral phases was performed following standard procedures (Chung, 1974). Replicate analyses for contiguous samples indicated a precision of about F 1%, and, in extreme cases, a precision of about 3%. Sediment dating was performed by 210Pb, 226Ra and 137Cs by gamma spectrometry at the top of the core. Radiometric analyses were performed at the analytical service of the University of Sevilla (Spain) and at the Dept. of Physics of the University of Uppsala (Sweden). Radiometric measurements of 210 Pb, 226Ra and 137Cs were performed in 12 slices 2 cm thick, homogeneously distributed over the uppermost 55 cm of the core. These radiometric techniques have been used with a great degree of success in the establishment of chronologies in sediment cores mostly collected from soft-water lakes in temperate zones (Appleby et al., 1995; Noller, 2000). 210 Pb concentrations were determined in the different slices of the core through the measurement of its
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Fig. 1. Geographical setting of Lake Gallocanta in Europe. Capital letters A and B indicate location of sediment extraction sites.



grand-daughter 210Po, in secular equilibrium, by alpha-particle spectrometry applying a total isotope dilution technique (El-Daoushy et al., 1991). 137Cs and 226Ra concentrations were determined by gammaray spectrometry (Bolivar et al., 1996) using, in the case of 137Cs, its gamma-ray emission at 661 keV. For 226 Ra, the gamma-ray emission at 352 keV of its daughter 214Pb was employed. In order to assure the secular equilibrium between the 226Ra and 214Pb in the samples, these were sealed in the measuring



containers and stored for at least 3 weeks before the measurements. A low-background spectrometer was used for the 226 Ra and 137Cs determinations. In background runs done during weekly intervals, clear and unambiguous traces of the 661 keV 137Cs peak were detected in the uppermost part of the cores. The counting rate of the 352 keV peak of 214Pb was carefully determined in order to be substracted from the sediment measurements. This background 214Pb peak has influence in



X. Rodo´ et al. / Sedimentary Geology 148 (2002) 203–220



the 226Ra measurements, increasing slightly its uncertainty. However, this fact does not prevent a proper determination of this radionuclide in the sediment slices because its contribution to the peak obtained in the sediment measurements is low (always lower than 10%). Water depths were measured at the deepest point in the lake from a marked stick with a periodicity of 5 days for the period 1974 through 1994. Recorded instrumental climatic data date from the end of the last century. Total annual rainfall amounts and average annual maximum temperatures at the nearest meteorological station (Daroca, 20 km away) were available for the period 1910– 1994. In 1992, a meteorological station was placed on one shore of the lake and calibration with the Daroca series was then performed. Cross-correlations between the two series gave values of rxy = + 0.86 ( p < 0.001) for a total of 210 five-day data points. For the period from 1872 to 1910, when no data from Daroca were available, climatic series from Zaragoza (80 km away) were used. A good correspondence between the two rainfall series appears for the period in common and only a correction for the mean was applied to the Daroca series, for the interval 1872 to 1910. Fig. 2 shows the resulting linear lag-correlation plot of the two series for the period 1910– 1992. The last 2 years available (1992 –1994) were not included in the analysis, as they were not going to be used in successive analysis.



Fig. 2. Linear lag-correlation analysis of Daroca and Zaragoza rainfall series (1910 through 1992). Vertical bars denote correlation coefficients, and the 95% confidence limits are also shown.
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Table 1 226 Ra concentrations determined in the different slices of the sediment of the Gallocanta-110 core Sample



Depth (cm)



226



G1 G1b G2 G2b G3 G3b G4 G4b G5 G5b G6 G7



0–2 4–6 8 – 10 14 – 16 18 – 20 23 – 25 28 – 30 33 – 35 38 – 40 43 – 45 48 – 50 53 – 55



21 F 2 24 F 2 27 F 3 21 F 3 15 F 2 23 F 3 11 F 1 11 F 2 24 F 2 23 F 2 25 F 3 33 F 3



Ra (Bq/kg)



Values shown are in Bq/kg.



Calibration with the Daroca series gave a value of rxy = + 0.6 ( p < 0.005) for rainfall and rxy = + 0.87 ( p < 0.001) for temperatures. Prior to computing linear lag-correlation analysis, serial correlation was inspected and, when necessary, removed. The longest temperature record goes back to 1889, and this year was therefore used as the starting date of the lakelevel reconstruction. Multivariate time series analysis, linear lag-correlation analysis and cross-spectra were computed using SPSSk and ITSMk. The mineralogical zones were obtained using the Edwards and Cavalli – Sforza’s chord distance method of TILIA (Grimm, 1987).



Fig. 3. Unsupported 210Pb profile with core depth of Gallocanta110. Vertical bars represent 95% confidence intervals.
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Factor analysis (FA) was used to describe the relationships among the mineral phases (STATVIEWk SE+ Graphics) by means of relay indices (RI). Finally, unimodal analyses, such as correspondence analysis (CA) and detrended correspondence analysis (DCA), were employed to determine whether a mineralogical gradient existed throughout the core. CA proves to be useful for detecting, isolating and describing relays (Hennebert and Lees, 1991), while at the same time allowing us to observe the relative positions of both samples and mineral phases. Special use is made of the arch effect in which samples and components from data sets with a strong unidimensional structure (a relay) plot in the form of an arch in the plane of the first two eigenvectors. Thus, a RI can be plotted to reveal details of the sedimentary gradient. This gra-



dient is revealed when the RI is plotted for the different mineral phases that compose the lacustrine sediments, thereby allowing us to arrange them following the environmental gradient (Hennebert and Lees, 1991). CA (Hirschfeld, 1935; Fisher, 1940) is a method with early ecological applications (Goff and Cottam, 1967; Persson, 1981). Some of these reported the high effectiveness of CA in displaying predominant gradients within a community. However, CA also suffers from serious disadvantages (see Hill, 1973, 1979; Gauch, 1982). In these situations, detrending is intended to ensure that, at any point along the first eigenvector, the mean value of the site scores on the subsequent axes is about zero (Ter Braak, 1987). Regarding both the compression of the axis ends



Fig. 4. Mineralogical spectra from Gallocanta-110 (a) and from the upper part of Gallocanta-63 (b). The zones and subzones were established according to the cluster analysis (Grimm, 1987).



X. Rodo´ et al. / Sedimentary Geology 148 (2002) 203–220



209



Fig. 4 (continued ).



relative to the axis middle, and to avoid underestimation of distances, CA analyses were recalculated regardless of the two portions of the record, previously separated by the cluster and factor analysis.



4. Results 4.1. Radiometric dating of the sediment. In Table 1, 226Ra concentrations determined in the different slices of the Gallocanta-110 core are shown. Equally, the unsupported 210Pb concentrations for every measured slice in this core were calculated (210Pb minus 226Ra concentrations). They are plotted against depth in Fig. 3. First of all, it is interesting to note the lack of constancy in 226Ra concentrations along the core. These concentrations suffer some fluctuations. Know-



ing that this radionuclide has a natural origin, being incorporated to the sediments associated to the material deposited and that its concentration in the material is strongly dependent on its composition, the variability in its concentration throughout the core points to the variability in the mineral composition of the analyzed samples (i.e. the low 226Ra value at 18 –20 cm deep of the Gallocanta-110 core could be attributed to the highest content of quartz). The unsupported 210Pb also shows an erratic behavior that differs from the exponential decrease of the unsupported 210Pb concentrations, known to occur with depth if the regime of sedimentation (amount of material deposited per year and composition of sediment material) is constant. In fact, it appears non-linear in Fig. 3. The non-uniform composition of the material linked to the likely variations in the sedimentation rate could be some of the reasons that explain the unsupported 210Pb profile obtained.
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Deeper than 40– 45 cm, the unsupported 210Pb fraction begins to be undetectable. As a result of these fluctuations, it is not possible to define a proper and detailed chronology by means of 210 Pb alone, for the top 45 cm of the core. We can only infer an average sedimentation rate valid for these upper centimeters (0.31 F 0.04 cm/year). Unfortunately and due to the low spatial resolution of the available radiometric measurements, it has not been possible to obtain a detailed 137Cs profile along the core. Nevertheless, clear and unambiguous photopeaks at 661 keV were detected in the uppermost three layers measured (until 10 cm), whereas they were not detected in deeper layers. This fact allows us to assure that the slice G2b was formed before 1955 and to estimate a sedimentation rate in the range of 0.25– 0.33 cm/year for the upper 10 –15 cm of the core. In spite of the rough average sedimentation rate determined by the application of the 210Pb dating technique, the obtained rate for the uppermost layers agrees with the values obtained with the 137Cs dating procedure.



constant throughout the sequence. Additional details of the sedimentological processes within the lake and of the sedimentary sequences are discussed in Comı´n et al. (1990, 1991). Cluster analysis clearly separates two zones in Gallocanta-110 (Fig. 4a): the upper zone—to about 22 cm depth—and the lower zone to 40 cm. In the first zone, quartz, calcite and aragonite have higher percentage values. Clusters from the shorter core also show these two zones, with an upper zone to about 18 cm characterized by the dominance of aragonite and a lower zone with high percentages of gypsum. This mineralogical change observed in both cores also corresponds with the expansion of the Olea-Philyrea sp., and it has been interpreted as an increase in the regional humidity (Burjachs et al., 1996). A close observation of the mineral records makes clear of a common pattern of cycles between the two cores (Fig. 5), in spite of the sometimes divergent higher frequency mineral oscillations typical of local phenomena (Powell, 1995). In the most recent sediment cycle, corresponding approximately to the first 20 cm, there is a predominance of aragonite in the depo-



4.2. Geochemical lake-level evolution The mineralogical records are shown in Fig. 4a and b (for Gallocanta-110 and Gallocanta-63, respectively). Seven main mineral phases were recorded: six of them are common to the two cores (calcite, dolomite, aragonite, gypsum, quartz and illite). A new hydrous calcium magnesium carbonate was found in several muddy beds of the core Gallocanta-110 (Queralt et al., 1997). In Gallocanta-110, calcite is present throughout the sequence and ranges from 1 to 24 wt.%. Dolomite percentages are constant in the lower part of the core and progressively decrease upwards. The hydrous carbonate is present in the upper part of the sequence with percentages of about 2 wt.%. Aragonite is also present in the upper centimeters of the core. The gypsum percentages oscillate between 0.5 and 95 wt.% and the values for detrital minerals (quartz and illite) are roughly constant. In Gallocanta-63, gypsum values progressively decrease upwards while aragonite percentages increase. Calcite (15 wt.%), dolomite (6 wt.%), quartz (11 wt.%) and illite (24 wt.%) proportions are roughly



Fig. 5. Coevolution of the aragonite percentages from the Gallocanta-63 sequence and the gypsum values from the Gallocanta-110 core.
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center, whereas there is a predominance of gypsum in the geometrical center of the lake. Despite these differences, Fig. 5 shows aragonite and gypsum in the two cores co-varying in those phases where both minerals coexist. Factorial analysis (FA) (Fig. 6) shows the opposition between detritic components (quartz and illite), typical of refilling phases (together with calcite) and gypsum as the most stable authigenic component in arid periods. This arrangement of variables is conservative, both for the whole Gallocanta-110 record and the Gallocanta-63 one, although it is in this last record that, when an FA is performed separately for the two main zones defined by cluster analysis, a substitution of aragonite for gypsum is seen. In fact,



211



both aragonite and gypsum are characteristic of the different stages in the lake’s evolution towards complete drying-out phases. Aragonite has its origin in the algal mats, which develop in big amounts during periods of low water level, occupying a large area of the lake (Comı´n et al., 1991). However, the closeness of siliciclastic components to both dolomite and calcite suggests these are closer in space and time. As a consequence of the one-dimensional evolution of water chemistry during the evaporitic sedimentation process, in the sense of progressive concentration at both short-term and long-term intervals, a succession of mineral phases would normally show a gradient. This gradient can be observed (Figs. 7 and 8)



Fig. 6. Factorial analysis of the two sequences. (Note the substitution between aragonite and gypsum in the Gallocanta-63 core).
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in the arch disposition of samples in the plane defined by axes 1 and 2 of the CA. So, the position of samples with respect to the axis implies a particular mineral composition and, thus, a relative water volume. Due to the ‘‘distortion’’ effect of the second axis, detrended correspondence analysis were applied. It



must be pointed out that the arch disposition of both samples and mineral phases from Gallocanta-110 and Gallocanta-63 were not removed (Figs. 7 and 8). This fact implies that there are two gradients underlying in the mineralogical data structure of the cores. The RI for the two first eigenvectors of both cores allows an interpretation of these gradients (Fig.



Fig. 7. Mineral gradient expressed by the arch disposition of both samples (top left) and mineral phases (top right) for Gallocanta-63 derived from the correspondence analysis. Numbers in the top left diagram correspond to the sample number from the top to the bottom of the core. Note that the arch effect is not removed when detrended correspondence analysis is applied (bottom).
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Fig. 8. Idem for Gallocanta-110.



9). In Gallocanta-110, the first eigenvector represents the infilling process, while the second one displays the retraction phase. In the case of Gallocanta-63, this interpretation is reverse; the first eigenvector displays the retraction processes while the second eigenvector represents the infilling phase. This inverse behaviour has been interpreted as a consequence of the core location in the lacustrine system.



Then, position on the second axis, in Gallocanta110, and to the first axis, in Gallocanta-63, is used as the relay index (RI) (Hennebert and Lees, 1991), being an indicator of relative water level oscillations. The two relative water level reconstructions obtained from Gallocanta-63 and Gallocanta-110 display the same pattern but differ in the intensity of events (Fig. 10). RI values were obtained on a percentage scale
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Fig. 9. Relay indices (RI) of the mineral phases from the first two eigenvectors (EV) obtained for Gallocanta-63 and Gallocanta-110. See text for details.



and were adjusted to the absolute scale of real lakelevel values with a non-linear regression function (Comı´n et al., 1991; Sokal and Rohlf, 1995). 4.3. Lake-level reconstruction from 1889 through 1994 using climatic data The period covered for the reconstruction extended back to 1889, when both temperature and rainfall data



were recorded. Rainfall and temperature series are shown in Fig. 11. Even though a more accurate model optimization of the relationship between climatic variables and lake level, which uses evaporation data, wind and relative humidity was already built (Rodo´, 1997), the present model is being developed for data with different resolution and varying temporal coverage (Meentemeyer, 1989; O’Neill et al., 1989; Turner et al., 1989). Due to the lack of accurate and long



X. Rodo´ et al. / Sedimentary Geology 148 (2002) 203–220



215



Table 2 Results of the multivariate time series model fitted to the water depth of Lake Gallocanta Estimates a b a



0.268 62.487 741.1 df



Fig. 10. Relative lacustrine water level obtained by the measurement of the distance between samples and axis 1. Thick line refers to Gallocanta-63 and thin line to Gallocanta-110.



enough data series of these additional variables for the period 1889 through 1994, a relationship between three variables (average maximum temperature, total rainfall and lake level) was used, even though the percentage of variability accounted for was lower than when using the six variables. In spite of this, the fitted multivariate time series model was adequate and highly significant (Table 2). These two variables (rainfall and temperature) account for a 62.5% of the total variance in modern lake level. The multiple least squares regression model was performed on stationary series, and only a first-order difference was applied to lake level due to the moderate autocorrelation present in this series (Berthouex and Brown, 1994). Results obtained with this simple model with only two inde-



Fig. 11. Total annual rainfall and annual average temperatures from Daroca for the period 1889 – 1992. Series are smoothed with a centered 5-year moving average.



S.E.



t-value



0.101 20.097 262.4



2.658 3.109 2.825



SS



MS



38075 22820



19038 1756



Model Residual



2 13



F = 10.845



Significance of F = 0.0017



p-value 0.02 0.008 0.014



Independent variables are total rainfall (a) and average maximum temperature (b). a denotes a constant, df = degrees of freedom, SS = sum of squares and MS = mean square. Significances of both estimates and the model are highlighted in bold letters.



pendent variables accounted for such a large part of the total variability, and were so significant both for the parameters and the model that it seemed unnecessary for the geochemically based approach of this study to address here the full complexity of a more exact water-balance model for the lake. The simple time series model fitted is shown in Table 2 with the details. Higher order parameters for the combination of the two variables were also tested, but other explanatory variables than the ones there shown were found not to be significant at the 5% level.



Fig. 12. Inferred lake level for Lake Gallocanta for the period 1890 – 1995 using a multivariate time series model. A bandpass filter of 5 years resulting from this reconstruction is shown. Black line refers to the modeled series and the broken grey line to the instrumentally measured lake-level from 1970 to 1995.
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A model-simulated series for lake level in Lake Gallocanta appears in Fig. 12. The original annual series resulting from the model was filtered with a bandpass filter of 5 years to show longer-term trends. Inferred lake level matches the instrumental record quite accurately. Low level phases in Lake Gallocanta coincide with periods of decreased rainfall, though this relationship is modulated by temperature, which expands the series maxima and minima. In general, periods of enhanced rainfall are associated with low temperatures. Since 1889, there have been five main droughts (the 1992 –1994 one makes a total of 6), recorded as level minima, which on most occasions led to the complete drying-out of the lake. When observing Fig. 12, one must take into account the temporal resolution of the data that makes it difficult to see the complete drying-out phases because, to have a zero value in the data, the lake must be empty for a long period of time. A thin layer of water can still remain in the depocenter, whereas the rest of the lake is dry as has been stated for other saline lakes (De Deckker, 1988). In spite of this, dates for lake minima coincide with historical droughts (Guiral, 1981). The main drought periods occurred in 1895, 1926, 1947– 1950, 1966, 1982 –1984 and 1992 –1994, with the ones in 1895 and 1982 – 1984 being the most intense. Drought periods are characterized by being at one or more standard deviation below the long-term mean. These periods have recently been shown to be related to El Nin˜o-Southern Oscillation extratropical teleconnection patterns (Rodo´ et al., 1997). Lake maxima occurred in 1889, 1917, 1931 –1934, 1958 and 1971 – 1973, with the highest maximum in 1917 at 2.47 m. Periods between droughts are 31, 21 –24, 16 – 19, 17 and 9 to 10 years, which show an increase in the frequency of dry periods. Otherwise, there is no longterm trend in the mean of lake level for this period, even though there has been a drastic decrease in the last 15 to 20 years, linked both to a regional decrease in rainfall (Rodo´ et al., 1997) and to an increased rate of water extraction from the watershed. For the specific case of Lake Gallocanta, and basing on the measured lake-level record (1974 – 1994), we can hypothesize the behaviour of a hypothetical lake having an extreme response time of < 1 year, in opposition to slower ( > 10 years) response times. A lake with < 1 year response time would in fact provide the actual re-



sponse time in its level shown in Fig. 12: a fall from 1974 to 1980, then a rapid drop to a constant low level from 1980 to 1986, then a rapid rise to a constant higher level from 1986 to 1992, then a rapid decrease until 1994. On the time scale of the data set, the variations would be largely in the low-frequency (LF) range, and so a true physical correlation between level and rainfall and temperature should be feasible.



5. Discussion Lakes, particularly those with no outlet (like Lake Gallocanta), act as low-pass filters of climatic variables (Mason et al., 1994), filtering out high-frequency components, and thus tending to emphasize the longterm evolution of climate. When spectral coherences between the real-measured-level series and the modelsimulated series are analyzed, values are fairly low, in spite of the few data points. However, when lower frequency components of simulated series are also considered (for instance with the aid of bandpass filters of different span), coherences grow considerably in the case of 5 years, where the maximum similarity occurs. This fact confirms the low-pass filter nature of Lake Gallocanta, as it has been shown for other lakes (Mason et al., 1991). Furthermore, the correlation between the stationary 5-year inferred series and the real lake-level series is higher (rxy = 0.71; S.E.: 0.28; p < 0.001) and more significant than the one obtained between the annual inferred series and the lake level (rxy = 0.46; S.E.: 0.17; p < 0.01) once autocorrelation has been removed. Variable smoothing factors are common to lakes of different size, morphometry and lake catchment areas, and, consequently, are also characteristic of the resolution achieved by each particular lake. However, in any case, the present approach showed how the response time for Lake Gallocanta is centered in the low-frequency (LF) range of variations (i.e. on a time scale much longer than the equilibrium response time of the lake, meaning that the lake is always approximately ‘‘in equilibrium’’ with the climate). Therefore, as Mason et al. (1994) state, true physical correlations between the lake levels and the water flow rates will be possible since the variations are mainly made up of frequency components in the LF range, and the lake area (and hence level) is directly related to the current values of input and
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output flow rates. In spite of this assertion, it must be noted that the response time is not generally constant for any lake, but depends on lake area, the rate of change of level with area, and the net evaporation from the lake surface. Therefore, it is likely to have different values at different times and levels, and so the frequency ranges represented by the LF and the high frequency (HF) will change with time. Comparison between the two (geochemical and climatic) inferred series is quite good, according to the range of values and the situation of maxima and minima. The accordance is even better for the last part of the record (from the beginnings of the seventies). However, a slight delay is evident in Fig. 13 in some occasions (at approximately 1926 and 1935). In addition, sometimes, the two series are completely out of phase (such as in 1900 and in 1948) or there is a remarkable delay between the two records. This could be due to two major factors. (1) When the lake dries out, or when the level is extremely low, there is no — or might not be any — sedimentation in the record and even a deflation process due to wind action may cause sediment losses, whereas chronological interpolation does not take these phenomena into account. This delay problem is much more important the longer the lake remains dry.
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(2) The sampling scale used in: (a) the radiometric method. In spite of post-sedimentary processes occurring in these environments, such as deflation and bioturbation, a linear relationship appears between the two inferred lake-level series. However, errors might happen due to the uncertainty associated to any radiochronological control. (b) The mineralogical data. Samples have been taken at most at 2-mm intervals. Even sampling at this high resolution and due to low sedimentation rates, 2 mm may well represent more time than the average 5-year value employed. The good agreement in both low and high water level phases can also be seen, though perhaps those periods following durable major oscillations are the ones better reflected in the sediment. Recent history thus seems to be important for future depositions. The geochemistry of lake water, both in closed and open lakes, evolves in time towards a progressive salinization, with the more soluble salts remaining in the water (chlorides and sulphates). For short temporal periods (of about a millenium) and for samples that are close in time, differences can be treated as comparable despite droughts and partly homogenized by bioturbation processes. In spite of this, concordance between the two series is high, which makes the geochemistry of this kind of widely fluctuating lake an excellent indicator of lakelevel evolution.



6. Conclusions



Fig. 13. Sequential time series for the mineral-inferred level series (dotted) and for the inferred water depth (continous) of Lake Gallocanta, for the period covering 1889 through 1992.



Saline lakes that undergo strong fluctuations in their water levels and pass through a wide range of salinity conditions record lake-level changes as distinctive depositional phases in their sediments. The temporal succession of different mineral phases shows a gradient formed by the progressive concentration in lake water. In spite of mineral spatial heterogeneity in the sedimentary record and of the sampling density, there is a co-varying dynamic in the two core zones. Aragonite and gypsum are the two main mineral phases reflecting critical drought periods, whereas detritals and calcite sediment reflect refilling periods. Relay indices obtained from the correspondence analysis are a good indicator of relative lake level. Annual rainfall and temperature series in Lake Gallocanta explain the 62% of the total variability of
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lake level, which has been reconstructed for the period from 1889 through 1994. Six main drought periods can be identified between 1889 and 1994: 1895, 1926, 1947– 1950, 1966, 1982 –1984 and 1992 –1994, with the one in 1982– 1984 being the most intense. Equally, five other periods corresponding to lake water maxima can also be identified, namely 1889, 1917, 1931 – 1934, 1958 and 1971 – 1973, with the highest maximum in 1917 when the lake reached a depth of 2.47 m. Saline lakes such as Lake Gallocanta act as lowpass filters of climatic variables, attenuating most of the high-frequency components and thus showing the long-term evolution of climate with a high degree of accuracy. It is also shown that these high-frequency components do not represent a noticeable part of the variability, which appears to be dominated by lower frequency components. This paper demonstrates how these geochemical records are very useful tools when trying to infer proxy climatic changes and can serve as detailed tracers if sampled at adequate levels of resolution. In these cases, the mineral depositional sequence in endorheic lakes, based on a good chronological control of sedimentary processes (by 137Cs, 210Pb, 14C), becomes an outstanding tool for reconstructing regional climate dynamics and tracing back historical lake-level changes. The current view that sediment records in these lakes are of very limited resolution compared with lake varved sediments (Ralska-Jasiewiczowa et al., 1992; Zolitschka et al., 1992) should change, as should the view that they are strongly affected by postsedimentary processes such as seepage (Merkt, 1971). These findings offer new insights and enable climate changes to be reconstructed in climatic transition regions (Hammer, 1986), like the Iberian Peninsula (CLIMAP, 1984), which makes them particularly useful when monitoring regional climatic changes. Their usefulness lies in the fact that there is normally a lack of both meteorological stations or other lacustrine environments with high temporal resolutive sediments located in semiarid areas.
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