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ABSTRACT

A study of seawater intrusion under controlled laboratory conditions using multicomponent heterovalent chromatography is presented. The aim was to understand the influence of several variables on hydrogeochemical transport, especially on gypsum precipitation and cationic exchange.  In addition, the study aimed to provide experimental data on how water composition changes during simulated seawater intrusion.

The experimental results show that dispersion modifies the shape of the elution curves for the different solutes for processes such as cation exchange and precipitation-dissolution. The maxima and minima of these curves are very smooth, and entirely absent in several instances. Altering  the cation exchange capacity of the sediment produced changes in the height of the calcium peak and in the maxima and minima of magnesium. In several experiments the high concentrations of calcium and sulfate during the first stages of the intrusion induced gypsum precipitation. The subsequent dissolution of the gypsum raised the concentration of sulfate higher than that in seawater. Saturation indices (SI) for gypsum in the samples collected were calculated with PHREEQC (version 2). Gypsum SI values are in agreement with experimental observations.

Piper diagrams demonstrate that the experimental variables of transport parameters and cation exchange capacity (CEC) strongly influence the hydrochemistry of seawater intrusion. The experimental data deviate substantially from the theoretical freshwater-seawater mixing line, and the shape of the pathway between the end members depends on the experimental conditions.

The experimental data obtained during column experiments and the physical and chemical parameters determined in each experiment can be used in the validation of multicomponent transport models. These hydrogeochemical models may aid in the interpretation of field data.
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1. INTRODUCTION

Several studies have used multicomponent cation exchange approaches to describe reactive transport in porous media (Callahan et al., 2000 provides a detailed listing). Of these, Valocchi et al. (1981 a,b) developed a fundamental analysis of cation exchange process, or ion chromatography, in which treated wastewater is injected into a salinized aquifer.  They subsequently proposed a model for this process. Later, Appelo and Willemsen (1987) and Appelo (1994, 1996) discussed the cation exchange principles involved in salinization and derived specific equations for multicomponent problems in this context.

Seawater intrusion is a particular case of multicomponent reactive transport requiring a more complex analysis because of the large number of solutes at very high concentration (ionic strength around 0.7) and the different types of reactions involved, such as cation exchange and precipitation-dissolution. However, a chromatographic sequence of salinization has not been clearly observed in seawater intrusion field-scale experiments, even though the CaCl2-water type is an ubiquitous indicator of salt water upconing in coastal areas (Appelo and Postma, 2005). Instead, information on the sequence of compositions for saltwater intrusions is obtained from columns or small-scale field experiments (Appelo et al., 1990, Gomis et al., 1997, Van Breukelen et al., 1998, Andersen et al., 2005), or from multicomponent models of reactive transport (Gomis et al., 1996, Parkhurst and Appelo, 1999). 

With regard to laboratory research, Beekman and Appelo (1990) performed experiments in columns 7.5 cm long in which they displaced fresh water with seawater that had been diluted 1:1 with distilled water. The authors modeled the chromatographic results by taking into account mainly the cationic exchange processes. 

Gomis et al. (1997) carried out displacement experiments using seawater in a sediment column 100 cm in length. In these experiments, some of the samples taken at the exit of the column during the initial stages of the intrusion were supersaturated with gypsum, which precipitated into the sampling vials, even though the sediment did not initially contain gypsum. The chromatographic experimental results showed the signs of gypsum precipitation in the sediment column: comparison of the sulfate curve to that of chloride (a conservative solute) revealed a considerable delay.between the two solutes. The high concentrations of calcium and sulfate induce the precipitation of gypsum, and its subsequent dissolution increases the concentration of sulfate to a level higher than its concentration in seawater, as seen in the experimental results. 

Moreover, applying a multicomponent reactive model to the experimental data (Gomis-Yagües et al., 2000) has shown that gypsum precipitation during the early stages of the advance of the seawater front causes a decrease in sulfate concentration with respect to the conservative mixture of freshwater and seawater under conditions that are unfavorable to sulfate reduction by bacteria. Thus, gypsum precipitation may explain the non-conservative behavior of sulfate during seawater intrusion, in addition to bacterial sulfate reduction by organic matter.

Although an obvious decrease in sulfate concentration has been observed in previous field studies (Stuyfzand, 1992; Bocanegra et al., 1992; Custodio, 1992; Fidelibus and Tulipano, 1996), authors have either given no explanation for the decrease or have attributed it to degradation of organic matter by sulfate-reducing bacteria, because field samples were not saturated with respect to gypsum. In recent years, the hypothesis of gypsum precipitation during seawater intrusion, first described in Gomis-Yagües et al. (2000), has increasingly been cited (Slomp and Van Cappellen, 2004).  It is also discussed as a possibility in field studies on seawater intrusion phenomena (Pulido-Leboeuf, 2004). This author has argued that gypsum saturation indices are generally higher than the theoretical conservative mixing line (especially for mixtures containing less than 40% seawater). This suggests the existence of a sulfate source other than seawater. Such a source could be the dissolution of gypsum present in the metapelitic strata; in this case, gypsum need not be very abundant because saturation is not reached. The possibility of sulfate reduction or precipitation in samples containing less than 5% seawater or more than 40% seawater cannot be ignored, since these samples have saturation indices well below those calculated for conservative mixing.

Therefore, it is important to understand the chemical reactions such as gypsum precipitation and cationic exchange that affect groundwater quality during seawater intrusion. In these processes, the behavior of the chemical species depends on several factors, including differences in selectivity coefficients, the value of the cation exchange capacity of the sediment, contrasts between the chemical composition of the injected fluid and the fluid initially resident in the pores of the sediment, and dispersion (Lambrakis, 2006). 

In several studies the results have proven insensitive to the dispersion characteristics of the column -- i.e., the precise value of the Péclet number -- and the shape of fronts was found to be essentially unaffected by dispersion (Vulava et al., 2002). Similarly Petales and Lambrakis (2006) found that small variations in dispersion did not significantly affect the chemical composition of the groundwater across the simulated flow path, as shown in related studies (Lambrakis and Kallergis, 2000). 

Therefore, the aim of this article was to investigate multicomponent heterovalent chromatography for the process of seawater intrusion as modeled under controlled laboratory conditions.  We sought to understand the influence of several variables, such as dispersion and CEC, on hydrogeochemical transport, especially on gypsum precipitation and cationic exchange.  We also wished to collect experimental data on how the composition of seawater changes during the intrusion process. These data and the physical and chemical parameters determined in each experiment can be used in the validation of multicomponent transport models. 

In this study, two sets of experimental data are obtained by displacing synthetic freshwater with seawater.  The results are presented and compared with two other data sets from a previous paper (Gomis et al., 1997). The experiments were carried out in a sediment column 1 m long in an effort to increase the concentration of several ions and thereby produce conditions favorable for the precipitation of several solid phases. For example, the maximum concentration of calcium could be increased along the column and the solubility product could be attained, thereby allowing gypsum precipitation. The subsequent dissolution of this precipitated gypsum may be what produces a greater sulfate concentration than in seawater.

The experiments were carried out under different transport conditions, e.g., with variations in flow rate and dispersion. One experiment was run at the same flow rate as another presented in a previous paper, but because the sediment was different, other physical properties such as porosity were affected. Some chemical properties of the sediment have also been varied in this experiment. For example, the cation exchange capacity was varied in the sediment when a fraction of the large amount of calcite was eliminated.  The resulting increase in clay content relative to the total sediment led to a higher CEC.

2. MATERIALS AND METHODS

2.1 WATER AND SEDIMENT PROPERTIES

The column experiments were performed by flushing seawater through columns packed with calcium-saturated sediment that had previously been equilibrated with freshwater. To avoid variation in initial composition between experiments, the freshwater was synthetically prepared. Its mean composition is shown in Table 1. This composition corresponds to the average composition of 43 wells in the Jávea Quaternary aquifer (Alicante, Spain) with a chloride concentration of less than 5.6 mmol/L (200 mg/L) (Blasco, 1988). The synthetic freshwater was prepared using solutions of CaCl2, KCl, Na2SO4, MgSO4, and solid CaCO3. The mixed solution was bubbled with CO2 to achieve complete dissolution of solid CaCO3 and adjusted to pH 7 by means of heating and stirring. Displacement experiments were carried out using seawater which was sampled several times on the Alicante coast. Average concentrations are reported in Table 1.

Two different sediments were used in the column experiments. The first is natural sediment taken from the Jávea Quaternary aquifer system located on the southeastern coast of Spain, between Valencia and Alicante. The UTM coordinates of the sampling were 255.200, 4296.750, 10, a depth of 3 m, and a distance from the sea of 300 m. The mineralogical composition of the sediment by weight was 53% calcite, 35% quartz, and 12% clay; the elemental chemical composition, particle size distribution, clay composition, and other sediment properties are reported elsewhere (Gomis et al., 1997). The other sediment was obtained by modifying the first through treatment with hydrochloric acid to reduce the carbonate content, which increased its CEC. This sediment is referred to in this paper as “treated sediment,” while the first is referred to as “natural sediment.” The initial CaCO3 in the natural and treated sediment was estimated by calcination at 800 oC and found to make up 53% and 36% of the total weight, respectively.

The CEC of the natural sediment was determined by the sodium acetate saturation method (7 meq/100 g) and exchange complex composition in batch equilibration using ammonium acetate (Gomis et al., 1997). Sullivan et al. (2003) and Carlyle et al. (2004) used solutions of LiBr and LiCl, respectively, to determine CEC and sorbed ions. In this study, however, we used the method described by Andersen et al. (2005), in which 1 M NaCl and 1 M NH4Cl solutions are used on separate sub-samples. The displacement of the sorbed ions by NaCl occurs by a process similar to that observed in seawater intrusion. Pore solutions and exchange complex composition for the natural and treated sediment, as determined by NaCl and NH4Cl saturation methods, are shown in Table 2. The CEC in treated sediment was 10 meq/100 g, identical to that reported in the field experiment of Valocchi et al. (1981).

2.2 EXPERIMENTAL SET-UP

The experimental equipment (Figure 1) consisted of a stainless steel column thermostatted at 25 ºC and connected to an HPLC Shimadzu LC-5A or LC-9A pump, with ascending flux. These pumps permitted a small constant flow of water to be introduced to try to achieve local chemical equilibrium with the sediment and, at the same time, to simulate the slow speed of seawater intrusion processes. The length of the stainless steel column was 1 m, and the internal diameter was 3.16 cm (for other details, see Boluda Botella, 1994, and Gomis et al., 1997). This slow speed and the large size of the columns meant that some of the experiments lasted nearly four months. The goal with such large columns is to amplify changes in concentration and simulate more realistically the long path found along a flowline in an aquifer. This long path can increase the concentration peaks of some solutes and exert specific effects on other solutes, for example, to increase calcium concentration and cause gypsum to precipitate, as observed in Gomis-Yagües et al. (2000).

2.3 DESCRIPTION OF THE EXPERIMENTS

The sediments in the column were prepared before starting the column displacement experiments. Initially the sediments were dried, passed through a 2-mm sieve and saturated in batch with synthetic freshwater. Afterwards the sediments were introduced into the column in small quantities, in order to achieve a homogeneous distribution of particles inside the column. When the column was full, the HPLC pump was connected to it and freshwater was flushed through at a constant flow rate. The injection of fluid produced a compaction of the sediments and thus had to be repeated several times to complete the filling of the column. In this procedure, the porosity obtained in each experiment corresponded to the flow rate of the specific experiment, and the porosity also depended on the characteristics of the sediment and the ratio of freshwater to sediment. The filling operation was considered finished once the columns were completely filled with sediment and the pore water had the composition of freshwater. This filling operation lasted several months.

Laboratory intrusion experiments started when the prepared columns, filled either with ‘natural sediment’ (Experiment A) or with ‘treated sediment’ (Experiment B), were flushed continuously with a constant flow of seawater, at the same flow rate used in the synthetic fresh water saturation procedure. From t = 0, seawater was pumped continuously from the bottom to the top of the column. The flow was controlled continuously during the experiments based on the weight of water fractions collected in a given period. Experiment A was carried out at a mean flow rate of 82 mg/min; Experiment B, at 20 mg/min. Fluctuations with respect to the mean flow were small. 

In each of the experiments the effluent was collected in small fractions (approximately 20 g), and the concentrations of Cl, S, total inorganic carbon (TIC), Na, K, Ca, Mg, and pH were determined in the laboratory. The accuracy of solute analysis was estimated from the electrical balance. For most samples it was generally of the same order as, or less than, 2%; for a few samples, it was less than 4%. The methods described in APHA-AWWA-WPCF (1998) were used. The collected samples of water were analyzed to determine the variation in solute concentration time (Boluda-Botella et al., 2004). TIC and pH were determined immediately after the sample was collected at the outlet of the column. TIC was determined outside of the column by titration with 0.01 N HCl; a pH meter was used to determine the equivalence points of carbonate and bicarbonate. The experiments were judged complete when the solute concentrations in the effluent were equal to the solute concentrations of the seawater.

In Experiment B several sampling vials were found to contain a precipitate after a period of time. The precipitate was analyzed and found to correspond to calcium sulfate. The determination of sulfate and calcium in the sampling vials was carried out separately in the dissolved phase and in the precipitated phase. 

3. RESULTS AND DISCUSSION

3.1 DETERMINATION OF COLUMN TRANSPORT PARAMETERS

Laboratory column experiments should be carried out under specific transport conditions that are determined in advance for each system. In the case of seawater intrusions, the chloride can be considered to be the tracer for the system, and its breakthrough curve contains all the necessary information on hydrodynamic and physical characteristics of the column.

Computer programmes such as PHREEQC (Parkhurst and Appelo, 1999) or IMPACT (Jauzein et al., 1989) are useful for modelling reactive transport in porous media, but the best fit of the chloride breakthrough curve must be calculated through trial and error. CXTFIT by Toride et al. (1995), available from the US Soil Salinity Lab (Riverside, CA), can perform the least squares fitting in MS-DOS.

A graphical user interface was designed with Microsoft Visual Basic 6.0 to carry out this fitting procedure. ACUAINTRUSION (Boluda Botella et al., 2006) calculates the best fit of the experimental data [chloride concentration (mmol/L) versus experimental time (h)]. The analytical solution of the convection-dispersion equation (Lapidus and Amundson, 1952) is
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where C (L, t), is the chloride concentration at the output stream of the column; Ci, the initial concentration of the chloride in the freshwater; C0, the concentration of chloride in the seawater; L, column length; t, time; v, interstitial water velocity in the direction of propagation (equal to Darcy velocity divided by porosity, or u/); and DL, the longitudinal dispersion coefficient.
To obtain the best fit, the square of the mean deviation between experimental and calculated compositions is minimized. The program then provides the following calculated transport parameters (Table 3): mean residence time Tm (L/v), Péclet number (Pe=vL/DL), effective porosity , interstitial velocity v (u/), dispersion DL, and dispersivity L/Pe). The dispersion coefficient can be  expressed as the contribution of two parameters: DL = Dd + ( v, where Dd is the diffusion coefficient, which can be ignored because the flow velocity in the column is sufficiently high to cause a dispersion-dominated spreading (Appelo and Postma, 2005). The Péclet number can be interpreted as the effect of the ratio of advection to dispersion on solute transport.

Using these definitions, transport parameters were determined for the experiments presented in this paper (Experiments A and B). The same model was applied to column experiments in a previous study carried out with natural sediment but at different flow rates (Gomis et al., 1997). Experiment I (Exp. I) was run at 20 mg/min, and Experiment II (Exp. II) at 35 mg/min. Table 3 includes the transport parameters obtained for the previous (I and II) and present (A and B) experiments.

The parameters obtained for Experiments A and B differ slightly from those published in the previous paper, which reflects the need to achieve the best fit by trial and error. For example, the Péclet number obtained in Experiments I and II was 150 instead of the respective values of 188 and 166 obtained in the present study.

Experiment A used a greater velocity (0.63 cm/h) than the other experiments, but this value still lies within the velocity range used in field experiments. For instance, Petalas and Lambrakis (2006) estimated that the rate of seawater intrusion in the study area was approximately 0.6 km/yr (0.685 cm/h). The calculated porosity value is similar to those for Experiments I and II, carried out with the same sediment. The combined effect of the greater porosity (0.41) and a greater flow rate of water through the column (82 mg/min) led to a significantly higher dispersion coefficient (27.3 cm2/h) and dispersivity (17.7 cm) and a small Péclet number (5.6).

Experiment B was carried out at the same flow rate as Experiment I (20 mg/min), but the modified sediment, which had a higher clay content and therefore higher CEC, caused a lower porosity (0.31) than in Experiment I (0.37). Consequently, the mean residence time was lower (203 h) than in the previous experiment (241 h). The Péclet number, 147, was of the same order of magnitude as in Experiments I and II, as were the dispersion coefficient and the dispersivity -- at the same time, these values were very different from those obtained in Experiment A. -- The small porosity value in Experiment B is in the range of the field-experiment data: Bjerg et al. (1993) determined an effective porosity of 0.33 in a sandy aquifer, Martinez and Bocanegra (2002) measured a porosity of 0.3 as well as an intrusion rate of 0.5 m/day (2 cm/h), which is greater than in all of the column experiments performed in this work.

The porosity of the sediments (natural and treated) were determined in Experiments A and B once the seawater intrusion trials had run their course. In both cases, the experimental porosity was determined by evaporating the water of a known volume of sediment at 105 ºC. The porosity determined in more than 10 portions of the column was practically identical to the value calculated by ACUAINTRUSION from the chloride breakthrough curve.

Experimental results for the conservative Cl (mmol/L) versus time (h) are represented using symbols in Figure 2 (a). In the same figure, lines represent the best fit of the experimental data using the ACUAINTRUSION interface. The same Cl breakthrough curves are presented in dimensionless time (time/tm) in Figure 2 (b). It is worth noting the coincidence of breakthrough curves for three of the experiments, with the exception of Experiment A, which was carried out at Q=82 mg/min and which had a smaller slope at the breakpoint.  This is because the dispersion was greater than in the other experiments.

3.2 EXPERIMENTAL RESULTS OF MULTICOMPONENT REACTIVE TRANSPORT

The objective of testing different conditions in the column experiments was to study the influence of several variables on the chromatographic curves and to derive a set of physical and chemical parameters that would facilitate the validation of hydrogeochemical models.

The first experiment (Experiment A) was carried out with natural sediment at a flow rate of 82 mg/min. In order to obtain transport parameter values different from those of previous experiments, the filling procedure of the column was varied: the ratio of freshwater to sediment in the initial mixture packed into the column was higher. As a result, the sediment underwent less compaction and the porosity was therefore greater. In this experiment, the samples did not precipitate into the sampling vials after each fraction was collected. This suggests that they were all undersaturated with respect to gypsum. This is the main chemical difference between the results observed here and those obtained in previous experiments (Gomis et al., 1997).

The other experiment (Experiment B) was carried out using sediment that had been treated with acid in order to increase the CEC.  The flow rate was approximately the same as in Experiment I (20 mg/min). However, the values of the transport parameters were different in the two experiments, which may have caused changes in the chemical reactions. In the present experiment, a solid phase precipitated in the sampling vials after the sample was collected, and the subsequent dissolution and analysis confirmed that the precipitate corresponded to gypsum.  This has also been reported in previous studies (Gomis et al., 1997).

3.2.1 SHAPE AND LOCATION OF CONCENTRATION CURVES

Experimental data obtained in Experiments A and B are presented in Figures 3a and 3b. These data include the concentration of the Cl, S, TIC, Na, K, Ca, and Mg in the effluent relative to their concentration in seawater plotted against dimensionless time (i.e., pore volumes).

For comparison with the present results, the findings from two previously published experiments (Gomis et al., 1997) are shown in Figure 3c. The earlier experiments were performed using the same sediment but different flow rates (20 and 35 mg/min), and they yielded a similar Péclet number. The representation of the solute concentration on the dimensionless time axis (time/tm) shows the curves for each solute in both Experiments I and II overlap exactly. 

In Figure 3a (Experiment A) the elution curves of the different solutes are similar to the chloride breakthrough curves, except for calcium. This cation’s concentration should vary between that of freshwater (3.13 mmol/L) and seawater (11.3 mmol/L), but it exhibits a peak concentration as a result of the liberation of calcium from ion exchange sites in the sediment due to exchange with other cations. The concentration curves for the other cations are delayed relative to that of Cl in the following order: magnesium < sodium < potassium, with potassium showing the greatest delay. The sulfate and chloride breakthrough curves are synchronous, indicating that gypsum precipitation did not occur in this experiment. TIC shows small concentration changes as a result of the similarity between freshwater and seawater concentrations, as well as the small contribution from possible precipitation-dissolution of calcite.

The curve shapes in Figure 3b (Experiment B) are similar to those in Figure 3c, which were published previously (Experiments I and II). The concentration waves of sodium and potassium are delayed with respect to that of chloride because sodium and potassium replace the calcium in the clay during the first steps of the saltwater intrusion. As the selectivity coefficient for potassium vs. sodium is very large, the concentration wave of potassium shows a significant delay, as noted by previous investigators (Appelo and Geinaert; 1983, Ruiz et al., 1990).  This phenomenon indicates that the theoretical increase in K accompanying the intrusion of seawater is reduced by the strong adsorption of this solute: K is accommodated easily in the interlayer space of clay minerals. Consequently, adsorption of potassium is five times greater than that of Na. In contrast, a high peak concentration appears for calcium when this cation is displaced at ion-exchange sites. The maximum concentration of calcium is found to be more than 20 times its concentration in seawater, as observed in the previous experiments, despite the higher CEC in the present experiment. With respect to magnesium in solution, the substitution and ability of all cations to occupy the ion exchange sites (Gomis et al., 1996) causes a small concentration peak soon after the start of the experiment, although the peak is smaller than in Experiments I and II. As the experiment proceeds, the concentration wave becomes similar to the breakthrough curves for other solutes, although the wave for magnesium appears to be even more delayed than for sodium.
Similar results were obtained with sulfate concentrations (Figs. 3b and 3c): these curves show a delay with respect to the chloride curve. This fact indicates sulfate precipitation in the first stages of the intrusion, as a result of the high concentrations of calcium liberated and of the sulfate in the seawater, which produces precipitation of gypsum. Its subsequent dissolution causes the concentration of sulfate to exceed that found in seawater, as seen in the maximum concentrations observed in Experiments I and II.

3.2.2 COMPARING CONCENTRATION CURVES FOR EACH SOLUTE

As discussed in the previous section, comparison of the experimental chloride breakthrough curves (Figs. 2a and 2b) shows greater dispersion in Experiment A than in the other experiments. This fact has repercussions for chemical changes, which will be analyzed in this section. In Figure 4, two types of representation are seen: concentration (mmol/L) versus time (h), or concentration (mmol/L) versus dimensionless time (i.e., pore volume). The latter is necessary for understanding concentration changes independently of column characteristics.  Their calculation requires information about the transport characteristics, such as the mean residence time tm (dimensionless time = t/tm).

Calcium concentration (Figs. 4a and 4b) reached a maximum of 210 mmol/L in the previously published experiments (Experiments I and II), but the concentration was lower in Experiment A (100 mmol/L). This indicates that dispersion has a considerable effect on the concentration curves of calcium, since three experiments have now been carried out under similar conditions -- i.e., the same chemical characteristics for the sediment -- but with different porosities and dispersion. Experiment B, on the other hand, which was carried out at a flow rate similar to that of Experiment I (Q=20), gave a high calcium concentration (260 mmol/L) due to the high CEC of the sediment.

The influence of dispersion and CEC can also be observed in other experimental curves. In the case of magnesium in Experiment A (Figs. 4c and 4d), the greater dispersion coefficient produces a magnesium breakthrough curve similar to that of chloride. Experiments I and II, however, show a marked adsorption of magnesium, which produces an initial maximum in concentration followed by a relative minimum. The causes of the marked adsorption of magnesium have been described previously (Gomis et al., 1996); they relate to the competition among cations for the limited number of exchange sites. The magnesium curve in Experiment B shows a shape similar to those in the previous experiments, but the relative maximum and minimum are less pronounced. Thus, treatment of the sediment to remove some calcite increases the CEC, but surprisingly it decreases the relative maximum for magnesium. 

Breakthrough curves similar in shape to that for chloride are observed for sodium and potassium (Figs. 4e-4h). A markedly greater dispersion of sodium is observed in Experiment A with respect to the other curves, as can be seen in the graph plotted using dimensionless time. In the case of potassium, Experiment B versus time t (h) is in agreement with the results in Experiment I, which was carried out at the same flow rate but with a lower CEC. However, it is important to bear in mind that these two experiments differ in CEC, porosity, and other parameters, so it is necessary to consider dimensionless time charts in order to compare their real behaviour. Although the real-time profiles overlap almost perfectly between the two experiments, their differences become more prominent when considering dimensionless times curves. Similarly, the dimensionless time scale is necessary to test whether the coincidence between experiments I and II is genuine (Gomis et al., 1997) and to reveal that Experiment B shows a delay with respect to previous experiments.

The observations made about other solutes apply also to sulfate. In Figure 5b, exact agreement is observed between Experiment B and Experiments I and II, with a small relative maximum in the sulfate curve, according to Gomis et al. (1997). However, in contrast to the previous experiments, Experiment A does not show the maximum. Perhaps in this case, the calcium concentration is not high enough to exceed the solubility product of gypsum. Therefore, there is neither precipitation nor subsequent redissolution of calcium sulfate, which would have caused the sulfate concentration to exceed that in seawater. This reasoning applies to all the instances in this study in which no precipitation was observed.

TIC was determined outside of the column, but in several cases it was not analyzed because of insufficient sample. This study pays less attention to this solute, since concentration changes do not differ significantly between freshwater (3.28 mmol/L) and seawater (2.13 mmol/L). In spite of the small variation between TIC concentrations in freshwater and seawater, the difference between the maximum and minimum concentrations detected in several experiments is in the range of several mmol/L (3-4 mmol/L). The decreases and increases in bicarbonate are probably due to precipitation-dissolution of calcite, as reported elsewhere (Rezaei et al., 2005).

In conclusion, the different characteristics of transport parameters, for instance dispersion or Péclet number, can modify the shape of fronts in seawater intrusion processes and therefore affect the chemical composition of the groundwater across the flow path, contrary to what Vulava (2002) and Petales and Lambrakis (2006) assert. This conclusion is reflected in the different breakthrough curves obtained when dispersion varies (as a result of variation in porosity and flow rate) with all other conditions held constant (same sediment, freshwater, seawater, and column dimensions). The shape of wave fronts are modified when the Péclet number is small (high dispersitivity), and the maxima and minima produced by the different reactions--such as cation exchange and precipitation-dissolution--are very smooth, and even absent in several instances. In addition, chemical characteristics affect the shape of the concentration curves, and it is therefore necessary to know the specific characteristics of the sediment, such as CEC or selectivity coefficients. In field studies, researchers typically use values obtained from the database of hydrogeochemical models to simulate concentration changes, and they are generally unaware of the importance of knowing the chemical characteristics of the sediment.

Therefore, knowledge of both the physical and chemical characteristics is necessary for understanding and simulating reactive transport processes during seawater intrusion. It is obvious that the uncertainties in field data require certain assumptions, but these assumptions can nevertheless lead to considerable errors when predicting and simulating chemical changes. 

3.3 INTERPRETATION OF THE EXPERIMENTAL RESULTS 

3.3.1 PIPER DIAGRAMS

The Piper diagrams for Experiments A and B are shown in Figure 6. The continuous directed lines represent the pathway between freshwater and seawater, and the dashed line represents the theoretical freshwater-seawater mixing line. The end members are the same for the two experiments -- freshwater and seawater -- but the conditions (e.g., flow rate, CEC) slightly modify the pathway between the two waters. Experiments I and II are not shown because their Piper diagrams are similar to those of the other experiments and also because their pathways fall between those of Experiments A and B.

In all cases, the experimental anion concentrations are in good agreement with the theoretical anion freshwater-seawater mixing line, in contrast to the cation concentrations, which appear below the theoretical line. Changes in reactive transport produce the variation in cation concentration with respect to the mixing between freshwater and seawater concentrations. A minor difference between the theoretical mixing lines of Experiment A and those of the other experiments is observed, analogous to the concentration changes in Figure 3a compared to those in Figures 3b and 3c. The longer path corresponds to Experiment B, where the solute concentration changes are bigger than in the other experiments. 

Field concentration changes with respect to the theoretical mixing line are readily depicted using Piper diagrams. For example, Pulido-Leboef (2004) carried out a field-induced seawater intrusion experiment, and the results were compared with the straight line between the end members. Experimental cation results were below the theoretical freshwater-seawater mixing line in the cation ternary, which indicates that seawater intrusion produced reaction changes analogous to those in the column experiments presented here.

3.3.2 SATURATION INDICES 

PHREEQC (version 2) was used to calculate the saturation indices (SI) of gypsum, calcite, and dolomite in samples obtained during column experiments (Figure 7). The default database used was phreeqc.dat. 

Experiment A, with its greater dispersion, has negative gypsum SI values, in agreement with experimental observations: the collected samples do not precipitate into the sampling vials, the sulfate curve is not delayed relative to the chloride one, and the concentration of calcium is low compared to the other experiments. The other experiments involve different conditions, but they yield similar results: several samples have positive gypsum SI values, corresponding to greater amounts of calcium and sulfate.

The calculated calcite and dolomite SI is positive for all samples except for the first few of Experiment I. The oversaturated samples indicate that calcite and dolomite dissolution is not possible and, as a consequence, the calcium obtained in the effluent may come from clay, which was saturated with freshwater high in calcium at the start of the experiment.

Lambrakis (2006) investigated the effects of water-rock and carbonate rock interactions by calculating saturation indices for calcite, dolomite, and gypsum. Most of the samples are saturated with dolomite and calcite, while all samples are undersaturated with gypsum. According to Plummer et al. (1990), in an aquifer containing calcite, one might expect that groundwater is close to the equilibrium with respect to this mineral. If gypsum is also present, the increased calcium concentration -- due to gypsum’s dissolution or transfer from clay as in seawater intrusions -- may cause calcite to precipitate. The carbonate concentration decreases as calcite precipitates, and this may induce the dissolution of dolomite (dedolomitization), if it is present. In the present experiments, small changes in TIC are observed at the same time that calcium or magnesium concentrations vary. Calcite, magnesite and other minerals may precipitate when TIC decreases, which therefore increases later when the mineral redissolves.

4. CONCLUSIONS

Four experiments, carried out under different conditions, have been compared. Two had already been published (Gomis et al., 1997) and involved the same physical and chemical characteristics but different flow rates. The results of the two published experiments show perfect agreement, when concentration curves are plotted using dimensionless time. 

Another experiment was carried out with the same chemical characteristics (same fresh water, seawater, sediment characteristics, and column length and diameter), but the flow rate and porosity were modified in order to assess the effects of column transport parameters, such as Péclet number (Pe), on the experimental results. The Pe number modifies the shape of the elution curves for the different solutes. If Pe is small (high dispersivity), the curves have a shape similar to that of the chloride breakthrough curve, where the several maxima and minima resulting from different reactions (cation exchange and precipitation-dissolution) are very smooth. Saturation indices for gypsum in the samples collected were calculated with PHREEQC (version 2). Negative gypsum SI values are in agreement with experimental observations: the samples collected do not precipitate into the sampling vials, the sulfate curve is not delayed relative to the chloride curve, and the concentration of calcium is lower than in other experiments.
The effect of increasing cation exchange capacity was studied in the last experiment. In this case, the sediment was treated with hydrochloric acid to decrease the calcium carbonate content and induce a high clay content. The physical characteristics (e.g., column dimension and flow rate) were similar to that for one of the previous experiment, but the porosity changed as a result of the high clay content. The altered cation exchange capacity of the sediment produced changes in the height of the calcium peak and in the maxima and minima of magnesium. The sulfate curves for this experiment and for the published previously show a delay with respect to the chloride curve. The high concentrations of calcium and sulfate during the first stages of the intrusion may produce gypsum. Its subsequent dissolution may cause the concentration of sulfate to exceed that of seawater (Gomis et al., 2000). PHREEQC (version 2) provides positive gypsum SI values for several samples from experiments with less dispersion.

Piper diagrams demonstrate that experimental conditions (transport parameters and CEC) strongly influence the hydrochemistry of seawater intrusion. The experimental data deviate substantially from the theoretical freshwater-seawater mixing line, and the shape of the pathway between the end members depends on the experimental conditions.
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FIGURE CAPTIONS

Figure 1. Experimental configuration of the column experiments 

Figure 2. 

a) Experimental chloride breakthrough curve (symbol) obtained in Experiment I (Q=20 mg/min), Experiment II (Q=35 mg/min), Experiment A (Q=82 mg/min) and Experiment B (Q=20 mg/min, treated sediment) versus experimental time (h). Best fit of the experimental data (line, T=theoretical) obtained with the analytical solution of the convection-dispersion equation of ACUAINTRUSION (Boluda Botella, 2006).

b) Experimental chloride breakthrough curves for the experiments versus experimental dimensionless time (time/tm).

Figure 3. Concentration of Cl, S, TIC, Na, K, Ca, Mg in the effluent (mmol/L) versus dimensionless time: 
(a) Experiment A (Q=82 mg/min)

(b) Experiment B (Q=20 mg/min, treated sediment) 

(c) Experiment I (Q=20 mg/min) and Experiment II (Q=35 mg/min). 

 Figure 4. Concentration of major cations in the effluent versus time (h) or versus dimensionless time:

a) and b) Ca, c) and d) Mg, e) and f) Na, and g) and h) K.
Figure 5. Concentration of  S and TIC in the effluent versus time (h) or versus dimensionless time: 

a) and b) S

c) and d) TIC.

Figure 6. Piper diagrams showing the samples obtained in column Experiments A and B. The dashed lines represent the theoretical freshwater-seawater mixing line and the continuous directed lines the pathway between fresh and sea waters.

Figure 7. Saturation indices of gypsum, calcite and dolomite calculated with PHREEQC (Parkhurst and Appelo, 1999) for samples obtained during column experiments under different conditions. 
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