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Abstract

:

Trihalomethanes (THMs) are toxic disinfection by-products, formed in the reaction of chlorine with organic matter. This work aimed to study THM formation during a unique case study of managed aquifer recharge (MAR) with chlorinated desalinated seawater. THM formation was tested in the field, along a 3.0 m deep vadose zone gallery. Two small-scale experiments were conducted in the site, with untreated and with bromide spiked desalinated seawater. These were accompanied by a large-scale, ~1-month long operational MAR event. In the small-scale experiments, THM concentrations were shown to increase with bromide concentrations, with increasing dominance of the brominated species. Nevertheless, concentrations remained within the single µg/L range, which is an order of magnitude lower than drinking water regulations. Such low THM concentrations were also determined in the large-scale event. In both cases, THM formation occurred in the ponding water, without significant formation or degradation in the upper 3.0 m of the vadose zone. This study shows that MAR with chlorinated (<0.5 mg/L) desalinated seawater through sandy infiltration basins does not pose a threat to drinking water quality at this site.
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1. Introduction


Desalinated seawater (DSW) is an increasing source for domestic water, especially in Mediterranean and Middle East countries. It is expected to take an increasing role in other countries as well [1,2]. In Israel, this source amounted to a total of ~40% of the national potable water consumption in 2017 [3]. With the relatively high costs of this water source [2], motivation to reduce expenses is clear. This may be achieved by technological development, as well as by management flexibility, which enables the economical optimization of water production regardless of its consumption. This latter option demands considerable storage capacity. An attractive and available option is provided by managed aquifer recharge (MAR). MAR may be a preferred solution for the storage of temporal DSW surpluses, and was practiced mainly in countries of the Persian Gulf. It was shown to facilitate stable water distribution, overcoming operational disturbances and enabling the construction of desalination plants that are not designed for peak demand, but rather for annual demand [4]. The potential of this solution was demonstrated in Abu-Dhabi [5,6], in the Emirate of Sharjha [4,7] and in Kuwait [8]. Recently, it was also tested in Israel [9].



Desalinated seawater differs in its chemical characteristics from naturally infiltrating water (rain and stream water). One aspect is related to major elements as Ca2+ and Mg2+, which are not fully replenished in the desalination post-treatment [10]. It was shown that the aquifer may have the capacity to release these elements into the recharging water, following dissolution and ion exchange processes [11,12]. Another aspect is residual chlorine. Chlorination is the most common disinfection process in desalination plants, applied both as a pre- and a post-treatment [13,14]. As a pre-treatment, chlorine is intended to reduce membrane biofouling, while as a post-treatment, it is applied for disinfection of the distributed water. Chlorine can further react with naturally occurring organic matter, anthropogenic contaminants, bromide and iodide, forming toxic and carcinogenic products. In the process of water chlorination alone, more than 300 compounds were identified, while more than 50% of the formed organic halides have yet to be identified [15,16]. One of the most common groups of chlorination by-products, which are detected in relatively high concentrations, are trihalomethanes (THMs). THMs were investigated thoroughly since their discovery and their presence in drinking water has been a major concern due to their negative health effects [17]. Despite the large number of disinfection by-products, only 11 are currently regulated in the United States (THMs, haloacetic acids, bromate and chlorite), with regulations that dictate a maximal concentration limit of 80 μg/L for total THMs [18]. In Israel, public health regulations of drinking water refer to THMs only [19].



THM formation along water distribution systems was thoroughly investigated and focused mainly on natural water, whereas knowledge of THM formation during MAR is limited. Studies have shown that low chloroform concentrations (sub µg/L range) are highly abundant in US groundwater. This widespread distribution is mainly attributed to leaks in chlorinated water and wastewater systems [20,21], but natural sources of chloroform (as well as other THM species) are possible as well [20]. In Israel, MAR with chlorinated desalinated water occurs during unique operational periods, in which the desalinated water cannot be distributed through the national grid following maintenance operations. THM formation during such MAR events was questioned.



To the best of our knowledge, no research has been published on disinfection by products formation during MAR with chlorinated desalinated seawater. As mentioned above, the chemistry of desalinated water differs considerably from that of natural water; it is characterized by low electrical conductivity (EC), low bromide and low dissolved organic carbon (DOC). These parameters influence THM formation [22]. On the other hand, natural organic matter in the soil may react with the chlorinated water. Accordingly, the main objective of this research was to study trihalomethane formation in the unique case in which desalinated seawater bearing residual chlorine (0.2–0.5 mg/L) is recharged into sandy sediments. It was questioned whether THMs are formed in the ponding water or also along the soil profile, and whether the THM concentrations formed pose a threat to water quality.




2. Materials and Methods


2.1. Field Site


The recharge site is located about 4 km east of the Mediterranean shoreline and 28 m above mean sea level. The unsaturated zone underneath the site is composed mainly of sands, calcareous sandstone and clay lenses [23]. A more detailed description of the soil profile is published elsewhere [12]. The thickness of the unsaturated zone remained unchanged (26 m) during the experiment. The site is a part of the Menashe MAR plant, which diverts flood water for recharging the coastal aquifer through infiltration ponds. During unique operational periods in which DSW from the nearby Hadera desalination plant cannot be distributed through the national grid, surpluses of DSW are directed to the southern infiltration pond. Since the water is inevitably chlorinated in the water carrying system, residual chlorine is apparent. The unsaturated zone underneath the pond was monitored by analyzing water samples collected using silicon-carbide suction cups installed beneath the pond at depths of 0.5, 1.0, 2.0 and 3.0 m below ground surface [12]. A concrete ring of 1.3 m diameter and 1 m height was installed above the cups enabling the simulation of a small-scale infiltration event (this setup is referred to as the “vadose zone gallery” [12]). During small scale infiltration experiments and large MAR events, samples were extracted from the suction cups using a peristaltic pump (Masterflex E/S portable sampler) and collected to a glass syringe without forming headspace. The pump was operated at a low flow rate, keeping the pressure below an air breaking point of 0.8 bar. The water was transferred into 20 or 40 mL glass vials and capped with Teflon lined septa. The vials contained ammonium chloride (1 mg/mL) as a quenching agent and phosphate buffer for preservation (25 mg/mL), according to the EPA method 551.1 [24]. Samples for water isotopes measurements were collected in sealed 15 mL polyethylene tubes. All samples were stored on ice until reaching the laboratory, where they were refrigerated until being analyzed.




2.2. Field Experiment


Two small-scale infiltration tests were carried out in the field with chlorinated DSW from the Hadera desalination plant. In both experiments, only the concrete ring above the vadose zone gallery was artificially flooded. A constant hydraulic head of 0.5 m was maintained for the entire duration of the experiments (approx. 7 h). Water was sampled twice along the experiments—2 to 3 h and 5 to 6 h after the infiltration test began. While in the first experiment chlorinated desalinated water was allowed to infiltrate as is, in the second experiment bromide was added to the water to achieve a bromide concentration of ~2,000 µg/L (added from a lithium bromide stock solution). In order to maintain a relatively constant bromide concentration in the ring, the water was spiked every ~100 L of infiltration, which was continuously monitored by a gauge. Water samples were taken occasionally from the ring to monitor the actual bromide concentration.




2.3. Monitoring a Full-Scale MAR Event with Desalinated Seawater


A ~1-month long MAR event took place during January 2018, in which ~2.2 × 106 m3 of DSW was infiltrated to the pond. This was most significantly attributed to a continuous discharge of water between the January 7th and January 25th. Sampling was done on three occasions during the flood, 8, 17 and 24 days after the continuous discharge began (on the 15th, 24th, and 31st of January). The pond water was sampled from different locations within the pond and different depths along the water profile. Additionally, pore-water was sampled from depths of 0.5, 1.0, 2.0 and 3.0 m below the pond surface using the installed suction cups. On-site monitoring was done for chlorine concentration, pH and EC. Lab analysis was done for THMs, DOC, bromide and water isotopes (δ2H and δ18O).




2.4. Field Analytical Methods


Chlorine concentrations in field samples were determined on site, using a C201 Free / Total Chlorine Colorimeter, Eutech Instruments (detection limit of 0.05 mg/L free chlorine for environmental samples). The pH and electrical conductivity of the water samples were measured on site using a portable multiparameter meter (WTW MultiLine 3420) with a SenTix 940-3 electrode for pH and a TetraCon 925 electrode for EC measurement.




2.5. Analytical Methods


THMs were analyzed by a quadrupole Gas chromatography–mass spectrometry (GC/MS) (TRACE 1300 ISQ LT, Thermo Scientific). Samples of 10 mL in 20 mL vials were agitated at 65 °C for 15 min. 800 μL of the headspace were injected by a gas tight syringe into the GC/MS by an autosampler (TriPlus RSH, Thermo Fisher scientific). The GC was equipped with a RESTEK Rxi-5Sil MS column (30 m × 0.25 mm × 0.25 μm) and operated under the following temperature program: 35 °C for 5 min, followed by a ramp of 20⁰ C/min to 65⁰ C, then a ramp of 15 °C /min to 100 °C, and finally 45 °C/min to 200 °C (hold for 3 min). Selected Ion Mode (SIM) was used for compound detection, as follows: at 2.8 min masses of 47, 83, 85 amu, at 3.9 min masses of 83, 85, 129 amu, at 5.8 min masses of 79, 127, 129 amu, and at 7.3 min masses 91, 173, 252 amu. A dwell time of 0.1 sec was defined for all masses. The detection limit was checked and set at 0.05 μg/L for all THM species.



Water isotopes—water samples from the field were collected in sealed polyethylene tubes and kept on ice until reaching the lab. Care was taken to avoid headspace and prevent evaporation. The samples were then filtered into 2 mL glass vials using a 0.22 μm MS PTFE syringe filter (13 mm). Isotope ratios of 2H/1H and 18O/16O were measured using a Cavity Ring-Down Spectroscopy water isotope analyzer (PICARRO L2130-i). The isotopic values were measured against lab standards, previously calibrated to the VSMOW2-SLAP2 scale, and the δ2H and δ18O units were used.



The DOC concentrations were analyzed using either a TOC multi N/C 2100s (Analytikjena) with a platinum catalyst multi NC, operated at 700 °C, or a TOC-L total organic carbon analyzer (Shimadzu), operated at 680 °C. When using the TOC-L Shimadzu, the samples were filtered (0.45 μm, Millex-HV Syringe Filter, PVDF, 33 mm) into 5 mL glass vials and acidified manually with 2 M HCl before analysis. When using the TOC Analytikjena instrument, the samples were filtered (0.45 μm) into 9 mL glass tubes and placed in a Shimadzu ASI-L Autosampler, where samples were automatically acidified with 21.25% H3PO4.



Bromide was analyzed by a Dionex ICS-5000 capillary HPLC system. The system uses a KOH eluent of 20 M (Dionex), an AERS 500 suppressor (4mm) set to 75 mA and an IonPac AS19 Column (4 × 250 mm) with a running time of 18 min. The detection limit for bromide was checked and set as 10 μg/L. The samples were filtered (0.22 μm, Millex-GV Syringe Filter, PVDF, 33 mm), and 5 mL were transferred to a 10 mL Dionex vial with a cap and multi injection septum and placed in a Dionex AS-AP Autosampler.





3. Results


3.1. Influence of Bromide on THM Formation in a Small-Scale Infiltration Event


Two field experiments were conducted for determining the influence of bromide on THM formation during aquifer recharge. The first experiment was carried out with chlorinated DSW, and the second experiment (conducted three days later) mimicked the entry of a different water, similar to that of the Sea of Galilee, which is rich in bromide [25,26]. This later set a theoretical upper boundary for bromide concentrations for infiltrating water at the site. In both experiments, the water within the ring was maintained at a height of 0.5 m.



3.1.1. Infiltration of Chlorinated DSW—Results of a Small-Scale Experiment


During the first infiltration experiment, chlorine concentrations measured at the DSW pipe outflow varied between 0.3–0.4 mg/L. Bromide concentrations of 9–29 μg/L and DOC concentrations of 0.53–1.05 mg/L were measured in the water. In the vadose zone, only slight variations in bromide concentrations were observed. DOC concentrations slightly increased along the vadose zone, yet remained within the same magnitude as in the source (maximal value of 2.51 mg/L at a depth of 2 m; Table 1).



Water isotopes in the ponding water were similar to those of the DSW, with average δ18O = 1.49 ± 0.03‰ and δ2H = 11.47 ± 0.05‰. These values are typical for reverse osmosis desalinated seawater of Mediterranean origin [27]. Water isotopes did not significantly change along the soil profile, indicating that the water sampled along the vadose zone is indeed desalinated water and not residual water of other sources (Table 1).



The volume of infiltrated water was monitored along the experiment with a gauge, presenting an average infiltration flux of 21 m/d (total infiltration volume of 6.5 m3 during 5.5 h). This flux is higher than the initial 1D infiltration flux (~10 m/d), due to the 3D flow that developed under the concrete ring in small-scale experiments [9]. A constant positive head of 0.5 m was maintained within the ring and the average retention time for water in the ring was ~30 min.



The total THMs in the DSW at the pipe outlet were 0.8–1.0 μg/L. Bromoform (0.5 μg/L) and dibromochloromethane (0.2 μg/L) were the dominant THM species, while chloroform was below the quantification limit (<0.05 µg/L). The concentrations after discharge to the ring only slightly increased above these background concentrations, with maximal total THM concentrations of 1.6–1.8 μg/L. Total THM concentrations also did not change dramatically along the vadose zone (1.0–3.6 μg/L at different depths and times; Figure 1). The increase in THM in the ponding water and vadose zone was mostly attributed to the formation of chloroform, presenting a maximal concentration of 1.7 μg/L at a depth of 1 m, 2–3 h after infiltration began (for the entire dataset see Supplementary Materials).



The relatively uniform THM concentrations from the ponding water down to the soil profile indicate that THMs are quickly formed in the ponding water (average residence time of ~30 min) and are not significantly formed or removed along the top 3.0 m of the vadose zone. This is also supported by on-site chlorine measurements, presenting free chlorine concentrations that are lower than the detection limit (≤0.05 mg/L) for vadose zone samples.




3.1.2. Infiltration of Bromide Spiked Chlorinated DSW—Results of a Small-Scale Experiment


In the second e experiment, chlorine concentrations measured at the pipe outflow varied between 0.2 to 0.4 mg/L during the experiment. Average bromide concentrations of 10–17 μg/L were measured in the DSW. These were artificially increased to 2045 ± 205 μg/L in the ponding water by continuous spiking. These high concentrations did not vary significantly when further transported along the soil profile (see Supplementary Materials).



Besides the significant bromide increase during the second experiment, other parameters remained similar (Table 1)—DOC concentrations at the pipe outlet were only slightly higher than in the first experiment (0.80–1.81 mg/L), with a subsequent slight increase along the soil profile (maximal value of 3.63 mg/L). The water isotopes were similar to the values observed in the first experiment (Table 2).



As a result of increased bromide concentrations, the THMs formed in the pond were significantly higher. In the DSW pipe outflow, the total of THMs was 0.8–1.0 μg/L, while in the Br-spiked ponding water, the total of THMs increased to a range of 5.2–6.8 μg/L. The relatively high THM concentrations were maintained along the soil profile with concentrations of 4.2–10.3 μg/L. The dominance of the brominated species also increased, most significantly with bromoform (Figure 1; for the entire dataset see Supplementary Materials). However, although significantly higher than determined in the first experiment, total THM concentrations were still at least an order of magnitude lower than regulations [28].





3.2. Large-Scale Infiltration Event


A large-scale infiltration MAR event took place at the site for ~1 month, with the maximal level of ponding water reaching a height of ~2 m above ground surface. The water parameters and THM concentrations were monitored in the pond and vadose zone 8, 17, and 24 days after continuous infiltration began. The third sampling campaign was carried out when water discharge was already stopped, and the ponding water was retained in isolated puddles.



In all three sampling events, the total THM concentrations in the pond and vadose zone were in the single µg/L range (Figure 2). These values are similar to those of the THM formation in the small-scale experiments, despite a significant difference in retention times within the pond, which may have facilitated volatilization. With an estimated infiltration flux of ~0.6 m/d for the flood event, a retention time of 3 to 4 days is expected for the ~2 m deep pond.



A significant decrease in total THM concentrations was monitored during the MAR event, from an average total THM of 8.3 to 6.5 and down to 1.1 µg/L in the pond, after 8, 17, and 24 days, respectively. Correspondingly, a sequential concentration decrease was observed along the vadose zone. This decreasing trend may theoretically be the result of a decrease of Br- or DOC; however, the results indicate a rather uniform Br- and DOC concentration along the entire flooding event (Table 3). The relatively high DOC concentration in the pond is related to vegetation that grows at the pond’s floor and was flooded during the MAR event.



The water isotopes presented a slight depletion toward lighter isotopes toward the end of the MAR event (Table 4). An average δ18O of 1.55‰ and an average δ2H of 11.65‰ were monitored along the vadose zone during the second sampling event, 17 days after the infiltration basin was flooded (24th January 2018), versus an average δ18O of 1.06‰ and δ2H of 9.45‰, which were monitored along the vadose zone 24 days after the flood began (31st January 2018). Such a shift may indicate mixing with other water sources. One possible source is rainwater, as significant rain events took place at the site between the 25th of January 2018 and 28th of January 2018, with a total precipitation of 77 mm (measured in the adjacent Hadera power plant; Israel Meteorological Service, online data). During this period, the water level in the pond decreased from 2 m to 1 m due to drainage (DSW discharge stopped at the 25th of January 2018). Hence, a rough estimation of DSW dilution from the 28th of January 2018 and afterward would be ~77 mm/1000 mm, or 7–8 %. With vertical mixing within the water body, some of the rain has infiltrated before the 28th. This dilution calculation does not take that into account. This rough estimation is supported by the calculated mixing ratio of the two end-members—rainwater and DSW. Using a typical rainwater δ18O composition of −5.1 to −5.7‰, and δ2H of −18.6 to −25.6‰ along the coastal plain [29], a dilution of 6 to 7% was calculated.





4. Discussion


4.1. Environmental Aspects of THM Formation in MAR with Chlorinated Desalinated Seawater


The monitored THM concentrations in both small-scale and full-scale infiltration events were within the single µg/L range. They presented an increasing dominance of chloroform (with some exceptions) in chlorinated DSW and bromoform in bromide rich DSW. In both cases, concentrations were at least an order of magnitude lower than drinking water regulations [19,28], and thus do not pose a threat to the potable water supply. For the bromide rich DSW, the total THM concentrations formed also remained at least an order of magnitude lower than those typical for the chlorinated Sea of Galilee [25,26], despite a similarity in bromide concentrations. As DOC was available in the system (Table 1, Table 2 and Table 3), the low THM concentrations even for bromide rich water are likely related to the low residual chlorine in the water.



Former studies have shown that THMs may be attenuated in the aquifer. While sorption and abiotic degradation are expected to be negligible [20], microbial degradation may be of greater significance. This, however, would become more relevant for reduced environments [30,31,32]. As THM concentrations along the vadose zone are relatively uniform, microbial degradation along the rapid transport through the upper 3.0 m of the vadose zone during MAR events seems insignificant.



Former flow and transport models for the DSW in the site discovered that water withdrawn from production wells downstream recorded a DSW mixing of >90% with local groundwater in 2017 [33]. Thus, a dilution by a factor of ten or more can be currently estimated for THM concentrations, even without other attenuation processes (sorption, volatilization, microbial or abiotic degradation). Such concentrations are often observed in groundwater in the US [20,21].




4.2. THM Formation in the Ponding Water


The formation of THMs was rapid and occurred already in the ponding water. Following the relatively low chlorine dose in the small-scale experiments and the relatively high limit of quantification for chlorine measurements in environmental samples (≤0.05 mg/L), we cannot exclude the possibility of low residual chlorine being transported through the vadose zone, leading to additional minor THM formation in the subsurface. Nevertheless, the formation in the soil profile is negligible. This is contradictory with former MAR studies, which presented the formation of THM during early transport through the aquifer [32,34,35,36]. The fact that this was not observed in the current study may be attributed to the limited chlorine concentrations in the desalinated water [36].



Laboratory kinetic studies indicate the role of rapid and slow THM formation precursors. These have shown rapid THM formation, within 3 h, following chlorination with a significantly higher chlorine dose [37]. A comparison between these systems is difficult, due to the significant differences in chlorine doses (which were typically more than an order of magnitude higher than in the current study), as well as to the type and concentration of organic matter. Nevertheless, the very general concept of significant rapid THM formation in the pond, followed by the slower formation of lower extents in the vadose zone, may be considered for our system as well.




4.3. Decrease in Total THM Concentrations During a Large-Scale MAR Event


A shift toward lower THM concentrations was observed in this study during the MAR event. This shift was not correlated to the shift in bromide or DOC concentrations. Also, this shift cannot be attributed to the dilution of DSW by rainwater, as the dilution was in the range of single percent only. Therefore, shifts in total THM have to be attributed to other factors such as volatilization, temporal variations in chlorine concentrations or changes in DOC characteristics. On the low end of concentrations, which was determined at the end of the flood event, days after discharge was stopped, volatilization may be a possible explanation. At this stage, infiltration occurred from small isolated puddles with high surface area relative to their volume, increasing the volatilization potential. Nevertheless, following the higher Henry’s constant for chloroform than for bromoform [20], it may be anticipated that volatilization would be greater for chloroform, while bromoform would be gradually enriched. This expectation was not met in the current results.





5. Conclusions


This work studied THM formation during managed aquifer recharge with chlorinated desalinated seawater. The results indicate a rapid THM formation in the ponding water with an insignificant formation or retardation of THMs along the upper 3.0 m of the vadose zone. THM concentrations significantly increased in bromide rich desalinated seawater with dominance of bromoform. During an operational large-scale MAR event, THM concentration decreased with time, and the fraction of brominated species reduced significantly with time and depth. Measurements of bromide and DOC alone cannot predict THM formation in this environment.



Water isotopes were found to be a good indicator for mixing with other water sources but could not fully explain the extent of the observed changes in THM concentrations. Further research is currently underway to understand processes occurring in the soil upon addition of chlorine. Compound-specific isotope analysis (CSIA) for THMs can be applied to investigate the formation and fate of THMs at the site. Yet the THM concentrations at the site were lower than the limit of quantification (LOQ) for the CSIA. For the application of CSIA, sample enrichment should be further optimized, which is also currently underway.



Very low concentrations of THMs were found in the three experiments with small variations along the unsaturated zone. Thus, a consideration of the variability of the porous media (as done by e.g. [38,39,40]) would not improve THM formation assessments. In any case, THM concentrations do not pose a threat to drinking water quality under the tested conditions. It is suggested that the low chlorine concentrations in the system ensure a low THM concentration.
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Figure 1. Total trihalomethanes (THMs, blue bars) along the vadose zone for (A) chlorinated desalinated seawater (DSW); and (B) DSW spiked with bromide (2045 ± 205 µg/L). At each depth a water sample was taken twice along the experiment, except for the 0.5 m point. The error bars represent the standard deviation between three sequentially collected samples at each sampling phase. The dashed line illustrates the interface between the surface water and the vadose zone. The distribution of the THM species in each depth (averages for three subsequent samples) is presented in pie plots, with chloroform presented as dark gray, and colors gradually become lighter with the replacement of chlorine substituents with bromine (concentrations are provided on the Supplementary Materials). 
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Figure 2. Total THM (blue bars) in the pond and along the vadose zone during the large-scale infiltration event. The error bars represent the standard deviation of three sequentially collected samples at each port. The dashed line illustrates the interface between the surface water and the vadose zone. The distribution of the THM species in each depth at each sampling date (averages for three subsequent samples) is presented in pie plots, with chloroform presented as dark gray, and colors gradually become lighter with the replacement of chlorine substituents with bromine (concentrations are provided on SI). 
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Table 1. Water parameters in the first controlled infiltration experiment with desalinated seawater. Dissolved organic carbon (DOC) and bromide were analyzed for samples collected 2–3 h and 5–6 h after the infiltration began. (ND—no data.)
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Water Isotopes (‰, VSMOW)

	
DOC (mg/L)




	

	
δ18O

	
δ2H

	
2–3 h

	
5–6 h






	
DSW

	
1.49 ± 0.03

	
11.47 ± 0.05

	
1.05 ± 0.15

	
0.53 ± 0.02




	
Ponding Water

	
1.49 ± 0.01

	
11.47 ±0.16

	
0.53 ± 0.01

	
0.60 ± 0.05




	
Vadose Zone (m)




	
0.5

	
ND

	
ND

	
ND

	
0.74 ± 0.14




	
1.0

	
1.51 ± 0.03

	
11.53 ± 0.05

	
1.03 ± 0.03

	
0.63 ± 0.11




	
2.0

	
1.51 ± 0.02

	
11.46 ± 0.14

	
2.51 ± 0.11

	
0.71 ± 0.02




	
3.0

	
1.43 ± 0.02

	
11.18 ± 0.12

	
1.45 ± 0.07

	
2.35 ± 0.76
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Table 2. Water parameters in the second controlled infiltration experiment with desalinated seawater spiked with bromide. DOC and bromide were analyzed for samples collected 2–3 h and 5–6 h after the infiltration began. Bromide was monitored hourly in the ponding water. (ND—No data.)
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Water Isotopes (‰, VSMOW)

	
DOC (mg/L)




	

	
δ18O

	
δ2H

	
2–3 h

	
5–6 h






	
DSW

	
1.51 ± 0.02

	
11.52 ± 0.04

	
1.81 ± 0.21

	
0.80 ± 0.19




	
Ponding Water

	
1.48 ± 0.02

	
11.29 ± 0.05

	
0.64 ± 0.17

	
0.33 ± 0.02




	
Vadose Zone (m)




	
0.5

	
ND

	
ND

	
ND

	
0.66 ± 0.09




	
1.0

	
1.52 ± 0.01

	
11.55 ± 0.07

	
0.56 ± 0.05

	
0.39 ± 0.05




	
2.0

	
1.49 ± 0.01

	
11.54 ± 0.03

	
0.93 ± 0.04

	
1.46 ± 0.33




	
3.0

	
1.48 ± 0.02

	
11.53 ± 0.08

	
3.29 ± 0.08

	
1.66 ± 0.15
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Table 3. DOC and bromide concentration in the ponding water and vadose zone 8, 17, and 24 d after the infiltration began. Pond water samples were collected at multiple points (number of sampling points provided in brackets). (ND—No data.)
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DOC (mg/L)

	
Br- (µg/L)




	
8 d

	
17 d

	
24 d

	
8 d

	
17 d

	
24 d






	
Pond Water

	
16.5 ± 0.5 (n = 4)

	
16.4 ± 0.7 (n = 8)

	
17.4 (n = 1)

	
34 ± 4 (n = 4)

	
33 ± 9 (n = 6)

	
30 (n = 1)




	
Vadose Zone (m)




	
0.5

	
ND

	
18.3

	
17.0

	
50

	
39

	
36




	
1

	
ND

	
ND

	
16.9

	
39

	
40

	
113




	
2

	
ND

	
17.6

	
13.6

	
50

	
44

	
38




	
3

	
ND

	
17.8

	
17.3

	
40

	
43

	
ND
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Table 4. Water isotopes (VSMOW, ‰) in the ponding water and vadose zone 4, 13, and 20 d after the infiltration began. Pond water samples were collected at multiple points (number of sampling points provided in brackets). (ND—No data.)






Table 4. Water isotopes (VSMOW, ‰) in the ponding water and vadose zone 4, 13, and 20 d after the infiltration began. Pond water samples were collected at multiple points (number of sampling points provided in brackets). (ND—No data.)





	

	
8 d

	
17 d

	
24 d




	

	
δ18O

	
δ2H

	
δ18O

	
δ2H

	
δ18O

	
δ2H






	
Pond Water

	
1.54 ± 0.02 (n = 3)

	
11.52 ± 0.10 (n = 3)

	
1.55 ± 0.03 (n = 5)

	
11.69 ± 0.09 (n = 6)

	
ND

	
ND




	
Vadose Zone (m)




	
0.5

	
1.37 ± 0.04

	
10.45 ± 0.19

	
1.58 ± 0.03

	
11.77 ± 0.08

	
1.07 ± 0.07

	
9.47 ± 0.34




	
1

	
1.22 ± 0.03

	
9.96 ± 0.12

	
1.52 ± 0.03

	
11.60 ± 0.21

	
1.05 ± 0.05

	
9.43±0.31




	
2

	
1.49 ± 0.02

	
11.26 ± 0.14

	
ND

	
ND

	
ND

	
ND




	
3

	
1.43 ± 0.04

	
10.96 ± 0.20

	
1.55 ± 0.02

	
11.58 ± 0.04

	
ND

	
ND
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