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Abstract

:

We examined the oxygen and hydrogen isotopic ratios of surface waters and groundwaters in the catchment of Laguna Lake, Republic of the Philippines, to identify the types of water that combine and control these ratios in the lake water. The oxygen and hydrogen isotopic ratios of water samples collected from rivers, lakes, springs, and irrigation canals were determined using cavity ring-down spectroscopy. The lake water data deviated from the meteoric line of the Philippines by between −13.5‰ and −10‰, and between −11.5‰ and −1.5‰ in the dry and wet seasons, respectively. The values for the groundwaters and surface waters were mainly between −8‰ and 3‰ throughout the year. In addition to rainwater, evaporative concentration, which may have an almost constant effect throughout the year, was the main control on the oxygen and hydrogen isotopic properties of Laguna Lake. The contributions of the surface waters and groundwaters to the oxygen and hydrogen isotopic ratios of the lake were relatively constant. Based on their isotopic properties, the waters within the water catchment area of Laguna Lake can be roughly divided into lake water with heavier isotopic ratios, and groundwater and surface water with lighter isotopic ratios.
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1. Introduction


Fresh water resources, which account for only 2.5% of the Earth’s surface water [1], are continuously consumed by human activities. The spatial and temporal distributions of precipitation, a source of freshwater, are specific to individual regions worldwide. Numerous hydrological, chemical, and meteorological studies have been carried out to obtain information about the characteristics of water resources [2]. These studies provide fundamental and essential information that can support water resource management, planning, and regulation.



Laguna Lake is an inland lake in the southwest of Metropolitan Manila (Metro Manila) on Luzon Island, Republic of the Philippines. The lake is one of the largest in Asia, covering an area of ~900 km2. The average depth and length of the shoreline of Laguna Lake are 2.8 m and 220 km, respectively. More than 100 rivers flow into Laguna Lake, but the Napindan Channel of the Pasig River is the output through which lake water drains to Manila Bay [3,4]. Therefore, for the purposes of water resource management, Laguna Lake can be considered a semi-closed system. The Laguna Lake Development Authority (LLDA) is responsible for research into, and operational management of, Laguna Lake and surrounding lakes and their catchment areas [5].



The catchment area of Laguna Lake is the focus of various human activities, as follows [6,7,8].



	
The water resources of Laguna Lake are used for various competing purposes, including agriculture, industry, cultivation, drinking, transportation, and leisure. Therefore, it is increasingly important to develop water resource management policies.



	
Rapid urbanization and development of industry and commerce from the northwestern to the western shores of Laguna Lake have led to land use changes that have resulted in water pollution and ecosystem degradation.






The main causes of water pollution of Laguna Lake are surface sources such as domestic wastewater and inorganic materials from industrial activity [9]. The hydrological behavior of the lake and the groundwater and surface water in the water catchment area needs to be investigated and monitored continuously to deal with the various problems related to the above-mentioned human activities. However, previous studies of Laguna Lake may have suffered from problems of information-sharing and data quality. The lake has been the focus of development aid programs of various associations, such as the Japan International Cooperation Agency (JICA), which has supported the conservation of selected rivers [10]. However, in most cases the agencies involved may not have considered sharing information with local stakeholders. In addition, because of insufficient funding and human resources, it may have been difficult to collect data and maintain monitoring instruments, resulting in problems with the observation data.



Nakagiri et al. [11] showed that oxygen and hydrogen isotopic ratios (hereafter referred to as “water isotopic ratios”) could be used as stable isotopic tracers to estimate evapotranspiration. The water isotopic properties of various types of waters (e.g., rivers, lakes, and springs) from individual sampling points can be used to provide information on the characteristics of the inflows and outflows of a specific lake and its water catchment area. The water isotopic properties can also be used as an indicator of the hydrological cycle of the Laguna Lake catchment.



Studies of Laguna Lake have mainly focused on the concentrations of organic/inorganic substances and water turbidity [12,13,14,15]. However, these data indicate nothing more than the water quality of individual sampling points. Furthermore, to date the LLDA has not presented systematic information about the water isotopic properties of Laguna Lake and its water catchment area. In other words, systematic information about the water isotopic properties of the surface water and groundwater of Laguna Lake and of its catchment area is not presently available.



In this paper, we present information on temporal and spatial variations in the water isotopic ratios of the waters from Laguna Lake and its catchment area in the wet and dry seasons, and discuss the processes that produced these variations. The objective of this study is to produce a summary review of the isotopic properties of the waters of Laguna Lake and its catchment area Our analysis showed that the water isotopic properties of Laguna Lake are controlled .mainly by rainwater that is directly incorporated into the lake water and evaporative concentration, which has an almost constant effect throughout the year.




2. Materials and Methods


2.1. Water Samples


In the Philippines, the wet season is from June to November, with the other months making up the dry season. The monthly average temperatures in the dry and wet seasons in Manila range from 26 to 30 °C and from 27 to 28 °C, respectively [16]. The monthly average precipitation ranges from 7 to 129 mm and from 114 to 474 mm in the dry and wet seasons, respectively [16].



A total of 510 water samples were collected from Laguna Lake, and from the groundwater, irrigation canals, and rivers in the areas surrounding the lake in March and May of the dry season; and in August, October, and November of the wet season of 2011; as part of the R-06 project of the Research Institute for Humanity and Nature (RIHN). The numbers of water samples of each sample type are listed in Table 1. The water samples were filtered through 0.22 µm-mesh membrane filters and stored in glass vials (6 mL in volume). Just before the analyses, each water sample was transferred into a 2-mL glass vial that fitted into the auto sampler of the analytical instrument. The LLDA monitoring sites of the rivers and Laguna Lake from which samples were obtained are shown in Figure 1. Sampling points that were not part of the LLDA monitoring network are shown in Figure S1.



We also determined the water isotopic ratios of a further 19 water samples that were collected in December 2011 and January 2012 as part of the R-06 research project. These samples were collected from a limited number of sites in and around Cabuyao City, facing the southwest shore of Laguna Lake, but did not provide sufficient data to permit a discussion of the isotopic properties of the individual types of water samples.




2.2. Analytical Procedures


A cavity ring-down spectrometer (CRDS, Picarro L2120-i) coupled with a liquid autosampler (CTC LC-PAL) was used for simultaneous analysis of the water isotopic ratios of the water samples at RIHN. We followed the analytical procedures described by Maruyama and Tada [17].



The water isotopic ratios of the unknown sample are represented as the ratios (in per mil deviation) of 18O:16O or D (deuterium; 2H):1H from the isotopic ratios of the standard material, for which the Vienna Standard Mean Ocean Water (VSMOM) distributed by the International Atomic Energy Agency (IAEA) is normally used. The water isotopic ratios commonly reported as δ values are calculated as follows:


   δ =  (     R  sample      R  VSMOW     − 1  )  × 1000   ( ‰ )   



(1)




where RSample and RVSMOW represent the ratio of the heavy isotope to the light isotope (i.e., 18O/16O or D/H) in the sampled water and VSMOW, respectively.



Three working standards distributed by Los Gatos Research Inc. (#3, #4, and #5) that covered δD measurements from −79.0‰ to −9.8‰ and δ18O measurements from −11.54‰ to −2.96‰ were used to calibrate the analytical results of the water isotopic ratios [17]. The isotopic ratios are listed in Tables S1−S5. The suffixes attached to the sample numbers represent the sampling months as follows: A = March (Table S1), B = May (Table S2), C = August (Table S3), D = October (Table S4), and E = November of 2011 (Table S5). The standard errors (1σmean) of the analytical values of δD and δ18O obtained in this study were typically <0.2‰ and <0.07‰, respectively (Tables S1–S5). These were almost completely consistent with those obtained with an off-axis integrated cavity output spectrometer (OA-ICOS) (0.2‰–0.3‰ for δD and 0.05‰–0.10‰ for δ18O) [18] and a dual-inlet isotopic ratio mass spectrometer (IRMS) with a H2O-reduction system and a CO2-water equilibration system (<0.2‰ for δD and <0.03‰ for δ18O) [17]. Additional details of the IRMS analyses are described by Maruyama and Tada [17].




2.3. Meteoric Water Line and Deuterium Excess


The meteoric line represents the relationship between δD and δ18O in rainwaters, and is regarded as the reference for evaluating processes that modify isotopes, including the vaporization, condensation, and mixing of two isotopically different waters that can affect the water isotopic ratios of groundwaters and surface waters. Craig [19] reported the meteoric line for rainwaters sampled worldwide. This meteoric line is called the “Global Meteoric Water Line” (GMWL), and is expressed as follows:


δD = 8 δ18O + 10



(2)







The slope and intercept of the meteoric water line vary slightly by location [20]. The meteoric line of the Philippines (hereafter abbreviated as PMWL) defined by Salonga [21] is expressed as follows:


δD = 8 δ18O + 12.5 ± 0.5



(3)







The intercept values of Equations (2) and (3) are called the deuterium excess (d-excess, hereafter abbreviated as d) [22]. The d value of a sample is defined as follows:


dsample = δDsample − 8 δ18Osample



(4)







The water isotope properties of precipitaton in Quezon City, Metro Manila (near the upper left corner of Figure 1) are available to the public on the IAEA website (GNIP) [23]. The slope and the intercept (i.e., the d value) are 7.24 ± 0.21 and 3.77 ± 1.47, respectively, for a precipitation amount weighted least squares regression (PWLSR) [23]. These values are different from those of the Equation (3) obtained by Salonga [21]. However, Gerardo-Abaya [23] pointed out that the meteoric line obtained from the data of Metro Manila (δD = 7 δ18O + 2 ± 1.8) differed noticeably from the lines for the other regions of the Philippines, which had slopes of 8 and intercepts from 10 to 13. When the data from Metro Manila were excluded, Gerard-Abaya [24] obtained a PMWL (δD = 8 δ18O + 12) that was similar to that of Salonga [21]. Given the peculiar water isotopic signature of precipitation in Metro Manila, we therefore used the PMWL obtained by Salonga [21] as the reference meteoric line in this study.



In this study, the deviation of the water isotopic ratios of the water relative to the PMWL is referred to as “the d value relative to the PMWL” (hereafter dS-P). The dS-P is defined by the d value of the PMWL (dPMWL; +12.5‰) as follows:


dS-P = dsample − dPMWL



(5)







The degree of deviation in the water samples of the Philippines can be expressed by the dS-P value. A negative dS-P value means that the water isotopic ratios of the sample have been made heavier than the PMWL by kinetic isotope effects and/or mixing of waters with distinct isotopic ratios after rainfall. Judging from the typical sizes of the standard errors (1σmean) of the water isotopic ratios, we can say that the water isotopic ratio of a water sample with a dPMWL value within about ±0.8‰ is on the PMWL.



The PMWL, the dPMWL, the dsample, and the dS-P are explained schematically in Figure 2. The water isotopic ratios of meteoric waters are along the PMWL (Figure 2a). Groundwater and river and lake waters affected by a kinetic isotope effect (i.e., evaporation after rainfall) have water isotopic ratios that deviate from the PMWL to heavier isotopic ratios (Figure 2b), because the evaporation process results in enrichment of the heavy isotopic species [25]. Various factors, including the amount of insolation, wind speed, temperature, and relative humidity (RH), affect the evaporation process [26,27]. The d value of the fractionated water sample is the intercept of the blue dotted line parallel to the PMWL (see Figure 2). In this case, the d value of the isotopically fractionated water is lower than that of the PMWL (12.5), and the dS-P takes a negative value.



The isotopically fractionated surface waters and groundwaters can be subsequently modified; e.g., their water isotopic ratios can be changed and moved toward the PMWL when other water(s), such as rainwater, is incorporated (Figure 2b). The degree of alteration of the water isotopic ratio generally depends on the mixing ratio of the waters and their water isotopic ratios.





3. Results


3.1. Dry Season


The water isotopic ratios of the groundwater and surface water samples obtained in March and May (the dry season) are summarized in Tables S1 and S2, respectively. The water isotopic ratios of the groundwaters, which were sampled from wells and springs, generally plot along the PMWL and range from −8.5‰ to −6.0‰ δ18O (Figure 3). Those of many of the irrigation canal waters lie along the PMWL. However, some analytical values deviate from the PMWL (Figure 3), and these samples yield dS-P values that range from −8.6‰ (LAG-47B) to −5.0‰ (LAG-51B).



There was no specific trend in the isotopic deviation from the PMWL for any of the rivers. In other words, the values of some water samples for a single river plotted along the PMWL, while those of others plotted away from the PMWL. The water isotopic ratios of the river waters had a tendency to deviate from the PMWL toward the heavier isotopic region (i.e., the upper right region of the δ18O-δD plot). Those that tended to deviate from the PMWL were up to 3.2‰ heavier in δ18O (LAG-123B; Table S2), corresponding to a dS-P value of −25.9‰. The trend in the deviation from the PMWL was obtained from the data of the waters from rivers (orange dotted line in Figure 2) and is defined as δD = 3.9 δ18O − 7.7.



The water isotopic ratios of the lake water samples obtained at the lakeshore (Figure S1c) are between 0.4‰ and 1.7‰ heavier in δ18O than the PMWL (Figure 3), and this range corresponds to dS-P values from −13.4‰ to −3.2‰. Their water isotopic ratios are widely distributed from δ18O = −6.4‰ to δ18O = −1.1‰ (Figure 3). The water isotopic ratios of the lake waters obtained from the 14 LLDA monitoring sites in Laguna Lake are within a much smaller range (2.5‰ for δD and 0.68‰ for δ18O; Figure 3) than those of the lake waters from the lakeshore. The mean dS-P value of the lake water samples from the monitoring sites is −11.7 ± 0.9‰ (1σ).



The water samples from each LLDA monitoring site in May 2011 were obtained at a depth of 1 m below the water surface (Table S2). The samples from different depths at each monitoring site form an individual group of water isotopic ratios that vary by <1‰ for δD and <0.3‰ for δ18O (Table S2). There is no consistent relationship between water isotopic ratios and sampling depth.



The water isotopic ratios of water samples from Caliraya Lake, an artificial lake to the east of Laguna Lake (LAG-59B; Figure S1c), are similar to those of waters from the lake monitoring sites (Figure 3), and deviate from the PMWL at −9.4‰ of the dS-P. On the other hand, as shown in Figure 3, those of the reservoir of the La Mesa Dam in Quezon City (LAG-98B; Figure S1c) are very close to the PMWL (dS-P = −1.1‰; Table S2).




3.2. Wet Season


3.2.1. August 2011


In August 2011, water samples from Laguna Lake and rivers were collected mainly from the LLDA monitoring sites (Table S3). The water isotopic ratios of the waters obtained in August are shown in Figure 3. The water isotopic ratios of the river waters are distributed in the isotopically lighter region of the δ18O–δD plot (i.e., the lower left region). The δ18O range of ~3.3‰ (Figure 4) for these samples is about 1/3 of the range for the dry season (~9.2‰; Figure 2). The dS-P values of the river waters range from −6.5‰ to 2.0‰ (Table S3).



The δ18O values of the lake waters from the LLDA monitoring sites are widely scattered from −6.1‰ to −3.3‰ and differ from those obtained in the dry season (Figure 3). The dS-P values range from −4.6‰ to −11.4‰ (Table S3). At LLMS-2, -12, -15, and -16, water samples were collected from the surface and from depths of between 2 and 8 m. The water isotopic ratios are not significantly related to sampling depth, and the ranges of δD and δ18O values from the various sites are within ~0.1‰ and ~0.32‰, respectively (Table S3). The water isotopic ratios vary slightly among the monitoring sites. The water isotopic ratios of 12 samples collected from the lake water monitoring sites show a linear trend defined by the following equation: δD = 6.0 δ18O − 4.8 (R2 = 0.98) (Figure 4).




3.2.2. October and November 2011


The water isotopic ratios of the groundwaters collected in October and November 2011 show δ18O values between −8.4‰ and −6.3‰, and are generally along the PMWL with dS-P values between −2.6‰ and 2.8‰ (Figure 5a, Tables S4 and S5). This isotopic distribution is similar to that of the dry season (Figure 3). The water isotopic ratios of irrigation canal waters show δ18O values between −8.2‰ and −3.9‰ (Figure 5a, Tables S4 and S5). The dS-P value of the isotopically heaviest sample is −11.8‰ (LAG-47D; Table S4), which is slightly lower than the heaviest value for the dry season (−8.6‰; LAG-47B in Table S2).



The water isotopic ratios of the lake waters collected at the lakeshore plot more closely to the PMWL, and the δ18O values are within a narrower range (−8.1‰ to −5.5‰) than in the dry season (Figure 5a). The dS-P values range from −8.1‰ to −1.6‰ (Tables S4 and S5).



The water isotopic ratios of the lake waters collected from the LLDA monitoring sites in August, October, and November 2011 are generally similar. Those of October 2011 are widely scattered and show δ18O values between −7.2‰ and −5.0‰ (Figure 5b). With the exception of the sample collected from a depth of 2 m at monitoring site 6, the water isotopic ratios from the different depths at the individual monitoring sites show δD values between 0.1‰ and 0.2‰, and δ18O values between 0.03‰ and 0.75‰. For the dry season, the water isotopic ratios of the samples from the individual monitoring sites fall into distinct groups. The ratios of the waters from monitoring sites 13 and 14 are 1‰−2‰ lighter in δ18O than those from the other monitoring sites (Table S4). The waters from sites 13 and 14 (with dS-P values from −1.7‰ to −3.1‰) differ markedly from those from the other monitoring sites. The dS-P values of the samples from monitoring sites 1–12 range from −6.1‰ to −8.9‰ (Table S4). Water from a depth of 2 m at monitoring site 6 yields a value of −16.3‰. With the exception of this sample, the water isotopic ratios of 54 samples from the lake water monitoring sites fall along a line defined by the following Equation: δD = 5.3 δ18O − 9.3 (R2 = 0.97) (the blue line of Figure 5b). The slope is shallower than that for August (6.0).



The water isotopic ratios of 9 samples collected from the LLDA lake water monitoring sites in November 2011 are within the range of those for October 2011 (Figure 5b), and differences in water isotopic ratios (δ18O) related to sampling depth at each monitoring site are within 0.1‰ (Table S5). They fall along the line defined by the following equation: δD = 5.0 δ18O − 10.8 (R2 = 0.91) (the red line of Figure 5b). The slope is not as steep as that defined by the lake water samples collected in October (5.3; Figure 5b).



The distributions of water isotopic ratios of river waters for October and November 2011 are similar to the distribution for August 2011 (Figure 4 and Figure 5). The water isotopic ratios of LAG-184D show the greatest deviation from the PMWL (~1.9‰ heavier in δ18O; dS-P = −15.1‰; Table S4). Of the waters collected in the wet and dry seasons, the ratio was lightest in the water collected from the LLDA river monitoring site at Buli (RMS-16E; Figure 1) in November 2011 (Figure 5a, Table S5). When this sample is excluded, the isotopic ratios of river water samples collected in October and November 2011 were within similar ranges (~3.4‰ for δ18O; Figure 5a, Tables S4 and S5). The water isotopic ratios of the water samples from Caliraya Lake are ~4.4‰ lighter in δ18O than those obtained in the dry season (Figure 2 and Figure 5a) and are closer to the PMWL (dS-P = −3.6‰; Table S4).






4. Discussion


4.1. Dry Season


The isotopic ratios of groundwaters collected in the dry season generally fall along the PMWL, and the dS-P values lie within a narrow range (−3.1‰ to 1.8‰; Tables S1 and S2). Fifteen samples of irrigation canal waters also fall along the PMWL and, with the exception of four samples (i.e., LAG-42B, -47B, -48B, and -51B; Table S2), show dS-P values between −2.3‰ and 0.9‰. The relatively narrow range of dS-P values around the PMWL suggests that the groundwaters and irrigation canal waters were not strongly affected by evaporation. However, the water isotopic ratios of the four irrigation canal water samples, with dS-P values from −8.6‰ to −5.0‰, may have become heavier because of evaporative concentration.



The water isotopic ratios of the river waters are widely dispersed along the PMWL, and those of some river water samples have a tendency to deviate from the PMWL in the isotopically heavier region of the δ18O–δD plot (orange dotted line in Figure 3). This fractionation line can be regarded as the evaporation line for the dry season. The slope of this evaporation line (3.9) is somewhat smaller than that calculated for surface waters (~5.6) by Salonga [21], but is similar to that of sulphate springs (~4.0), also calculated by Salonga [21].



The water isotopic ratios of the LLDA lake monitoring sites are similar (Figure 3), and the water isotopic ratios do not correlate with the sampling depths (Table S2). This result suggests that during the dry season, the lake water is almost homogeneous throughout the whole area, including from the surface to the bottom of the lake. In the dry season, the effect of evaporative concentration on the water of Laguna Lake is similar throughout the lake. Laguna Lake is only ~3 m deep on average, so it may be difficult to achieve significant isotopic heterogeneity by depth in the lake. A previous study also reported that Laguna Lake was thermally unstratified throughout the year [28]. In other words, the physicochemical conditions in Laguna Lake may not reflect vertical stratification throughout the year.



On the other hand, the water isotopic ratios of the lake waters obtained at the lakeshore fall within a wider range (Figure 3). The lake waters close to the lakeshore may have been more strongly affected by mixing with river waters with variable water isotopic ratios than those collected far from the lakeshore. Consequently, the isotopic ratios of the lake waters at the lakeshore may display more heterogeneity than those of lake waters obtained far from the lakeshore (i.e., those obtained from the LLDA monitoring sites). The isotopic data of lake waters from the monitoring sites and those from the lakeshore suggest that the isotopic contribution from river waters was restricted to the narrow zone along the lakeshore in the dry season. To estimate the isotopic contribution of river waters and isotopic zoning in Laguna Lake, we would need to sample water at regular spatial intervals (probably several tens of meters) from the lakeshore to the center of the lake.



As with Laguna Lake, the isotope ratios of Caliraya Lake may have been affected by the evaporative concentration, which may explain why the isotopic ratios of Caliraya Lake are similar to those of Laguna Lake (Figure 3). The isotopic ratios of water from the reservoir of the La Mesa Dam fall close to the PMWL (Figure 3). The reservoir water was apparently significantly affected by evaporation, probably because the water was replaced frequently and/or rainwater was incorporated just before sampling.




4.2. Wet season


Notable findings of this study are the narrow distribution of isotopic ratios for the river and lake waters from near the lakeshore and the highly dispersed distribution of lake waters from the monitoring sites in the wet season (Figure 4 and Figure 5).



While the isotopic ratios of the river waters and lake waters from near the lakeshore are always subject to evaporative concentration, the narrow distribution of the isotopic ratios of these waters may be attributable to a greater contribution from rainwater just after rainfall. The evaporative concentration effect may be weakened by the contribution from rainwater to the river water in the wet season. The wider distribution of the water isotopic ratios of the lake waters from the monitoring sites may also have resulted from the combined effects of isotopically heterogeneous precipitation falling directly on Laguna Lake. Unlike the river waters, which flow continuously, the water isotopic ratios of the lake water are more strongly affected by evaporative concentration, and change in a direction away from the PMWL. The wider variations in the water isotopic ratios of the lake water may also be caused by isotopically heterogeneous rainwater. The slopes of the correlations of the water isotopic ratios of the lake waters from the monitoring sites become less steep over time (from 6.0 to 5.0) (Figure 4 and Figure 5). This trend may reflect a gradual increase in the evaporation effect on the isotopes of Laguna Lake throughout the wet season.



The dry season in the Philippines normally starts in December, when the isotopic ratios of lake waters would be expected to move towards those shown in Figure 3. However, we were unable to trace the water isotopic variations in the lake waters from the end of the wet season to the beginning of the dry season because there are no usable data for December 2011.



The water isotopic distributions of the groundwaters and irrigation canal waters in the wet and dry seasons are similar, falling mainly along the PMWL (Figure 3 and Figure 5). Many of the groundwaters were not strongly affected by evaporative concentration because, being under the ground, they were not subjected to significant evaporation after rainfall and infiltration. The large deviation from the PMWL of the water isotopic ratios of some irrigation canal water samples resulted from the effect of evaporative concentration or mixing with highly fractionated river waters.




4.3. Factors Controlling the Isotopic Properties of Laguna Lake


The water isotopic ratios of Laguna Lake may be controlled by the following factors.



	
Water from the original Laguna Lake system.



	
Surface waters from rivers and irrigation canals.



	
Groundwater incorporated into the rivers and that was directly incorporated into Laguna Lake.



	
Rainwater falling directly onto Laguna Lake that was incorporated into the groundwater and surface water in the catchment area of the lake.



	
Evaporative concentration of the water isotopes of Laguna Lake and of the groundwater and surface water in the water catchment area.






Figure 6 shows the distributions of the dS-P values in the dry and wet seasons. The distributions of the dS-P values of the groundwaters and river waters in the dry season (Figure 6a) are generally similar to those in the wet season (Figure 6b). Most of the dS-P values of the river waters are between −8‰ and 2.5‰, and those of the groundwaters are between −3‰ and 3‰ (Figure 6). The distributions of the dS-P values of the irrigation canal waters in both the dry and the wet seasons generally overlap with those of the river waters and groundwaters. The distribution of the surface water dS-P values tends to be wider in the dry season than in the wet season; however, the distributions are fairly constant throughout the year. The differences in these distributions may reflect the contributions of isotopically fractionated rainwater and evaporative concentration.



In contrast to the groundwater and surface water, the distributions of the dS-P values of the lake water differ between the dry and wet seasons (Figure 6). The dry season values are mainly between −13.5‰ and −10‰, whereas the wet season values are mainly between −1.5‰ and −11.5‰. Moreover, the dry season values of the lake water are largely distinct from those of the groundwater and surface water, which suggests that groundwater and surface water make a limited contribution to the lake water in the dry season (Figure 6a). On the other hand, the dS-P values of Laguna Lake for the wet season are slightly heavier than those for the dry season, and the distribution overlaps with the range of surface waters (Figure 6b). This isotopic feature of the wet season may reflect the incorporation of surface waters (mainly river water) that were isotopically affected by evaporative concentration. However, the modes of the dS-P values (−9‰ to −6‰) lie at the margin of the distribution of the river water values (Figure 6b). In addition, the fact that the distributions of the water isotopic ratios of Laguna Lake are distinct from those of the groundwater and river water (Figure 4 and Figure 5) suggests that the relationship between the water isotopic ratios of the groundwater and surface water and those of the lake water is limited. On the other hand, the dS-P values of the lake waters from the lakeshore have a wider distribution than those of the lake waters from the LLDA monitoring sites in the dry season (Figure 6a), but are within a similar range in the wet season (Figure 6b). These distributions indicate that the influence of river water is stronger at the lakeshore sites than at the LLDA monitoring sites.



The distributions of the dS-P values shown in Figure 6 suggest that the water isotopic ratios of the lake may be controlled mainly by the incorporation of rainwater with water isotopic ratios that fall along the PMWL and by the evaporative concentration of water isotopes throughout the year. The water isotopes of the lake water might be preferentially fractionated under limited conditions, such that the lake water can only flow out via the Pasig River or be directly evaporated from the lake surface [3,4], meaning that the lake water has isotopic ratios that are distinct from those of the ground and surface waters in the water catchment area (Figure 3, Figure 4, Figure 5 and Figure 6). Therefore, Laguna Lake can be regarded as a semi-enclosed system from the perspectives of both water resource management [3,4] and its geochemical and hydrological properties.



The incorporation of isotopically-fractionated groundwater from the bottom of the lake may also affect the water isotopic ratios of the lake water, however its effect on the lake water is still unknown. The water isotopic ratios of the groundwaters (Figure 3 and Figure 5) indicate that their contribution may be also limited, but may be relatively constant throughout the year. Moreover, even though samples were collected from the whole area around Laguna Lake, none of the water isotopic ratios of the rivers were overly irregular. That said, there may be isotopically anomalous river(s). However, the analytical data of this study suggest that, if actually present, the contribution of isotopically amomalous rivers to the water isotopic ratios of the lake water may be limited.



As with the lake water, the river water is isotopically affected by rainwater. In the dry season, the range of dS-P values of the river water is ~30‰ (Figure 6a), with dS-P values up to −26‰ from the PMWL (LAG-123B; Table S2). The range in the wet season is only ~18‰ (Figure 6b), with dS-P values up to −15‰ from the PMWL (LAG-184D; Table S4). The contribution of rainwater to river water is smaller in the dry season than in the wet season, meaning that evaporative concentration can affect the water isotopic ratios of the river water during the dry season with little disturbance from rainwater with water isotopic ratios along the PMWL. This is also reflected in the width and distribution of the water isotopic ratios of the irrigation canal waters (Figure 6). The water isotopic ratios of the lake water in the dry season were distributed near the fractionation line produced by those of the river water (the orange dotted line of Figure 3). As mentioned above, isotopically-fractionated river water may have had some effect on the water isotopic distribution of the lake waters along the lakeshore.



The distributions of dS-P values of groundwaters and surface waters in the wet and dry seasons are generally similar (Figure 6). Therefore, the effect of evaporative concentration, another essential factor that controls the water isotopic ratios, may be constant throughout the year in the catchment area of Laguna Lake. The almost constant effect of evaporative concentration may correspond closely to the temperature, which also has a narrow range throughout the year (26–30 °C in Manila) [16].





5. Conclusions


As shown in Figure 6., the waters in Laguna Lake and its water catchment area can be roughly divided into two types, namely lake water from Laguna Lake with heavier water isotopic ratios, and ground and surface waters with lighter ratios. The water isotopic ratios of Laguna Lake are controlled mainly by rainwater and evaporative concentration. The contributions from groundwaters and surface waters may be relatively constant throughout the year.



The results presented in this study indicate that the water of Laguna Lake and its catchment area clearly falls into two water-isotopic types. These results will provide the basis for discussions of the data obtained in various studies of the waters from Laguna Lake and its catchment area, including our research on the health risks from drinking water. Moreover, they will be helpful for re-examining the results of previous studies. However, further detailed studies on the water isotopic properties, including evaluations of meteoric lines from various regions around the lake, are needed to provide a complete picture of the water isotopic properties of Laguna Lake and the groundwaters and surface waters of its catchment area throughout the year.
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Figure 1. River and lake water sampling points in Laguna Lake and the surrounding areas. The latitude and longitude of each sampling point are listed in Tables S2–S5. The red rectangle in the inset indicates the study area. 
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Figure 2. Schematic diagrams showing (a) PMWL and d, and (b) dS-P values. As shown in (b), the size of the dPMWL value corresponds to the difference between the dsample and dS-P values (blue arrow). 
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Figure 3. Water isotopic ratios of groundwaters and surface waters obtained in March and May 2011. The solid red line is the PMWL defined by Salonga [21]. The errors (1σmean) are similar to or smaller than the symbols. The orange dotted line represents the trend in the deviation of the water isotopic ratios of the river waters from the PMWL. 
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Figure 4. Water isotopic ratios of surface waters sampled in August 2011. The errors (1σmean) are similar to or smaller than the symbols. The solid red line is the PMWL defined by Salonga [21]. The blue line represents the water isotopic ratios of the samples from the LLDA lake water monitoring sites. The orange dotted lines represent the trend of the deviation from the PMWL implied by the data of the river waters for the dry season (Figure 3). 
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Figure 5. Isotopic ratios of groundwaters and surface waters collected in October and November 2011. The sizes of the errors (1σmean) are similar to or smaller than the symbols. The water isotopic ratios of all the water samples are shown in (a). The solid red line is the PMWL defined by Salonga [21], and the orange dotted lines represent the trend of the deviation from the PMWL assumed from the river waters in the dry season (Figure 3). The water isotopic ratios of the lake water samples from the LLDA monitoring sites in October and November 2011 are shown in (b). All errors are 1σmean. With the exception of a sample from a depth of 2 m at site 6, the samples from various depths at the individual monitoring sites in October 2011 have similar water isotopic ratios. The blue and red lines are the regression lines for the data of October and November 2011, respectively. 
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Figure 6. Distributions of dS-P values of water samples for (a) the dry season and (b) the wet season. The vertical red lines represent the position of the PMWL line (i.e., dS-P = 0). 
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Table 1. Number of water samples collected during the R-06 project in 2011.
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Season/Month

	
Groundwater

	
River Water

	
Irrigation Canal Water

	
Lake Water (Monitoring Site)

	
Lake Water (Lakeshore)

	
Lake Water (Caliraya Lake)

	
Reservoir (La Mesa Dam)






	
Dry season




	
March

	
7

	
20

	
4

	
0

	
3

	
0

	
0




	
May

	
21

	
69

	
11

	
54

	
7

	
1

	
1




	
Wet season




	
August

	
0

	
26

	
0

	
12

	
0

	
0

	
0




	
October

	
18

	
87

	
4

	
54

	
12

	
1

	
0




	
November

	
7

	
77

	
4

	
9

	
1

	
0

	
0




	
Total (Dry)

	
28

	
89

	
15

	
54

	
10

	
1

	
1




	
Total (Wet)

	
25

	
190

	
8

	
75

	
13

	
1

	
0




	
Total

	
53

	
279

	
23

	
129

	
23

	
2

	
1
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