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Abstract

:

Pretreatment of reverse osmosis (RO) feed water of high mineral scaling propensity was evaluated with respect to downstream RO membrane scaling, for two different feed pretreatment configurations. The pretreatment schemes included (i) media sand filtration, followed by a hydrocyclone (HC) and (ii) a hydrocyclone, microfilter, and a UF module, where both configurations included mesh screens for added protection. The first pretreatment configuration reduced the source water turbidity to ~0.5 NTU, while treatment that included UF feed yielded turbidity of    < ˜  0.1   NTU  ; both pretreatment strategies provided feed water turbidity within the range recommended for RO desalination. Membrane scaling tests, with the pretreated water without antiscalant dosing, using a plate-and-frame RO unit and a membrane monitoring system, provided real-time membrane surface images that were quantified with respect to the progression of mineral scaling. RO desalting of source water pretreated with the first configuration revealed flux decline that was 75% greater and scale coverage (primarily gypsum) a factor of approximately eight higher relative to desalting of UF-treated source water. The results suggest that RO desalting of high mineral scaling propensity water can significantly benefit from added UF treatment to achieve feedwater turbidity to well below the typically recommended 0.5 NTU upper limit.
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1. Introduction


Reverse osmosis (RO) membrane desalination technology is utilized for desalting seawater, brackish groundwater, industrial water, and in municipal water reuse applications given its operational simplicity and scalability [1,2,3]. Although RO/NF desalination is of increasing popularity, membrane mineral scaling and fouling (e.g., by particulate matter, organics, and biological matter) remain as major impediments to effective and efficient RO/NF water desalination/treatment. Membrane mineral scaling, which is the focus of the present contribution, occurs when the concentrations of sparingly soluble salts (e.g., CaCO3, CaSO4, BaSO4, SrSO4, and silica) exceed their solubility limits within the RO membrane feed channels [4]. As a result, the occurrence of scaling is due to (a) precipitation/crystallization of sparingly soluble salts in the bulk of the solution, followed by subsequent deposition onto the membrane surface, and continued crystal growth; and/or (b) direct heterogeneous nucleation on the membrane surface and subsequent crystal growth. It is noted that heterogeneous nucleation at the membrane surface can occur at significantly lower supersaturation levels relative to homogeneous nucleation for which significant crystallization “induction” time is often reported [2,5,6,7]. As a consequence of mineral scaling, membrane permeability declines and thus energy consumption increases for a given target permeate production level in addition to potential system downtime, added cost of membrane cleaning, and shortening of membrane service life [8]. Moreover, the presence of mineral scale on the membrane surface can also physically damage the membrane active layer, thus resulting in decreased solute rejection and loss of product quality [9].



There are various approaches to membrane scale mitigation including, for example, removal of scale precursor ions via feedwater pretreatment (e.g., chemical softening, ion exchange, nanofiltration), and inhibition of nucleation/crystal growth via dosing of antiscalant into the RO feedwater [10]. However, the presence of suspended particulate matter in a saline source water, unless removed from RO feed of high mineral scaling propensity, may accelerate mineral salt crystal nucleation [11] and thus exacerbate RO membrane mineral scaling as suggested in various studies on RO mineral scaling [12,13,14,15]. For example, studies on gypsum crystallization from solutions being about a factor of six above saturation have shown that the presence of colloidal particles (e.g., sulfate latex, silica colloids, and gypsum and calcite particles) in the size range of 16–1000 nm, decreased the crystallization induction time of gypsum crystallization by a factor of 1.5–7 [11,16,17,18,19,20,21]. The presence of foreign particulate matter in a supersaturated solution was also shown to lead to increased calcium carbonate and gypsum scaling (via deposition of bulk formed crystals or direct surface crystallization onto deposited particles) of labyrinth drippers [3], membranes [22,23], and heat transfer surfaces [24]. The above studies clearly document that the presence of particulate matter in the sub-micron and nano size range can increase the rate of mineral crystal nucleation from supersaturated solutions of sparingly soluble mineral salts. However, we note that the removal of particulate matter from RO feed has generally been pursued primarily for the purpose of reducing downstream RO membrane fouling by suspended matter [25].



Although previous studies have acknowledged that suspended matter can exacerbate RO membrane scaling, the impact of suspended matter removal from RO feed water on mineral scaling has not been directly quantified. Accordingly, the present study presents an experimental field investigation that demonstrates the impact of the presence and removal of suspended matter from RO feed water of high mineral scaling propensity on RO membrane mineral scaling. Two different feedwater pretreatment sequences were explored that included a train of a sand filter, hydrocyclone, strainers, and ultrafiltration module. The field study was carried out for agricultural drainage water of high scaling propensity for calcite and gypsum [26]. Pretreatment with and without ultrafiltration was assessed whereby downstream RO fouling/mineral scaling, without antiscalant dosing, was followed employing a diagnostic RO membrane scale monitoring system [27]. Real-time imaging of the evolution of RO membrane scaling and permeate flux data were utilized to assess the impact of different modes of feed filtration on the ensuing level of RO membrane mineral scaling. In addition, the rate of growth of individual mineral crystals was quantified in terms of their size, surface number density, and scaled area. The above approach provided quantitative data that then serve to demonstrate the significance of fine particle removal from RO feed water as an important pretreatment step to reduce RO membrane mineral scaling.




2. Materials and Methods


2.1. Field Brackish Water


Ultrafiltration (UF) removal of suspended matter from RO feed water was investigated to assess its impact on RO membrane mineral scaling in the desalination of brackish agricultural drainage water (AD water) of high mineral scaling propensity. The study was conducted at the Panoche Drainage District (PPD), San Joaquin Valley (SJV), California, USA, with AD water source water (Table 1). The source water salinity was 14,160 mg/L total dissolved solids (TDS). The saturation levels with respect to gypsum and calcite for the above water source were quantified in terms of the saturation index, defined as   S  I x  = I A P /  K  s p , x     where IAP is the ion activity product and Ksp,x is the solubility product for mineral salt x (e.g., where x = c is CaCO3 (as calcite) and x = g is gypsum). The above source water was supersaturated with respect calcium carbonate with SIcalcite ~ 7, and near saturation with respect to gypsum with SIgypsum = 0.97. At the membrane surface, the gypsum and calcite saturation indices were assessed based on the estimated solute concentrations at the membrane surface, i.e., Cm = CP × Cb, where Cb is the bulk solute concentration, and CP is the concentration polarization modulus estimated as detailed in [28].




2.2. Source Water Pretreatment


The significance of adding UF filtration to the RO feed water pretreatment train in reducing RO membrane mineral scaling was evaluated utilizing an AD water pretreatment with a configurable pretreatment train housed in a 151 m3/day capacity mobile RO plant (consisting of 4 inch × 40 inch spiral-wound brackish water RO elements) housed in a 12.2 m ISO container (Figure 1). The plant was equipped with sensors, along with a data acquisition and control system, for monitoring various streams with respect to pressure flow rate, temperature, pH, electrical conductivity, and turbidity [26,29]. The plant’s raw AD water pretreatment train, prior to RO desalting, included the following two pretreatment options:




	(a)

	
Media filtration using a standard silica sand filter (silver sand, US mesh #20, average sieve size 0.85 mm), a hydrocyclone (HC) separator (Lakos, Lindsay Corporation, Fresno, CA, USA), followed by an 80-mesh strainer for upstream failure to protect against large size debris. The media filtration served to reduce the burden of suspended particles prior to hydrocyclone.




	(b)

	
Hydrocyclone centrifugal (HC) separator, followed by a 200 µm rotating self-cleaning disk microfilter (2” Brushaway Filter, Amiad, Mooresville, NC, USA) (Figure 2), and subsequent ultrafiltration (UF) modules consisting of two multi-bore inside-out hollow fiber ultrafiltration (UF) modules (Dizzer XL 0.9 MB 60 W; Inge GmbH, Greifenberg, Germany) arranged in parallel. UF pretreatment was assisted by inline coagulant dosing (using a metering pump, SMART Digital DDA; Grundfos, Bjerringbro, Denmark) of aluminum chlorohydrate (Qemipac 7580; Qemi International, Inc., Kingwood, TX, USA) at a dose of 0.8 mg/L. A rotating self-cleaning disk microfilter (200 μm) was used prior to UF in order to reduce the frequency of backwash cleaning of the UF unit. The UF modules were backwashed for 50 s every 60 min of operation. A strainer (80-mesh) was also installed after the UF for added protection of the RO elements to capture potential debris in the event of UF tubules breakage (Figure 2).









In the present work, pretreated raw brackish water from the RO plant pretreatment train was utilized to assess the impact of the above two different filtration train configurations on downstream RO membrane scaling. The potential impact of pretreatment on RO membrane scaling was monitored directly using the membrane monitoring system described in Section 2.3. The pretreated RO feed from both configurations (a) and (b) was conveyed via a slip stream to a 25-L feed tank that was continuously stirred (using Stirrer Type RZR1; Caframo Limited, Georgian Bluffs, Ontario, Canada). The pretreated feed water was then delivered, from the feed tank in which the water level was maintained, to the MMS unit via the MMS feed pump (Section 2.3). It is noted that although two different feed pretreatment configurations were available, the RO plant only utilized configuration (b) for routine desalting operations.




2.3. Membrane Monitoring System (MMS)


The impact of RO feed pretreatment on RO membrane mineral scaling was investigated via a membrane monitoring system (MMS) (Figure 3) described in previous studies [30,31,32,33,34,35,36,37,38]. Briefly, MMS consisted of a transparent plate-and-frame RO (PFRO) membrane cell having a rectangular RO channel with dimensions of 3.1 cm (width) × 8.8 cm (length) × 0.25 cm (height). The PFRO membrane channel was fitted with a Brackish water (BW) membrane coupon (UTC-70AC; Toray, Poway, CA, USA) having a manufacturer reported salt rejection of 97.5 ± 0.6% (determined for a 4000 ppm NaCl solution at a transmembrane pressure of 17.2 bar). The pretreated RO feed water was delivered to the MMS from a 25-L feed tank via a 3/4 hp (559 W) positive displacement pump of 0.10 m3/h capacity (Hydra-Cell model P100; Wanner Engineering, Inc., Minneapolis, MN, USA) controlled using a variable-frequency drive (VS1MX11-4D Microdrive; Baldor Electric Company, Fort Smith, AR, USA). Transmembrane pressure to MMS membrane cell was adjusted using a back-pressure regulator (US Paraplate, Auburn, CA, USA) while inlet pressure was monitored using a pressure transducer (model PX303-500G5V; Omega, Stamford, CT, USA) installed prior to the RO channel entrance. Permeate flow rate was monitored using a digital flow meter (model 1000; Fisher Scientific, Pittsburgh, PA, USA). Feed and permeate conductivities were monitored with an online conductivity meter (model WD-35607-30; Oakton Research, Vernon Hills, IL, USA), temperature was monitored using a 2350 model temperature sensor (Georg Fischer Signet, LLC, El Monte, CA, USA) while concentrate flow was adjusted using an electric actuator (MCJ-050AB; Hanbay Inc., Pointe-Claire, QC, Canada).



The MMS membrane surface was visualized utilizing the imaging system described in [26,31] which consisted of a compact digital microscope installed above the membrane cell with a specialized lighting arrangement [26]. Real-time high-resolution membrane surface images (2592 × 1944 pixels) were captured and transmitted to a data acquisition system for subsequent image analysis using specialized in-house software [31]. Image analysis relied on adaptive image segmentation to highlight and quantify surface changes due to mineral scaling. Images were first converted to grayscale and enhanced based on histogram equalization in order to increase image contrast [39,40], and subsequently aligned to enable accurate image comparison. Image background subtraction was then carried out to identify the evolution of surface changes over time. Subsequently, the evolution of membrane area covered by mineral scale and the surface number density of mineral crystals (# crystals/mm2) were determined.




2.4. Evaluation of Feed Pretreatment on Downstream RO Membrane Scaling


The impact of feed pretreatment on RO membrane mineral scaling was quantified using the MMS system (Section 2.3) operated in a single-pass mode (Figure 3). The raw AD water was first treated via one of two configurations (Section 2.2) and then delivered to the MMS, without antiscalant dosing, as described in Section 2.2 and Section 2.3. It is noted that calcite scaling of the RO membrane was not expected as it has been shown that calcium sulfate inhibits calcite scaling due to antagonistic effects for the present source water composition (with respect to calcium, sulfate and carbonate ions) and for the pH range of 7.4–8 [41].



The transmembrane pressure was set so as to control the permeate flux and thus the solutes concentrations at the membrane surface [15,42,43,44]. The CP modulus, at the location of the membrane surface monitored region, was defined as CP = Cm/Cb, where Cm and Cb are the solute concentrations at the membrane surface and in the channel bulk region, respectively. CP was determined based on the estimation procedure for the present PFRO cell geometry as described in previous work [15,44]. In the present study, the MMS was operated at an initial permeate flux of 33 L/m2h and crossflow velocity of 4.5 cm/s (in the MMS RO channel). At these operating conditions, the CP modulus at the MMS membrane monitored location was 1.55, as estimated following the approach reported in [33] for the current RO channel geometry. Accordingly, the initial supersaturation levels for gypsum (the primary membrane scalant) at the membrane surface was quantified by its saturation index of SIg,m ~ 2. The permeate flux was monitored and recorded during the MMS tests and membrane surface images were captured and analyzed as described in Section 2.3.



It is noted that although the recovery in the MMS is small (<1%), the equivalent recovery in an actual RO plant can be estimated for the same supersaturation level (at the tail elements of the target plant having the same membrane type as in the MMS). For example, the equivalent product water recovery for spiral-wound UTC-70AC elements (4 inch × 40 inch; Toray, Poway, CA, USA) can be estimated by setting the tail element membrane surface concentration to be equivalent to that in the MMS tests. Accordingly, for the spiral-wound elements in the plant the equivalent recovery (i.e., Y = Qp/Qf, where Qp and Qf are the feed and permeate flow rates, respectively) can be estimated based on the concentration polarization modulus expression provided in [26], i.e., CPplant = Cm/Cb = exp [0.7Y]; it is noted that given the negligibly low permeate recovery in the MMS, it is reasonable to set Cb = Cf. Given the above, the equivalent plant permeate recovery for the MMS operating conditions was estimated to be ~63%.




2.5. SEM/EDS Analysis of Scaled RO Membrane


Membrane samples were analyzed using scanning electron microscopy (JSM-6700F Field Emission SEM; JEOL, Ltd., Tokyo, Japan) and energy dispersive X-ray spectroscopy (EDS) (EDAX Genesis Spectrum; EDAX Inc., Mahwah, NJ, USA). Prior to analysis, membrane samples were pre-coated with a gold film (~10 nm thickness) using a vacuum sputtering system (Hummer 6.2 Sputtering System; Anatech, Hayward, CA, USA). SEM imaging was conducted with electron beam voltages ranging from 2.5 keV to 10 keV at an average working distance of 8 mm.





3. Results


Impact of Feed Prefiltration Treatment on RO Permeate Flux and Surface Fouling/Scaling


Direct membrane surface monitoring in the RO membrane monitoring system (MMS) served to evaluate the impact of filtration pretreatment of AD water feed on downstream RO membrane mineral scaling. Two different AD raw water feed pretreatment trains were evaluated (Section 2.2; Figure 2) via direct observation of RO membrane fouling/scaling in the MMS unit (Figure 3). MMS RO tests revealed a 32% flux decline for RO feed pretreatment that utilized UF (configuration B) relative to a 56% decline for the test without UF (configuration A) (Figure 4). The MMS RO test using the source water pretreated without UF (configuration A, Figure 2) revealed deposited particulate matter (or initial mineral scale crystals) within the first 30 min of MMS RO desalting (Figure 5). Significant fouling was observed within 2 h with ~40% of the membrane area fouled by the end of the 14-h MMS desalting test. EDS analysis of the membrane surface, along with high resolution SEM imaging, indicated the presence of calcium and sulfur, suggesting the dominant presence of gypsum scale (Figure A1 and Figure A2, Appendix A). Indeed, the presence of surface crystals of the common full and partial gypsum rosette configurations was evident after 14 h of MMS operation. In contrast, in the MMS test using UF filtered raw feed water, surface images revealed particulate deposition and/or small crystals after a longer period of operation (3 h) with scale coverage of ~5% by 14 h (Figure 6).



The above RO desalting tests demonstrate that the efficacy of raw feed water filtration can have a significant impact on the RO membrane minerals scaling even for water of relatively low turbidity. Previous studies have reported that particles in the micron and possibly sub-micron range can promote heterogeneous nucleation in either the bulk of the RO feed channel or once deposited onto the membrane surface [43]. In the present study, the RO feed water turbidity was reduced via pretreatment without and with UF from 1 NTU to ~0.5 NTU and to    < ˜  0.1   NTU  , respectively; both are below the industry recommended maximum level of below 1.0 NTU of RO feed water [45,46]. One should expect that UF feed pretreatment should lead to a lower level of particulate deposition onto the RO membrane and thus lower number density of growing mineral crystals, and hence lower surface scale coverage. Indeed, as shown in Figure 7, after 14 h of operation, UF feed filtration reduced the crystal number density by a factor of approximately four and the surface scale coverage by a factor of approximately eight relative to the case of feed filtration with media sand filtration and HC (i.e., pretreatment configuration A, Figure 2). It is noted that the UF modules were backwashed periodically (Section 2.2) following the recommended approach for the modules utilized in the present study [38,47,48,49] and operated for a period of six months prior to chemical cleaning in place.



Analysis of the growth rate of mineral crystals (averaged over five crystals), resembling mostly gypsum rosettes, demonstrated a crystal growth rate (in terms of the effective crystal diameter and after 6 h–post the observed induction period) of ~7 × 10−2 mm/h. This crystal growth rate is consistent with those reported for gypsum crystals in previous RO scaling studies for the condition of SIg,m = 2 [34,41]. It is emphasized that the above crystal growth rate was similar for RO desalting of feed delivered from the two different feed pretreatment configurations (Figure 2). This behavior indicates that the difference in membrane surface scale coverage was primarily due to the higher crystal number density on the RO membrane receiving UF-treated treating water (configuration B, Figure 2).



In closure, the current study revealed that the presence of suspended particles in the RO feed water, even at levels well below the acceptable level for RO feed [11,26,29], can exacerbate membrane mineral scaling, particularly when desalting water of high mineral scaling propensity. The above assertion is supported by previous studies on the increased rate of heterogeneous crystallization from supersaturated solutions of sparingly soluble mineral salts due to the presence of suspended matter [3,15,20,22,24].





4. Conclusions


The impact particulate matter removal from source water of high mineral scaling propensity on downstream RO membrane scaling was evaluated for two different feed pretreatment configurations. The primary pretreatment units in the first configuration (A) included a sequence of media sand filtration, followed by a hydrocyclone (HC). The second pretreatment configuration (B) consisted of a hydrocyclone followed by 200 µm microfilter and a UF module. RO membrane scaling tests for source water treated with the above RO feed pretreatment configurations were conducted via direct RO membrane monitoring system (MMS) providing real-time images of the RO membrane in a plate-and-frame RO (PFRO) unit. The study results demonstrated that RO feed water pretreatment via media filter and hydrocyclone was sufficiently adequate for reducing feed water turbidity to ~0.5 NTU (within the range recommended for RO desalination). However, the rate (and thus the severity) of membrane mineral scaling was significantly greater relative to RO desalting with feedwater that was also pretreated via UF resulting in feedwater turbidity of    < ˜  0.1   NTU. Particulate matter (even when feed turbidity is within the acceptable level for RO desalination) in the pretreated source water can promote heterogeneous nucleation and thus exacerbate RO membrane mineral scaling and may require a higher antiscalant dose to suppress mineral scaling. Hence, the current results suggest that removal of colloidal particles from source water of high mineral scaling propensity should strive to achieve RO feedwater turbidity that is well below 0.5 NTU which can be achieved via the addition of UF pretreatment.
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Figure A1. EDS spectra of MMS membrane fouled/scaled after 14 h of filtration with raw water treatment (Figure 4) that includes UF (configuration B, Figure 2). The presence of calcium and sulfur are consistent with the presence of calcium sulfate as also suggested by the gypsum (calcium sulfate dihydrate) rosette-type crystal structures. The presence of calcium and oxygen are consistent with the expected presence of calcite given the supersaturation of the raw feedwater with respect to calcite (Table 1). Note: Au peak is present since the membrane sample was coated with gold (Au) prior to EDS analysis. 
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Figure A2. SEM images of mineral scale crystals formed on the RO membrane in the membrane monitoring system (MMS) during RO desalination of AD water showing different mineral crystal morphologies. Mineral crystals resembling “flattened” gypsum rosettes (A–C), and high mag. image of a “flattened” crystal rod or arm (D). 
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Figure 1. (A) Location of field-testing site in the San Joaquin Valley of California (adapted from [30]). (B) External view of the containerized RO plant. (C) Internal view of the RO plant. (D) Membrane monitoring system (MMS) inside the RO plant trailer. 
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Figure 2. Schematic illustration of the sequence of two RO feed water pretreatment trains: (A) media filtration, followed by a hydrocyclone and 80-mesh strainer; and (B) hydrocyclone, followed by a 200 µm microfilter (MF), ultrafiltration (UF), and 80-mesh strainer. 
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Figure 3. Schematic representation of the plate-and-frame RO (PFRO) membrane monitoring system (MMS). The applied pressure and crossflow in the PFRO unit were controlled via the variable frequency drive (VFD) of the feed pump and an automated control valve (V3). Online sensors included feed pressure (P), concentrate and permeate flow rate sensors (F), and conductivity sensors (C). 
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Figure 4. Normalized RO permeate flux during filtration tests for feed water treatment with configurations A (without UF) and B (with UF pretreatment). Crossflow velocity = 4.5 cm/s, Yplant = 63%, initial permeate flux = 33 L/m2h, and SIg,m = 1.9–2.0. P and PO are permeate flux values at time t and initially. Dotted vertical lines 1 and 2 denote early detection of particles/small crystals formed for RO operation with feedwater pretreated via configurations A and B, respectively (Figure 2). 
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Figure 5. Real-time membrane monitoring system (MMS) surface images during desalination RO feed water treated via a filtration train without UF (configuration A). PFRO operating conditions: crossflow velocity = 4.5 cm/s, initial permeate flux = 33 L/m2-h (19 gallons/ft2-day), and SIg,m = 1.9–2.0 corresponding to equivalent RO plant recovery of 63%. 
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Figure 6. RO membrane surface images during desalination of RO feed water pretreated via a filtration train that included UF (configuration B, Figure 2) without antiscalant dosing. PFRO operating conditions: crossflow velocity = 4.5 cm/s, initial permeate flux = 33 L/m2-h (19 gallons/ft2-day), and initial SIg,m ~ 2 corresponding to equivalent RO plant recovery of 63%. 
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Figure 7. Comparison of surface coverage and crystal number density analyzed from real-time membrane images during prefiltration testing indicating a comparison of observed mineral scaling configurations A and B. PFRO operating conditions: crossflow velocity = 4.5 cm/s, initial permeate flux = 33 L/m2-h (19 gallons/ft2-day), and SIg,m = 1.9–2.0 corresponding to equivalent RO plant recovery of 63%. RO feed pretreatment with media filtration and hydrocyclone and without UF and with UF pretreatment identified as configurations A and B, respectively (Figure 2). 
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Table 1. Agricultural brackish feedwater quality.
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	Major Analytes/Properties
	Value





	Total Dissolved Solids (TDS) (mg/L)
	14,160



	Total Suspended Solids (mg/L)
	8.6



	Total Organic Carbon (mg/L)
	8.3



	Barium (mg/L)
	<0.1



	Boron (mg/L)
	49.8



	Calcium (mg/L)
	549



	Chloride (mg/L)
	3042



	Magnesium (mg/L)
	358



	Nitrate (mg/L)
	122



	Potassium (mg/L)
	15.1



	Silica (mg/L)
	37



	Sodium (mg/L)
	3772



	Strontium (mg/L)
	6.7



	Sulfate (mg/L)
	6047



	Turbidity (NTU) (a)
	1.1



	pH
	7.6



	SIcalcite(b)
	7.0



	SIgypsum(b)
	0.97







Note: (a) NTU: nephelometric turbidity unit; (b) SIx: mineral salt x saturation index.
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