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Abstract: Quantification and scientific observations of the fate and transport of dissolved strontium
in water systems, particularly cold climate water systems, are severely lacking. In this work, in an
experiment conducted at a temperature of 6 °C, the observation of strontium precipitation along
with calcium carbonate minerals from cold wastewater is investigated. ICP-MS is used for metal
analyses where the distribution of the species and saturation state of minerals along with a surface
complexation model was performed using the public-use USGS geochemical modeling software,
PHREEQC (PH Redox Equilibrium (in C language)). Sample media were analyzed using XPS and
Raman spectroscopy. The results suggest that the loss of strontium from natural waters is via the
process of co-precipitation with calcite, a calcium carbonate polymorph. The observations and
findings are intended to be useful to quantify the loss of ’Sr from the water, in the case of an
unplanned release from a nuclear reactor-operated facility. The results indicate that the precipitation
model is a robust and reliable approach to predicting and monitoring the behaviour and transport of
strontium that may occur in natural environments as a result of an accidental nuclear release.

Keywords: strontium; radionuclides; aqueous transport; cold climate

1. Introduction

One of the challenges in quantifying, understanding, and predicting the behaviours of
radioactive substances that are non-gamma emitters such as *’Sr in the natural environment
is in data collection, where the use of complex and time-consuming radiochemical proce-
dures is required to assess the substances [1]. For those reasons, the behaviour of strontium
in the cold surface water is either under-studied or under-reported in the scientific and
engineering literature. In general, strontium is very reactive and readily oxidizes to the
plus two oxidation state [2]. The chemical behaviour of radioactive isotope Sr? is identical
to the stable isotopes of strontium found in nature. The presence of chemically neutral
extra neutrons in Sr* nuclei is what makes them unstable, hence radioactive. Improving
the understanding of the behaviour of Sr>* in water under cold conditions supports the
scientific knowledge and prediction of how Sr*® might behave in Canadian and other
cold-climate aquatic environments if it is accidentally released. The chemical reduction of
dissolved strontium in surface water occurs by adsorption and/or precipitation [2—4].

When radionuclides enter an aqueous receiving environment by atmospheric depo-
sition and/or direct entry, they are present as particles of various sizes and distributions,
structures, and oxidation states [5,6]. Atmospheric deposition on land may contribute to
surface water contamination in the case of overland flows and runoff, via percolation, water-
or wind-induced erosion, or sedimentation. Radionuclides that are transported to surface
waters are moved to the lower parts of watersheds by advective transport where they
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accumulate in sediments and bioaccumulate in flora and fauna. Accumulation of radionu-
clides in sediments and biota is significantly amplified by climate change. For example,
when combined with climate projections for the study region, shallow lakes are expected
to lose volume to evaporation and gain heat more rapidly than in the past [7]. As the
water temperature increases, so does the bioaccumulation of particles such as strontium [8].
Projections for reduced precipitation in summer along with increased water evaporation
increase the salinity of the remaining water, which, in turn, affects the concentration of
radionuclides by influencing solubility, adsorption, and desorption to the sediments, and
accumulation in aquatic flora and fauna. It determines the balance in radionuclides dis-
tribution between the water and the aquatic ecosystem [9]. Microbial activity can also
affect the dispersion mechanisms and bioavailability of radionuclides by changing chemical
speciation, solubility, and sorption properties [10]. Prime examples of such mechanisms
are cooling ponds at the Chernobyl Nuclear Power Plant, for instance. In the ponds, anoxic
and slightly alkaline conditions created an environment in which there is a low particle
weathering rate and remobilization of radionuclides in sediment [11].

At a nuclear power facility, in the case of an unplanned release, *°Sr, 137Cs, and iodine
isotopes are of the most radiological concern since they can be inhaled and deposited
in living tissues. The isotopes of °Sr and ¥’Cs are fission products found in nuclear
reactor core materials and the fallout from nuclear testing material. While !¥Cs and iodine
isotopes are well studied, *°Sr is less so. *°Sr is a short-lived radionuclide and one of the
most hazardous pollutants to humans. Its half-life is 29.8 years, and its decay occurs with
high particle beta emission. *°Sr decays to *°Y, which has a half-life of 64 h and a very
high beta emission energy. In the natural environment, radionuclides are similar to organic
pollutants in the sense that they sorb to particulates. However, being inorganic, they are
not subject to the same processes and mechanisms of decomposition as organics. The
adsorption and desorption of radionuclides by the surface bed sediments are the main
chemical exchange process. Those processes are not always reversible and are subject to
geochemistry. The exchange of radionuclides between water and sediments, in general,
is due to the perturbation of sediments, and to a degree, the uptake and excretion of
radionuclides by aquatic biota. The applicability of stable isotopes as important tracers
and markers continues to evolve and is viewed as a constructive and safe method for
monitoring and modeling radionuclide fate in natural environments [12-14].

It is a common practice to use stable isotopes as a tracer that aid in following the fate
of compounds in intricate systems [15] (IAEA, 2009). Strontium (#Sr) is an alkaline-earth
metal and can serve as an analogue or surrogate to *°Sr detection in the natural environment.
In particular, the isotopic ratio of 8Sr/%Sr is routinely used as a tracer for groundwater
studies in which the fate and transport of radionuclides are modeled [16,17]. In nature,
Sr?* is not present in a free form as it reacts readily with water and oxygen. It forms
compounds with other elements and minerals such as celestite (SrSO4) and strontianite
(S5rCO3). Laboratory studies report strontium removal with aragonite and calcite, with
published results suggesting that aragonite is more effective than calcite for mediating
strontium removal from water [18,19]. Dissolved in water, strontium will co-precipitate
with calcium carbonate as an impurity in calcite precipitate. Co-precipitation might occur
as inclusion in homogenous crystal formation, occlusion of impurities scattered through the
crystal, or surface adsorption of impurity ions by precipitate [19]. Several factors including
the depth of the overlaying water, sediment geochemistry, and physiochemical conditions
will govern the pollutant retention within the sediments [20].

The objective of this research was to identify methods for monitoring and quantifying
naturally occurring strontium in cold-region water sources. Understanding the behaviour
of naturally occurring strontium in water and sediments will assist in establishing a robust
monitoring approach required to assess Sr fate and transport in the event of an unplanned
release from the eventual operation of nuclear-fueled power plants in the region.
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2. Materials and Methods

The benefit of performing work in the field or a non-lab-controlled environment is
results that are a reflection of natural processes and can be applied commonly with minimal
adjustments, where lab-controlled results are often produced by using pure materials
and/or higher pressures that are not part of the natural processes. Therefore, a field
monitoring and quantification experiment was completed using wastewater collected from
a cold-region water treatment plant (WTP) using a ground water source. This source water
has a large amount of natural strontium. Consequently, reverse osmosis brine wastewater
produced at the plant contains a high concentration of strontium. Accordingly, the planning
of the experiment proceeded with the objective to determine the co-precipitation constant
that can be used to empirically model and predict the mechanisms controlling the solubility,
transport, and bioavailability of strontium in water.

2.1. Study Region

The Canadian province of Saskatchewan is a land-locked prairie province, with a
diverse climate ranging from sub-arctic in the north to humid continental and semi-arid
in the south (Figure 1) [21]. The soils and ground water aquifers in Saskatchewan contain
naturally occurring radionuclides including uranium, strontium, and radium in signifi-
cant concentrations.

Most of the strontium in water is in the dissolved form (total ~ dissolved) [22]. In
Saskatchewan, the freshwater concentrations of total strontium range from 0.029 mg/L to
1.74 mg/L with a median of 0.34 mg/L. In ground water, the median level is 0.63 mg/L
with a maximum level of 2.1 mg/L [22]. The federal guidelines for surface water quality
objectives for the protection of aquatic life for dissolved strontium is 2.5 mg/L [23].

In this specific study, the source ground water is from the Hatfield Aquifer and contains
naturally occurring strontium. The water in the aquifer is highly mineralized, containing
ammonia, high sulfates, iron, arsenic, and manganese (Table 1).

2.2. Field Samples: Water and Sediments

An experiment was designed to observe the Sr?* reduction pathway in wastewater
open to the atmosphere and at low temperatures. The anticipated pathway for strontium
reduction from surface water is strontium co-precipitation with calcium carbonate (CaCO3)
polymorphs by means of strontium incorporation into the CaCOj precipitate. The WTP
wastewater discharged in holding ponds was used as a source of water, and pyrolusite
media was used for adsorption/precipitation. Monthly monitoring of the wastewater
quality in holding ponds was in durations greater than 24 months.

Monthly sampling of 300 mL of water in plastic bottles for general chemicals and
total dissolved solids analyses was performed at both the inlet and outlet of the ponds.
Additional samples for ammonia and metals analyses were collected in 80 mL plastic bottles
with 0.1 M of nitric acid and 100 mL glass bottles with 0.1 M of nitric acid, respectively.
Samples were stored in a cooler at approximately 4 °C and shipped to a lab for analysis
within 24 h of collection. Water samples were analyzed for conductivity, pH, total dissolved
solids (TDS), total suspended solids (TSS), alkalinity, chloride, fluoride, ammonia, nitrate,
nitrite, sulfate, and total and dissolved metals at an accredited QA /QC-certified laboratory.

Holding ponds’ sediment analyses were completed to determine the presence and
precipitation of strontium through the ponds. Samples were collected in five holding ponds
over a period of 2 months in summer. Sediment collection comprised randomized location
selection (based, in large part, on safety and accessibility) and scooping of the top layer to a
depth of 15 cm to produce 2 L of sample per location. Sediments were stored at 4 °Cin2 L
plastic bags and transported within 48 h for analysis. Sediment analysis for total metals
was conducted as per EPA 3050, using inductively coupled plasma mass spectrometry
(ICP-MS).
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Figure 1. Map of Saskatchewan watersheds and water bodies [24].
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Table 1. Hatfield aquifer source water quality.

Parameter Unit Lowest Detection Limit Gl;(;l::;imvzs)t er
Conductivity uS/cm 5.00 x 10° 1.93 x 10°
pH pH 1.00 x 10! 7.83 x 10°
Total Dissolved Solids mg/L 2.00 x 10! 1.40 x 103
Alkalinity, Total (as CaCOy3) mg/L 5.00 x 10° 4.22 x 102
Ammonia, Total (as N) mg/L 5.00 x 1072 2.40 x 10°
Bicarbonate (HCO3) mg/L 6.10 x 10° 5.15 x 102

Carbonate (CO3) mg/L 5.00 x 100 <5.0

Chloride (Cl) mg/L 2.50 x 10° 8.60 x 10!
Manganese (Mn) mg/L 2.00 x 1074 5.80 x 1071
Iron (Fe) mg/L 1.00 x 1072 1.52 x 100
Barium (Ba)-Total mg/L 1.00 x 1074 9.70 x 1073
Calcium (Ca)-Total mg/L 5.00 x 1072 1.19 x 102
Magnesium (Mg)-Total mg/L 5.00 x 1073 5.70 x 10!
Potassium (K)-Total mg/L 5.00 x 1072 1.20 x 10!
Sodium (Na)-Total mg/L 5.00 x 1072 2.34 x 102
Sulfate (SO4) mg/L 1.50 x 10° 5.30 x 102
Uranium (U)-Total mg/L 1.00 x 10~ 1.60 x 1073

The calculation of the distribution of species and a saturation state of the wastewater
was completed using PHREEQC (PH Redox Equilibrium (in C language)). The PHREEQC
diffuse double-layer surface-complexation model was used to equilibrate the WTP wastew-
ater with sediments/colloids in the ponds. PHREEQC analysis was further used to deter-
mine the saturation of the chemical species in raw water samples via the saturation index
(SI) method. The PHREEQC calculation of the distribution of species and the saturation
state of the wastewater, relative to the set of minerals in the wastewater, along with model-
ing mineral adsorption to the surfaces particles such as sediment particles and colloids in
the ponds, was performed using the surface complexation model based on the Dzombak
and Morell [25] database for the complexation of heavy metal ions on hydrous ferric oxide.

2.3. Laboratory Experimental Design and Analyses

A lab experiment was completed to supplement field observations and advance our
knowledge of how strontium interacts with pyrolusite, the manganese oxide media. First,
three treatments of pyrolusite were prepared including raw, humic acid (HA)-coated,
and fulvic acid (FA)-coated media. Here, 100 & 0.2 g of solid manganese dioxide media
(pyrolusite) from the AWI Company was thoroughly washed in deionized water five times
to remove fines. Then, 300 £ 10 mg of HA from Sigma-Aldrich was dissolved in 50 mL
of 0.01 M NaOH. The final HA concentration was 6 & 0.2 g/L. Additionally, 5 mg of 95%
pure FA from MP Biomedicals was dissolved in 5 mL of methanol. The mixture was shaken
for 3 h at 25 °C to dissolve the FA and produce a final FA concentration of 1 4= 0.05 g/L.
Twenty grams (20 g) of pyrolusite was placed in each of three 0.5 L glass beakers to which
200 mL of distilled water was added. In Beaker 1, no HA or FA was added to produce an
experimental control. Beaker 2 contained 0.5 mL of the FA mixture (or 100 mg in solution)
and was stirred for 15 min to expose the media to the water mixture. In Beaker 3, 0.5 mL of
the HA mixture was added and stirred as above to produce a solution containing 300 mg
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of HA. The media was soaked for 10 h at 25 °C; the beakers were stirred for 2-3 min every
2 h to maximize contact between the water and media.

In the pyrolusite media sorption experiments, raw water from the wastewater holding
ponds was collected in 4 L plastic bottles. The bottles were rinsed with raw water to
minimize minerals” adsorption from the collected water onto the bottles. Wastewater
samples were collected at the exit of Pond 1 and entrance to Pond 2 (Figure 2). Because
of ice and snow cover at the time of sampling, an ice-free location was selected to capture
representative aliquots of flowing water.

s

g

! p - r ’

Figure 2. WTP wastewater holding ponds with flow of water in the direction of ponds 1 through
5. Samples for laboratory experiments were collected at the location identified with the red arrow.
Pond depths range from 1-2 m with each pond capable of retaining a maximum of 5000 m* of WTP
wastewater; retention time is calculated at 3-5 d depending on time of year and consumption rates.
The ponds were originally constructed in the 1970s to provide physical settling of suspended solids
and consumption of free chlorine residuals. Holding ponds were covered in ice and snow at the time
of sample collection.

Samples were immediately filtered on-site using 0.4 pm GF/C filters, and 1 L of
filtered water was used to rinse the plastic sample bottles. Another 10 L of filtered water
was collected and stored at 4 °C for less than 24 h prior to use. One filtered sample was
submitted for chemical parameter analysis as a reference sample.

In the laboratory, six 1 L glass beakers were rinsed three times with distilled water
and twice with filtered sample water to minimize mineral adsorption onto the beakers
during experiments. To each beaker, 10 g of the prepared pyrolusite media was added.
Two beakers were prepared with raw media, 2 with HA pretreated pyrolusite, and 2 with
FA-pretreated pyrolusite. One litre (1 L) of filtered pond water was added to all 6 beakers,
and the mixture was paddle-stirred continuously at 70 rpm for 6 h. A temperature of 6 °C
was maintained throughout the 3-day experiment. Water samples of 100 mL and pyrolusite
media samples of 1 g were collected at 0.5, 3, and 6 h and at the conclusion of the 3-day
experiment. The concentrations of dissolved metals in water samples were determined
from samples that were collected in glass bottles and preserved with 0.1 M nitric acid.
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The full general chemicals analysis was completed only with 6-h samples, including those
provided in Table 1.

The 1 g pyrolusite media samples collected at 3 h and 3 d were subjected to X-ray
photoelectron spectroscopic (XPS) analysis at the Saskatchewan Structural Sciences Centre
at the University of Saskatchewan. XPS provides quantitative and chemical state analysis
relating to the media surface. Because each element has a unique binding energy, XPS
is used to identify and determine the concentration of individual elements sorbed to
the surface of the media. If neither Sr?* adsorption or precipitates were observed, it
was presumed that the incorporation of the Sr>* in calcium carbonate precipitate was a
significant factor in the initial Sr?* loss from the water phase. To confirm that hypothesis,
Raman Spectroscopy analysis was then conducted using a Reinshaw Raman Invia Reflex
Microscope at the University of Saskatchewan, Saskatchewan Structural Sciences Centre.
Raman spectroscopy measures light scattering to elucidate molecular structures, including
the presence of and interactions with polymorphs [26]. The differences that arise from
the structural arrangement and site symmetries of the molecules in calcite and aragonite
provide the basis for differentiation between the polymorphs.

Previous research demonstrated the use of Raman Spectroscopy to determine Sr/Ca
ratios [27] and to determine crystalline lattice bands for aragonite, calcite, whiterite, and
strontianite [28]. These data and the RRUFF database [29] containing structural, spectro-
scopic, and chemical minerals identification data of over 70% of the known minerals were
used to quantify interactions on the 3 preparations of pyrolusite media in this research.
The objective of Raman Spectroscopy analysis was to identify (a) precipitates forming at
the initial contact between water and media and (b) the nature of those precipitates. If the
precipitates are calcium carbonates, the polymorph type and nature of the impurities can
be determined based on the vibrational frequency peaks (Figure 3) [29].

80,000.00 14,000.00
70,000.00 12.000.00
60,000.00

10,000.00
50,000.00

8,000.00
40,000.00

6,000.00
30,000.00

4,000.00
20,000.00
10,000.00 2,000.00

0.00 0.00
0.00 500.00 1,000.00 1,500.00 2,000.00 2,500.00
——R040078 ——R060195 ——R080142 ——R150021

Figure 3. RRUFF aragonite database spectra, where R040078 and R060195 are pure aragonite (gray
and gold), R150021 aragonite contains 98.7% of calcium and 0.96% strontium (light blue), and R080142
aragonite contains 96% calcium and 2% strontium (dark blue).
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Samples were examined at 50x and 20 x amplification using the laser specifications
shown in Table 2.

Table 2. Raman Spectroscopy laser power measured at the sample for 20x and 50x.

Obiective 514.5 nm Ar Laser (100% LP) LP @ Laser Working Distance
) Head = 10.00 mW (mm)
20x /0.40 NPLAN 3.59 1.1
50x% /0.75 NPLAN 2.74 0.37
3. Results and Discussion
3.1. Field Samples: Water and Sediments
The source ground water used in this research is high in dissolved minerals, sulfates,
iron and manganese, and ammonia. As such, reverse osmosis brine (75% plant recovery
produces 4 times concentrated wastewater brine) water is oversaturated with CaCOj3, and
excess CaCOjs precipitates as the water moves through the ponds and interacts with the
environment. Precipitation of the minerals occurs as the water is continuously striving
toward equilibrium. The water quality changes as it passes through the various ponds,
including physical settling, wetland plant and soil interactions, and biogeochemical aging
across the five-pond system (Table 3). The five-pond design ensures that WTP wastewater
is sufficiently treated to allow for discharge to the aquatic receiving environment, which, in
this case, is a disposal well that returns treated wastewater to the Hatfield Aquifer.
Table 3. General chemistry analysis WTP wastewater entering and leaving the ponds as sampled in
spring (May) and winter (December). Samples were collected within an hour of each other.
Parameters Unit Inlet (Spring) Inlet (Winter) Outlet (Spring) Outlet (Winter)
Conductivity uS/cm 5.37 x 103 4.79 x 103 3.36 x 103 3.87 x 103
pH pH 7.75 x 100 7.89 x 10° 7.99 x 10° 7.91 x 100
Total Dissolved Solids (TDS) mg/L 492 x 10° 4.05 x 103 2.76 x 10° 2.89 x 10°
Alkalinity, Total (as CaCO3) mg/L 1.09 x 103 1.09 x 103 6.23 x 102 7.55 x 10?
Ammonia, Total (as N) mg/L 6.78 x 100 5.30 x 100 6.10 x 1071 2.20 x 100
Chloride (Cl) mg/L 2.04 x 10? 1.60 x 10? 1.26 x 10? 1.37 x 10?
Iron (Fe)-Total mg/L <0.05 <0.05 7.30 x 1071 4.51 x 107!
Calcium (Ca)-Total mg/L 4.80 x 102 443 x 102 2.68 x 102 3.10 x 102
Magnesium (Mg)-Total mg/L 2.50 x 102 2.60 x 102 1.65 x 107 1.85 x 102
Manganese (Mn)-Total mg/L 5.00 x 1072 3.00 x 1072 9.10 x 1071 1.54 x 10°
Potassium (K)-Total mg/L 2.50 x 10! 2.37 x 101 2.09 x 10! 1.90 x 101
Strontium (Sr)-Total mg/L 4.06 x 10° 3.57 x 10° 1.95 x 10° 2.27 x 10°
Sulfur (as SO4) mg/L 2.26 x 10° 2.02 x 10° 1.34 x 103 1.54 x 103
Sodium (Na) mg/L 6.26 x 102 4.97 x 102 3.69 x 102 3.91 x 10?

In general, the WTP effluent quality meets the regulatory guidelines for particulates
and ammonia, and reductions of other parameters, such as TDS, are evident. Only total
metals data are provided since total and dissolved concentrations were statistically the
same. Water quality discharged from the WTP into the holding ponds contains significantly
higher concentrations of minerals than that discharged from the ponds (Table 3). The
difference in the concentration of minerals is partially due to the precipitation and surface
runoff. However, the reduction in mineral content can also be noted in the months when
ponds are covered with ice and there is no external dilution. For both the spring and
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winter water samples, saturation index analyses were performed using PHREEQC (Table 4).
The results indicate that precipitation of only calcium carbonate species and dolomite
is expected. Therefore, a loss of calcium and magnesium from the water contributed to
precipitation from the water in the ponds.

Table 4. Saturation Index values for WTP wastewater quality at two holding pond sampling locations
(inlet and outlet) and for raw water control and untreated pyrolusite laboratory experiment samples.

Saturation Index (SI)

Phase Formula Inlet Outlet Control Unt;e}?ted
Anhydrite CaSOy —5.70 x 1071 —8.80 x 1071 —7.20 x 1071 —7.60 x 101
Aragonite CaCOj3 1.17 x 100 1.02 x 10° 1.44 x 10° 1.34 x 10°

Calcite CaCO;s 1.33 x 10° 1.18 x 10° 1.60 x 10° 1.50 x 10°

Celestite SrSOy —4.50 x 1071 —8.60 x 1071 —7.10 x 1071 —7.20 x 1071
Dolomite CaMg(CO3), 2.44 x 10° 2.20 x 10° 2.99 x 10° 2.79 x 100
Gypsum CaSO4:H,0 ~5.00 x 102 —3.60 x 107! —2.00 x 107! —2.40 x 1071

Halite NaCl —5.62 x 10° —6.00 x 10° —5.77 x 10° —5.85 x 10°
Strontianite SrCO; —1.20 x 1071 —3.60 x 1071 —4.00 x 1072 —3.00 x 1072
Sylvianite KCl —6.46 x 10° —6.71 x 10° —6.62 x 10° —6.72 x 10°

The saturation index (SI) for gypsum and strontianite for waste entering the ponds
is close to zero, implying that precipitation is unlikely, where that at the exit is negative
suggesting undersaturation of the species with no precipitation expected. For both water
samples and locations, the SI for anhydrite is negative indicating there will be no precipi-
tation. Additionally, the PHREEQC model for diffuse double-layer surface complexation,
using the pre-brine inlet data, showed that metal oxide particles in the water will attract
some of the minerals to adsorb to the surface of the particles.

The results of sediment analysis of calcium, magnesium, sodium, and sodium adsorp-
tion ratio (SAR) values are summarized for each pond (Table 5).

The data show that the concentration of sodium was higher than that of calcium and
magnesium prior to a change in operations at the WTP that resulted in daily brine discharge
occurring after the first set of samples had been collected and had been in operation for
those collected approximately 2 years after that operations change. Specifically, the change
in operations at the WIP was the removal of the electrodialysis reversal (EDR) plant and
surface water filter units. Currently, the WTP consists of Green Sand plus filters and reverse
osmosis filtration units. While in the past the brine from EDR was sent to deep groundwater
wells and backwash water from the filters was returned to the ponds, the current method
for disposal is to discharge brine from the RO units along with Green Sand, plus filter
backwash to the ponds. Prior to daily brine discharge, sediments exhibited a higher sodium
adsorption ratio (SAR).

Community growth and stringent regulatory requirements, especially disinfection
by-products, forced the community to upgrade WTP to produce potable water that is safe
and stable. In the past, water instability was amplified by chlorine decay and disinfection
by-product formation due to the organics in the water and distribution system. Customers
would not only receive water high in trihalomethanes and haloacetic acid, but also low in
free chlorine levels. Today, the plant is optimized so that customers receive safe potable
water, and there is no visible/quantifiable impact on the distribution system.
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Table 5. Pond sediment analysis: Sediments collected (a) prior to daily brine discharge and (b)
approximately 2 years after the start of routine brine discharge. Samples collected as post-brine 1 and
2 were collected approximately 1 month apart during summer.

Parameter Pond Cells (Saturated Paste Extractables)
(mgfkg) P1 P2 P3 P4 P5
Pre-Brine 4.52 x 102 4.58 x 102 6.74 x 102 3.90 x 10? 5.15 x 102
Calcium Post-Brine 1 1.25 x 10° 1.55 x 10° 2.98 x 102 1.46 x 10° 4.89 x 102
Post-Brine 2 1.26 x 10° 1.02 x 10° 9.52 x 102 1.62 x 10° 6.92 x 102
Pre-Brine 1.08 x 102 244 x 10 2.54 x 10? 2.18 x 107 1.87 x 102
Magnesium Post-Brine 1 6.79 x 102 1.15 x 10° 1.89 x 102 8.88 x 102 3.52 x 102
Post-Brine 2 5.81 x 102 7.24 x 102 5.56 x 102 9.41 x 10? 451 x 10
Pre-Brine 6.40 x 107 9.97 x 102 1.13 x 103 9.19 x 102 8.72 x 107
Sodium Post-Brine 1 1.77 x 10° 2.84 x 10° 4.52 x 102 224 x 103 8.32 x 102
Post-Brine 2 1.87 x 103 1.88 x 10° 143 x 103 247 x 103 1.13 x 103
Pre-Brine 5.69 x 10° 8.12 x 109 8.03 x 10° 7.73 x 10 7.02 x 10°
SAR Post-Brine 1 5.44 x 10° 6.03 x 10° 5.13 x 10° 5.83 x 10° 4.72 x 100
Post-Brine 2 6.06 x 10° 6.00 x 10° 4.74 x 10° 6.08 x 10 5.07 x 10°
In both post-brine samples, despite the increase in Na™ deposition through the ponds,
SAR for all ponds decreased due to elevated Ca?* and Mg?* concentrations in the sediments
most likely due to precipitation from the WTP wastewater. For example, the SAR in Pond
1 did not change significantly, but SAR in Pond 2 experienced a reduction from 8 to 6,
sodium concentration increased from 997 mg/kg to more than 2000 mg/kg, and calcium
and magnesium increased from 458 mg/kg to >1000 mg/kg on average and 244 mg/kg to
~1000 mg/kg on average, respectively, following 2 years of daily brine discharge.
The metal analysis of pond sediments (Table 6) shows that aluminum and calcium
dominate, likely as a function of many years of aluminum-based WTP coagulant use.
The even distribution of iron and manganese is likely an artefact of the use of potassium
permanganate (greensand) filtration to oxidize iron and manganese out of the treated
potable water.
Table 6. Pond sediment metal concentration analysis, initially measured as mg/kg and presented as
percent average of two post-brine samples from each pond (P1, P2, P3, P4, P5) and total average.
Percent Average (Post-Brine)
Total Average
P1 P2 P3 P4 P5
Aluminum (Al) 54.43% 13.68% 28.22% 30.07% 14.03% 28.09%
Calcium (Ca) 14.36% 53.80% 38.75% 32.11% 53.65% 38.53%

Iron (Fe) 15.37% 10.24% 11.00% 13.50% 11.41% 12.30%
Magnesium (Mg) 1.71% 4.85% 8.20% 2.07% 4.70% 4.31%
Manganese (Mn) 5.05% 6.54% 6.16% 8.77% 4.21% 6.15%

Phosphorus (P) 2.90% 1.35% 2.04% 3.41% 1.29% 2.20%
Sodium (Na) 0.99% 1.30% 0.82% 1.12% 0.88% 1.02%
Strontium (Sr) 0.69% 0.35% 0.46% 0.46% 0.33% 0.46%
Sulfur (S) 3.92% 7.45% 3.74% 8.05% 8.87% 6.40%
Total 99.41% 99.56% 99.41% 99.57% 99.37% 99.46%
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The presence of strontium in small concentrations of only 0.5% is most likely due to
strontium having been adsorbed to the sediments or co-precipitated with calcium. The
conditions in the WTP wastewater are not such that they propagate precipitation of Sr>*
through strontianite or celestite (Table 4). Statistical correlation analysis was performed on
the data presented in Table 6 demonstrating strong positive correlations between aluminum,
iron, and strontium and strong negative correlations between calcium and aluminum, cal-
cium and iron, and calcium and strontium in the sediments. The strong positive correlation
suggests that the elements come from the same wastewater discharge source from the WTP
and are not necessarily found in those quantities in natural soils.

Using PHREEQC analysis, a diffuse double-layer surface-complexation model was used
to equilibrate the WTP wastewater from the pond inlet (pre-brine) with sediments/colloids in
the ponds. The results suggest that calcium sorption dominates the strong sorption sites on the
oxide surface, while the weak site sorption is dominated by carbonate (Table 7).

Table 7. Diffuse double-layer surface complexation model of the WTP wastewater pond inlet prior to
daily brine discharge and raw water control sample from laboratory experiments.

Mole Fraction

Species
Pond Inlet Raw Wa}ter
(Lab Experiment)

Hfo_sOHCa*? 0.622 0.590
Hfo_sOHSr*2 0.003 0.002
Hfo_wCO5;~ 0.723 0.651
Hfo_wOHSO, 2 0.185 0.139
Hfo_wOMg* 0.017 0.065

The presence of calcium in the sediments is not limited to the wastewater discharge
and is also attributable to vegetation growing in the holding ponds. Vegetation decay
contributes to the calcium accumulation in the sediments. The negative correlation between
calcium and iron is due to the changing redox potential of the water on the bottom of the
ponds as driven by microbiological action and reduced levels of oxygen. For example,
decaying plants will promote biological activity at the bottom of the ponds, thereby con-
suming oxygen and initiating changes in redox reactions and subsequently affecting the
stability of iron in the sediments resulting in redissolution into the water phase (Table 3).
As the number of basic ions increases in the soils, the quantity of acidic ions decreases
and vice versa. The negative correlation between calcium and aluminum occurs under
the increased SAR ratio (Table 5) since aluminum cations are acidic whereas calcium ions
are basic. Thus, it follows that the negative correlation between calcium and strontium
is connected to the negative correlation between calcium and aluminum. Additionally,
there is a moderate negative correlation between aluminum and magnesium and strontium
and magnesium. The reduction of the aluminum in sediments affects the desorption of
strontium by the dissolution of the calcium carbonate and/or dolomite precipitates.

Analyses of WIP holding pond wastewater and sediments show that trace minerals
in any continuously discharging wastewater accumulate in the sediments and that the
sediments increasingly become a source of contamination. The buildup is enhanced by
particles/sediments/colloids movement in the water since they provide a bonding surface
for mineral adsorption or precipitation even though there is no supersaturation of species
in the water. The analyses imply that calcium-based carbonate species drive the minerals’
adsorption in the presence of metal oxide particles. In that process, other minerals, such as
strontium, are also removed from the water phase.
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3.2. Laboratory Experiments

The results of water quality analyses for WTP wastewater experiments are presented
according to the treatment of the pyrolusite media over time (Table 8). Results for both 0.5
and 6 h samples are shared alongside the control sample to which no pyrolusite media was
added. The water in all experiments containing pyrolusite experienced a loss of Ca, Mg, K,
Na, and Sr within the first 0.5 h (Table 8). Additional reductions were experienced by the 6
h mark for CA, Na, and Sr.

Table 8. Average water quality collection from time-series WTP wastewater experiments with
pyrolusite media. Duplicate samples were collected from beakers containing untreated pyrolusite,
as well as HA- and FA-pretreated pyrolusite media. Water quality results for the control sample
(containing no pyrolusite) are also provided. All water quality analyses were performed by a certified
analytical laboratory.

Untreated Untreated HA FA FA

Parameters (mg/L) 05h 6h HA05h 6h 05h 6h Control
Conductivity (uS/cm) 4005 4.00 x 10° 401 x 103 4.05 x 103
Bicarbonate (HCO3) 994.5 9.86 x 102 9.82 x 107 1.06 x 10°
Sulfate (SO4) 1.65 x 10° 1.63 x 10° 1.65 x 10° 1.65 x 10°
Calcium (Ca) 3.33 x 102 3.35 x 102 3.43 x 102 3.34 x 102 3.42 x 102 3.36 x 102 3.92 x 102
Magnesium (Mg) 1.79 x 10? 1.81 x 10? 1.82 x 10? 1.84 x 102 1.82 x 10? 1.81 x 10% 2.14 x 102
Potassium (K) 1.68 x 10! 1.70 x 10! 1.74 x 10! 1.76 x 10! 1.74 x 10! 1.71 x 10! 2.18 x 10!
Sodium (Na) 4.15 x 102 4.20 x 102 4.19 x 102 4.32 x 102 4.28 x 102 421 x 102 5.17 x 102
Strontium (Sr) 2.67 x 10° 2.63 x 100 2.72 x 10° 2.64 x 100 2.74 x 10° 2.63 x 100 291 x 10°
pH 8.15 x 10° 8.14 x 10° 8.16 x 10° 8.16 x 10°
Hardness (as CaCO3) 1.58 x 10° 1.59 x 10° 1.58 x 10° 1.86 x 10°

A reduction in alkalinity and conductivity was noted in 6 h water samples compared
to the initial water quality, whereas the reduction in the sulfate concentration was small
and observed in only one sample. While initial water hardness due to Ca?* and Mg?* was
observed, the precipitation of these ions along with the carbonates resulted in lower water
hardness within 0.5 h of exposure to pyrolusite. It is assumed that additional mineral loss
between 0.5 and 6 h was primarily due to adsorption to those rapidly precipitated minerals
in the first 0.5 h of the experiment.

As with the field samples, PHREEQC analysis was used to determine saturation
indices (SI) of species in the raw water sample and 6 h untreated pyrolusite water sample
(Table 4), as well as for surface adsorption (Table 7). The SI results show that calcium
carbonate species and dolomite will precipitate, while that of strontianite suggests that
precipitation is less likely. The rationale is that CaCO3 will precipitate first, resulting in a
loss of carbonate and consequent hindrance of strontianite precipitation. Surface adsorption
results indicate that calcium dominated the adsorption to the strong site while the weak
site is dominated by carbonate adsorption. Although the SI data indicate that the water
is saturated with calcium carbonate species along with dolomite and will precipitate, the
surface complexation model suggests that magnesium adsorption will be small compared
to calcium absorption. Dolomite (CaMg(COs);) formation requires equal parts of calcium
and magnesium and two parts of alkalinity where calcium carbonate species form. Table 9
provides data that highlight sodium, alkalinity, calcium, and magnesium as the major
elements that experienced reduced concentrations from the initial raw water quality and
after contact with pyrolusite, whether treated with HA or FA or not.



Environments 2022, 9, 72

13 0f 18

Table 9. Change in concentration of water quality parameters (relative to initial raw water quality)
from laboratory experiment versus control water sample (i.e., no pyrolusite media). R-untreated is the
difference in concentration between raw water and average of all water samples with non-pretreated
media; R-HA and R-FA are the same with media pretreated with HA or FA, respectively.

Water Quality Parameters

(mg/L) R-Untreated R-HA R-FA
Alkalinity, Total (as CaCO3) 5.35 x 10! 6.10 x 10! 6.40 x 10!
Bicarbonate (HCO3) 6.55 x 10! 7.45 x 101 7.80 x 10!
Chloride (Cl) 5.00 x 1071 2.00 x 10° 5.00 x 1071
Hardness (as CaCO3) 2.80 x 102 2.70 x 102 2.80 x 102
Calcium (Ca) 5.70 x 10! 5.80 x 10* 5.60 x 10
Magnesium (Mg) 3.35 x 10! 3.05 x 10! 3.35 x 10!
Potassium (K) 4.85 x 10° 4.20 x 10° 4.75 x 100
Silicon (Si)-Dissolved 7.00 x 1071 550 x 10~1 7.50 x 1071
Sodium (Na) 9.75 x 10! 8.55 x 10! 9.60 x 10!
Strontium (Sr)-Dissolved 2.85 x 1071 2.75 x 107! 2.85 x 107!
Sulfate (SO4)-Dissolved —5.00 x 100 1.00 x 101 —5.00 x 100

The laboratory experiment results are very similar to the results of the analysis per-
formed on the WTP holding pond water. These results are as expected because the water
source is the same. Chemical analysis of water at 3 d showed a loss of calcium, magnesium,
alkalinity, sodium, and strontium across all media preparations. An ANOVA was run to
determine if a significant difference exists between the precipitation of minerals relative
to the adsorption on treated and untreated pyrolusite media. The ANOVA test confirms
that there is no significant difference (p > 0.05 for Ca, Mg, Sr) across the three media treat-
ments. Additionally, the two-sample hypothesis t-test for Ca and Sr shows that the largest
precipitation of both occurs at the initial contact of water and sediments.

The precipitation of CaCO3 was confirmed through the experiments along with confir-
mation that the majority of the removal of calcium, magnesium, sodium, and strontium
from the aqueous phase occurred within the first 0.5 h of contact with media. While those
concentrations experienced further reduction at the 6 h point, statistical analysis of the pre-
cipitates confirms that the largest reduction from the water occurred during the initial 0.5 h
contact with media. This agrees with the work reported by Carteret et al. [30] where lab-
induced precipitation of aragonite and vaterite was characterized by a drop in the calcium
concentration. In that experiment, it was reported that precipitation occurred within 2 min
with the continued transformation taking place over several days as unstable polymorphs
aragonite and vaterite were transformed into more stable calcite. Littlewood et al. [31]
report that at higher Sr?* concentrations, Sr?* was incorporated into calcite in the presence
of Mg?* where smaller Mg?* ions compensate for the addition of the larger Sr?* ions in the
calcite lattice.

In addition to the analysis of water quality in response to the exposure to pyrolusite
media over time, XPS analyses of six pyrolusite media samples collected at 3 h and 3 d
were completed. The results point to the predominance of carbon and oxygen on the media
surface, with traces of Ca, Si, Fe, Al, Mg, and S detected. XPS did not detect any Sr?* on
the surface of any media samples. Results from XPS analysis showed that coating the
filtering media with humic (HA) or fulvic (FA) acids did not enhance the precipitation or
the adsorption of Ca?* or Sr?* compared to the untreated media.

Both chromatographs and photoluminescence precipitate images of pyrolusite media
at 0.5 h and 3 d exposure were produced using Raman Spectroscopy (Figures 4 and 5). For
instance, Figure 4a illustrates the presence of sorbed precipitate on the media surface as
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(d)

well as the pronounced Raman spectra peaks at 1016 cm~ ! then 674 cm~! and 498 cm !,
which identify those precipitates as calcium sulfate [32,33].

(b) (c)

(e) (1)

Figure 4. Crystals/precipitates showing on the surface of the media in water for 30 min and 3 days at
6 °C: (a) 30 min raw MnOx—CaSOy precipitates; (b) 30 min raw MnOx-sample 785 with CaCOg; (c)
FA 30 min’ (d,e) 3-day raw MnOx—CaCOs; (f) HA day 3.

All remaining identifiable precipitates were determined to be CaCOs, although Figure 4c
was deemed nonidentifiable due to photoluminescence interference with Raman spectral imag-
ing. The luminescence is reflected as large bands overlaid on the Raman spectrum. The Raman
spectra (Figure 5) were compared to the RRUFF database, identified by X-ray diffraction and
chemical analyses. Calcite crystal R050128 was identified as a pseudomorph of aragonite while
the others did not indicate the presence of aragonite. Further Raman spectra data regarding
the lattice and internal vibration mode of precipitates are provided for further detail regarding
precipitate chemistry (Table S1). Additional comparison spectra against the RRUFF database
were also completed (Figures S1 and S2) indicating that sample R150020 was a calcite with
traces of strontium (Cag 993CO3; trace amount of strontium) as identified by X-ray diffraction
and chemical analysis [29].

Comparison of the experimental results with the Raman spectra analysis from existing
data from samples of aragonite, calcite, and calcite with Sr?* impurities shows that graphed
results from the experiment best fit the graph of calcite sample with traces of strontium
captured in the lattice. The presence of strontium impurities provides one explanation for
the lattice results producing a better fit with an aragonite structure than calcite as compared
to the literature [30,34].

Overlaying the experimental data over the mineralogical samples data available from
the RRUFF database showed that experimental data have the best fit over the RRUFF calcite
sample containing strontium impurities in the lattice. Additionally, a lattice vibration
showed that there were some impurities captured inside the calcite precipitate. That is,
lattice vibrations suggest that calcite is not in a pure form. The wide range of absorption
spectra in the lattice vibration could be due to the crystal orientation, as well as the
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incorporation of ions larger than Ca into a calcite structure [35]. The pure calcite lattice
vibration measures 281 cm !, while the lattice vibration of the experimental precipitates
measured anywhere from 268 to 277 cm~!. The shift downward suggests that molecules
captured within are of a larger radius than calcium. Strontium has a larger radius than
calcium. In the experiment, strontium is the only element with a radius larger than calcium
that was reduced from the water. Work by Shibano et al. [27] showed that the lattice
vibration of calcite with strontium as impurities measured anywhere from 281 to 273 cm !
with the Sr/Ca mol ration ranging from 0 to 13.2. The higher concentration of strontium
in the precipitates produced a lower wavelength due to the larger interionic distance and
smaller force constants [34]. Using the wavelengths obtained by Shibano et al. [27], it was
estimated that the ratio of Sr/Ca (mol) in the precipitates in this experiment was 8 to 11. As
such, there is significant evidence based on this experiment accompanied by previous work
of others to confirm that the strontium was captured in the precipitate, as the wavelength
of the lattice vibration suggests. In the precipitates from this experiment, it is possible that
the Sr?* was most likely positioned in the center of the precipitate and less likely toward
the edge and that is why XPS did not detect any strontium on the surface of the precipitate.

30,000.00

25,000.00

20,000.00

15,000.00

10,000.00

5,000.00

0.00
0.00 200.00  400.00 600.00 800.00 1,000.00 1,200.00 1,400.00 1,600.00 1,800.00 2,000.00

Ha Day 3 point 1 MnOx 30 min raw 785

MnOx day 3 spot 3a-1 e R050128

Figure 5. Sample R050128 (RRUFF, 2015) is a calcite, not a single crystal, with aragonite traces
still present (black); HA Day 3 point 1 sample (blue) is a precipitate on the media pretreated with
haloacetic acid where media is submerged in water for 3 days; MnOx 30 min raw 785 (orange) where
media was not pretreated and was submerged for 30 min; sample MnOx 3 day spot 3a-1 media was
not pretreated with anything and was submerged for 3 days (green).

4. Conclusions

The experimental observations of strontium co-precipitation from WTP wastewater
show that, once discharged to an aquatic receiving environment, a loss of dissolved stron-
tium from water is expected and can be quantified. Quantification of the radionuclide
precipitation is particularly important for safety assessment studies over a wide range
of conditions. Assessment of the impact of the discharge should start by assessing the
dispersion and accumulation of radionuclides in environmental materials as a function of
time and distance from the source. Experiments performed in this study showed that Sr?*
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precipitation occurred along with calcite, a CaCOs3 polymorph, at 6 °C. The water quality
data analysis shows that the declining concentration of Sr>*, Ca?*, and bicarbonate in the
aqueous phase occurred quickly and in agreement with previously published literature.
Precipitates were observed to form and sorb in response to exposure to pyrolusite media in
WTP wastewater. It was also observed that larger precipitate crystals may form due to pro-
longed contact between the water and pyrolusite. Therefore, it was concluded that waters
with scaling capacity will precipitate CaCO3 and other impurities, such as Sr>*. Strontium
sorption onto the sediments associated with those waters will continue to occur predomi-
nantly with calcite co-precipitation. As the water interacts with media particles/sediments
that provide a surface for the precipitate to attach itself, precipitation will continue until the
water quality achieves equilibrium. Understanding the mechanism of strontium loss from
natural waters can assist in establishing a robust monitoring approach of *°Sr deposition
in the event of an unplanned release from the eventual operation of nuclear-fueled power
plants in the region.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/environments9060072/s1, Table S1: Raman spectroscopy of
reference samples and samples collected in this work; Figure S1: Sample R050127 is a pure calcite
(light red), HA Day 3 point 1 sample (blue) is a precipitate on the media pretreated with haloacetic
acid where media was submerged in water for 3 days, MnOx 30 min raw 785 (orange) where media
was not pretreated and was submerged for 30 min, sample MnOx 3 day spot 3a-1 media was not
pretreated with anything and was submerged for 3 days (green); Figure S2: Sample R050020 is a calcite
with 99.3% of calcium and trace amounts of strontium (dark red), HA Day 3 point 1 sample (blue) is
a precipitate on the media pretreated with haloacetic acid where media was submerged in water for 3
days, MnOx 30 min raw 785 (orange) where media was not pretreated and was submerged for 30
min, sample MnOx 3 day spot 3a-1 media was not pretreated with anything and was submerged for
3 days (green).
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