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Abstract: Loss of phosphorus from agricultural land 
through water runoff causes serious detrimental effects 
on the environment and on water quality. Phosphorous 
runoff from excessive use of fertilizers can cause algal 
blooms to grow in nearby water systems, producing toxins 
that contaminate drinking water sources and recreational 
water. In this study, a risk analysis of the algal toxin micro-
cystin-LR and the mitigation of phosphorus from agricul-
ture runoff is discussed. A risk analysis was performed on 
the algal bloom toxin microcystin-LR considering the Lake 
Erie algal bloom event of 2011 as a case study. Toxicity risk 
analysis results show that relatively low concentrations of 
microcystin-LR compared to recent case studies pose an 
acute health risk to both children and adults, and a signif-
icant increase in the risk of developing cancer is suggested 
but subject to further study given the assumptions made. 
This study investigated the potential of using wollastonite 
to mitigate phosphorus pollution, considering thermo-
dynamic conditions of a constructed wetland receiving 
influent water from agriculture runoff, by using geochem-
ical modelling. Geochemical modelling results show that 
wollastonite can react with phosphorus and capture it in 
the stable mineral form of hydroxyapatite, offering a pos-
sible strategy for risk mitigation of phosphorous runoff. 
A removal efficiency of 77% of phosphorus using wollas-
tonite is calculated with the help of geochemical model-
ling.
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1  Introduction
The occurrence of cytotoxic algal blooms is an increas-
ing concern globally as the use of fertilizers increases 
(Fromme et al. 2007). Eutrophication, or the abnormally 
high richness of nutrients in a water source, is a main con-
tributing factor to algal bloom growth. Cyanobacteria and 
blue-green algae (hereafter referred to as simply “algae”) 
can form large colonies known as “blooms” when stimu-
lated by favourable growth conditions or eutrophication 
as a result of fertilizer runoff from agricultural application 
(Michalak et al. 2013). In Ontario, the incidence of algal 
blooms has increased significantly in recent decades 
(Winter et al. 2011). The algal blooms have the capacity 
to produce large quantities of diverse toxins, which can 
contaminate drinking water sources and can also pose 
a health hazard through recreational water activities by 
incidental ingestion and skin absorption (Koreivien et al. 
2014).

Phosphorus fertilizers have been linked to increased 
incidence and severity of algal blooms by decreasing 
the N:P ratio, favouring growth of algae (Smith 1982). 
Numerous studies on mitigation strategies of reducing 
the amount of phosphorous from wastewater have been 
conducted, with several using industrial by-products like 
furnace slags, fly ash and natural minerals to capture the 
phosphorus. Calcium silicate slags are also used widely as 
a silicon source in agricultural applications (Chimney et 
al. 2007). In principle, phosphorous release may become 
trapped and reduced through chemical transformation of 
soluble phosphorous to the form of stable minerals such 
as hydroxyapatite (Brooks et al. 2000).

It is not known whether wollastonite (CaSiO3), which 
is a calcium silicate mineral, can reduce the amount 
of phosphorus in agriculture runoff. Wollastonite is a 
mineral mined in the Canadian province of Ontario, which 
faces algal bloom problems in several water bodies. This 
study investigated the use of wollastonite as a mitigation 
tool for reducing phosphorous from agriculture runoff 
assuming sedimentation within a constructed wetland, 
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and thus reducing risks to human health from algal bloom 
events. Geochemical modelling was used to simulate the 
wollastonite phosphorous run off mitigation strategy.
Geochemical models are equilibrium models which can 
be very useful tools to understand the speciation and sol-
ubility of elements in matrixes like ash and soil, which 
can help us to understand how changing environmental 
conditions (e.g. pH, elemental concentrations or number 
of complexing surfaces) effect the mobility of trace ele-
ments. Furthermore, they can be used in evaluation of 
possible remediation strategies or risks associated with 
different management scenarios (Sjöstedt et al. 2018). The 
Geochemists Workbench uses a thermodynamics data-
base to calculate chemical equilibriums and speciation of 
minerals. 

2  Methodology
For the purpose of this study, health risks were assessed 
from the standpoint of a contaminated drinking water 
source as the result of an algal bloom. The symptoms 
of toxicity from most algal bloom toxins mimic that of 
common water pathogens, such as gastrointestinal prob-
lems, and therefore algal bloom toxins are usually over-
looked until all other possible causes of a health crisis 
are ruled out, often long after an algal bloom event has 
occurred (Falconer and Humpage 2005). Therefore, it was 
assumed in the risk assessment that once an algal bloom 
event occurs, no water treatment mitigation strategies will 
be employed to reduce the concentration of toxins in the 
water. An individual has been assumed to be ingesting 
untreated water as a result of dietary or recreational activ-
ities, which contains a certain concentration of toxin.

Most algal bloom toxins have both acute toxicity and 
exhibit carcinogenic properties (Falconer and Humpage 
2005). If the use of a phosphorous runoff mitigation strat-
egy decreases the size of toxic algal blooms, acute toxicity 
risk would be lowered. The analysis becomes more quan-
titative from a mitigation standpoint when considering 
the carcinogenic properties of many algal bloom toxins, 
where the concentration of algae in a water source can be 
lowered through reducing phosphorous runoff, therefore 
lowering exposure to the carcinogen and lowering cancer 
risk. Toxicity calculations were performed using Equa-
tions 1-4.

Equation 1. Intake of toxin from drinking water

Ctoxin = concentration of toxin in water
IR = intake rate, assumed to be 2 L/day for treated drink-
ing water
EF = exposure factor, residential, assumed to be 350 days/
yr
ED = exposure duration (yrs)
BW = body weight, assumed to 70 kg for an adult, 15 kg 
for a child
AT = averaging time

Equation 2. Hazard Quotient (HQ)

CDI = chronic daily intake as determined from summing 
Equation 1 from all sources
RfD = reference dose

Equation 3. Incremental excess lifetime cancer risk

IELCR = incremental excess lifetime cancer risk 
CSF = cancer slope factor

Equation 4. Cumulative target risk of cancer

CTR = cumulative target risk of cancer
IELCR = incremental excess lifetime cancer risk from 
source n

The relationship between phosphorous levels and blue-
green algae growth is complex and subject to many outside 
factors, including species of algae, temperature, salinity, 
bioavailability of nutrients, and latitudinal light intensity 
(Lukatelich and Mccomb 1986; McQueen and Lean 1987). 
However, based on several examples in the literature, it 
has been considered that the relationship between con-
centration of blue-green algae and phosphorous levels 
are roughly linear, given all other factors remain constant 
(Lukatelich and Mccomb 1986; Li et al. 2015). This rela-
tionship is shown in Equation 5. Therefore, a 10% reduc-
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tion in phosphorous runoff will result in 10% fewer algae, 
and 10% fewer toxin, and 10% fewer risk of acute toxicity 
or cancer. Although this is simplified, it is a good starting 
point to quantify the benefit of a phosphorous runoff mit-
igation technique. 

Equation 5. Relationship between phosphorous concentration and 
algae growth

α = constant for an individual water source
β = constant for an individual water source
Calgae = concentration of algae in water source
Cphosphorous = concentration of phosphorous in water source

The primary toxins of interest for algal blooms are micro-
cystins, with the most potent being microcystin-LR 
(Hernández et al. 2009). The United States Environmental 
Protection Agency (US EPA) has determined a non-can-
cer reference dose (RfD) of 0.05 μg/kg/day for microcys-
tin-LR (D’Anglada et al. 2015). As of this date, a cancer 
slope factor (CSF) has not been determined for mirco-
cystin-LR. However, there have been some laboratory 
scale studies in liver cell culture that have investigated 
carcinogenic effects (Nishiwaki-Matsushima et al. 1992). 
One study postulated from cell culture results that micro-
cystin-LR is the most potent liver carcinogen discovered, 
and would have a much larger cancer slope factor than 
for those established liver carcinogens such alpha-hexa-
chlorocyclohexane, which has a CSF of 6.3 (mg/kg/day)-1. 
Drawing a direct comparison to other liver carcinogens is 
difficult for microcystin-LR, because the normally tested 
dose that results in carcinogenicity is a factor of 100-
1000 times lower than other liver carcinogens such as 
alpha-hexachlorocyclohexane (Nishiwaki-Matsushima et 
al. 1992; Bradley et al. 2016). In this study, a conservative 
CSF of 10 times the CSF of alpha-hexachlorocyclohexane 
is assumed for microcystin-LR, considering differences 
in dosing. Therefore, the CSF of microcystin-LR has been 
assumed to be 63 (mg/kg/day)-1.

Geochemical modelling was performed using The 
Geochemist’s Workbench (GWB v3.0) program to inves-
tigate the role of wollastonite for mitigating phosphorus 
runoff considering a constructed wetland conditions 
receiving agricultural influents. GWB capabilities include 
calculating the solubility, sorption, saturation indices and 
concentrations of different minerals and species at differ-
ent temperatures, pressure and pH, including equilibrium 
and kinetic reactions (Shevalier et al. 2014).  

Table 1 show the initial concentrations of species 
present in the sediment porewater of the constructed 
wetland before the addition of wollastonite. It has been 
assumed that there are 7 solutes (Na, K, SiO2, Ca, HCO3

-, 
Fe, HPO4

-), six of which are analysed with ICP-AES, and 
HPO4

- for which chemical extraction method is used. 
These data were obtained by using the soil composition 
reported by Devau et al. (2009) as the sediment solids 
composition and using GWB to calculate the porewater 
composition in equilibrium with these solids; then this 
porewater was used for subsequent modeling with wol-
lastonite addition. For modelling, two possible minerals 
(whitlockite (Ca9(MgFe)(PO4)6PO3OH) and hydroxyapatite 
(Ca10(PO4)6(OH)2)) have been assumed to possibly form in 
the sediments of constructed wetland after addition of 
wollastonite (CaSiO3).

The geochemical modelling consists of several com-
ponents. The equilibrium constant (K) has been calculated 
at 25°C to determine stability of wollastonite, hydroxyapa-
tite and whitlockite, because the efficiency of adsorbent 
media is varied due to differences in mineral composi-
tion and their solubility (Uddin 2017). Different chemical 
reactions and their log K values were calculated using the 
GWB program Rxn at 25°C. It has been assumed that the 
constructed wetland is adjacent to the area of Lake Erie; 
agriculture runoff passes the small constructed wetland 
and then proceeds to a large water body and eventually 
into Lake Erie. For stability diagrams, pH was assumed to 
be in the range of 6-12, considering that soil (sediment) pH 
is often higher than 6 (Zeng et al. 2011). The GWB program 
Act2 has been used to determine the mineral stability/sol-
ubility by using log activity of Ca2+ from -10 to 0. To measure 
concentrations of phosphorus before and after addition of 

Table 1: Concentrations of sediment porewater species used as 
input in GWB

Species Concentration (mmol/kg)

Na+   

K+ . 

SiO . 

Ca + . 

HCO
- . 

Fe + . 

HPO
- . 
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wollastonite, the GWB program React was used. Removal 
efficiency of phosphorus was calculated using Equation 6.

Equation 6. Removal efficiency for phosphorous (Chen et al., 2004)

RE= Removal efficiency (%)
Ci = Influent concentration (mol/m3)
Ce = Effluent concentration (mol/m3)

3  Results and Discussion 

3.1  Risk analysis

Below are a series of calculations considering both acute 
toxicity and lifetime cancer risk from exposure to micro-
cystin-LR in water. The scenarios are based on a 2011 algal 
bloom event in Lake Erie that caused concentrations of 
microcystin-LR in the range of 0.1-8.7 μg/L in water basins 
used for drinking water. Surface water concentrations 
were estimated to have reached a maximum concentration 
of 4500 μg/L (Michalak et al. 2013). The extremely high 
surface concentrations make acute toxicity calculation for 
recreational or accidental intake just as high, as a possible 
acute toxic dose for an adult “Hazard Quotient” (HQ) >1 is 
reached by ingesting only 0.78 ml of 4500 μg/L microcys-
tin-LR surface water. Therefore, practically any amount 
of internal exposure to surface water with concentrations 
like that seen in the Lake Erie algal bloom exceeds accept-
able risk. The length of time of one month was chosen to 

represent an estimated algal bloom event. For cancer risk 
calculations, a lifetime of living in an area with drinking 
water containing microcystin-LR has been investigated. 

Acute toxicity requires further investigation when a 
risk assessment points to HQ values above 1.0. The results 
in Figure 1 show that the hazard of acute effects begin to 
become a significant concern (HQ > 1.0) at concentrations 
above 0.4 μg/L for children, and concentrations above 
2.0 μg/L for adults. These levels are relatively low com-
pared to the water maximum in the Lake Erie algal bloom 
event of 8.7 μg/L (Michalak et al. 2013). Calculations were 
based on contaminated water consumed at 2 L/day for 30 
days every year to simulate an algal bloom occurring in a 
nearby water source. It has been assumed that an adult 
has a weight of 70 kg and a child 15 kg. Moreover, the cal-
culated HQs for non-treated water containing microcyst-
ins-LR, for both children and adults, show values greater 
than 1.0 when considering the acceptable level of micro-
cystins is suggested to be 1 μg/L for different water sources 
in household drinking water (Mokoena et al. 2016). This 
is very concerning and highlights the importance of mit-
igating health impacts, especially for children who drink 
water containing relatively low levels of microcystin-LR.

Figure 2 shows the cumulative target risk of cancer 
as a result of drinking microcystin-LR contaminated tap 
water as a result of an algal bloom event occurring every 
year throughout an entire lifetime. It has been statistically 
assumed that contaminated water is ingested at 2 L/day 
for 30 days every year to simulate an algal bloom re-occur-
ring annually in a nearby water source. Age 0-12 were cal-
culated as a child of 15 kg, ages 13-70 were calculated as an 
adult of 70 kg. A concentration of 0.4 ug/L microcystin-LR 
corresponds with a CTR of 1. Concentrations of microcys-
tin-LR greater than 0.4 μg/L result in a CTR of greater than 
1 x 10-4, representing a significant and unacceptable risk 

Figure 1: Hazard Quotient (HQ) for drinking water contaminated with 
microcystin-LR

Figure 2: Cumulative target risk of cancer from microcystin-LR in 
drinking water throughout a    70-year lifetime
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of cancer that requires further investigation. This analy-
sis is limited due to the variety of assumptions used, but 
it provides a good estimate at the considerable risk for 
cancer, as well as acute toxicity caused by the algal bloom 
toxin microcystin-LR. In vivo experiments have revealed 
that some changes in body weight, liver histology and 
liver enzymes can cause liver cancer due to continuous 
exposure to microcystin-LR at 1 μg/L in drinking water for 
seven months (Labine et al. 2015).

3.2  Geochemical modeling

Table 2 shows the equilibrium reactions for wollastonite, 
hydroxyapatite and whitlockite at 25°C and pH 6.5, which 
have been calculated using GWB. Hydroxyapatite has 
a lower solubility product (log Ksp) value as compared 
to other minerals, which shows that it is a more stable 
mineral in relation to wollastonite and whitlockite. Log Ksp

values also indicate potential to undergo dissolution and 

precipitation mechanisms. In literature, log Ksp values for 
wollastonite and hydroxyapatite are reported as –7.60 and 
–58.6, respectively at 25°C (Dai et al. 2018; Sun et al. 2016). 
This is due to the crystalline structure of hydroxyapatite 
that also depends on the thermodynamic properties (i.e. 
pH and temperature) (Suchanek and Yoshimura 1998). 

Figure 3 explains the presence of different minerals 
within the wetland sediment without and with wollas-
tonite, respectively. Figure 3a shows log[a], which is the 
ionic activity of Ca2+ ions as a function of pH. It can be seen 
in Figure 3a that quartz is the dominant mineral in the 
normal pH range (pH 6-9). Beyond the normal pH range, 
some forms of wollastonite can be seen in the more alka-
line conditions. When wollastonite is reacted, geochemi-
cal modeling shows two different mineral phases forming 
according to Figure 3b. In the normal pH range, whitlock-
ite is a dominant mineral with low log activity of calcium 
(log[a] Ca2+) in the form of H2PO4

- and HPO4
2-. Whitlockite 

is a mineral in an alternate form of calcium phosphate 
(Jang et al. 2014). As ionic activity of Ca2+ increases, the 

Table 2: Equilibrium reactions for minerals dissolution and precipitation

Minerals Equilibrium Reactions Temp (°C) Log K

Wollastonite CaSiO + H
+
 = Ca

+
 + SiO

(aq) + H

O  .

Hydroxyapatite Ca

(PO


)


(OH) + H

+ 
= Ca

+
 +HPO



-
+ H


O  -.

Whitlockite Whitlockite + H
+ 

= Ca
+

 +HPO


-
 -.

Figure 3: (a) Left: Presence of minerals in sediments without incorporation of wollastonite; (b) Right: Presence of minerals in sediments with 
incorporation of wollastonite. T = 25°C, P = 1.013 bar  
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dominant mineral form is hydroxyapatite due to higher 
precipitation. Hydroxyapatite is a stable and dominant 
phase that lengthens the retention of phosphorus in the 
sediments. Dissolution and precipitation can also be 
altered with increasing or decreasing activity of Ca2+. Pre-
cipitation in the form of hydroxyapatite is the main mech-
anism of phosphorus removal, which depends on the Ca2+

ion availability from the wollastonite (Dupraz et al. 2009). 
Lowering the pH can change the extent of saturation, 
as shown in Figure 3. Solubility highly depends on pH, 
temperature and ionic activity because these parameters 
affect the reaction path and surface morphology (Abiola 
et al. 2017).

Figure 4a and 4b show initial concentrations of 
species present in the sediments in the aqueous form, and 
concentrations after amendment of wollastonite, respec-
tively. It is evident from Figure 4b that phosphorus species 
and hydrogen ion concentrations decrease as the concen-
tration of wollastonite increases. Phosphorus species are 
reacting with wollastonite to form the stable mineral, i.e. 
hydroxyapatite. The concentration of H+ is decreasing due 
to the alkalinity of wollastonite.

Removal efficiency for phosphorus has been calcu-
lated from Equation 6. Influent concentrations are the 
initial concentrations of the species in the sediments and 
effluent concentrations are taken from the GWB after the 
addition of wollastonite. Removal efficiency was calcu-
lated as 77%. For comparison, a 57% removal efficiency 
of phosphorus has been calculated using transport mod-
elling in a constructed wetland in a previous study (Brask-
erud 2002). Also, laboratory scale tests were carried out by 
Brooks et al. (2000) in which 39%-80% removal efficiency 
of phosphorus by using wollastonite was observed in 

columns, depending on the residence time for the waste-
water treatment.

4  Conclusion
The risk analysis of acute toxicity and cancer risk from 
the algal bloom toxin microcystin-LR in drinking water 
is indicative of a serious threat to human health. Con-
centrations as low as 0.4 μg/L microcystin-LR have been 
calculated to be acutely hazardous to children drinking 
contaminated water. An unacceptable risk of cancer is 
exceeded at a concentration of 0.4 μg/L for an individual 
living for 70 years and drinking contaminated water for 
one month per year. The danger of algal bloom toxicity 
from microcystin-LR can be affirmed considering recent 
case studies in the literature. The significant public health 
risk of algal bloom toxins is highlighted in this report and 
provides a motive for implementing mitigation strategies 
to reduce the risk. Risk reduction can be assumed to be 
linear in relation to the reduction of phosphorous runoff 
and therefore so are algae concentration as well as eventu-
ally toxin concentration, providing a clear payoff in terms 
of risk reduction potential for any mitigation strategy. Geo-
chemical modelling results show the basis of using wol-
lastonite applied to the sediments within a constructed 
wetland to mitigate phosphorous runoff, highlighting the 
ability to capture phosphorous as hydroxyapatite in the 
sediments for a longer time period due to its stability. A 
theoretical maximum of 77% removal of phosphorous was 
calculated, translating to a risk reduction of 77% through 
the linear relationship outlined previously. This lays a 

Figure 4: a) Left: Initial concentrations of species in sediments of constructed wetland from agriculture runoff; b) Right: Concentrations of 
species in sediments of constructed wetland after addition of wollastonite
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solid foundation for further work analyzing the use of 
wollastonite-amended constructed wetlands as a mitiga-
tion strategy to prevent phosphorous runoff and therefore 
decrease human health risks associated with cytotoxic 
algal blooms. 
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