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1. Introduction & Project Scope

Uptake of organic and inorganic contaminants into plants is an important route for assessing the exposure
of humans and animals to toxic chemicals (1-5). Plants are the base of food webs and the largest
component of the earth’s biomass. Quantifying the uptake of contaminant by plants is essential for
assessing human and ecological risk. Contamination of soil by inorganic and organic contaminants,
including petroleum hydrocarbons (PHC) and trace metals, is a growing problem. The large number of
sites and the extent of contamination make it a multibillion-dollar problem in Canada (6). Environmental
risk assessment (ERA), including the application of environmental modeling, informs regulatory decisions
in Canada. The Canadian Council of Ministers of the Environment (CCME) has developed a Canada-Wide
Standard (CWS) with remedial guidelines and risk assessment framework for human and ecological
exposure to PHCs (7). The CWS-PHC sets out generic remedial target levels (Tier 1), as well as a process
for generating site-specific standards based on risk that are protective of human and ecological health
(Tier 2 & 3). The risk posed is determined by both the hazardous property of the chemicals and by the
nature of the exposure (8). Broadly, the ERA process involves identification of site-specific receptors
(human and ecological), contaminants, and exposure pathways through which a receptor exposure can
occur. One exposure pathway that is of particular importance to human and ecological receptors is
ingestion of plant parts (for instance, crops, herbs, flowers and berries). However, an assumption in the
derivation of CWS-PHC standards is that plants do not up-take PHCs from contaminated soils, suggesting
that exposure to higher trophic levels is not a concern (9). Numerous studies however have reported plant
up-take of PHCs, including aliphatic (10-12) and aromatic compounds (13—17), suggesting that this
approach to risk assessment underestimates exposures and subsequent risks to ecological and human
receptors (9). The uptake of organic and trace metal pollutants by plants at a contaminated site is
therefore an important component of the ERA when determining the suitability of study areas for future
development or existing use (18).

To evaluate exposure to contaminants in plants, environmental models may include plant uptake factors
(PUFs). These factors are essentially a ratio of the contaminant concentration in plants to contaminant
concentration in soil. There are very few PUFs available for PHCs and trace metals and are generally
estimated from parameters such as the octanol/water partition coefficient (Kow) and not empirical data
(19,20). PUFs for different organic chemicals vary considerably (2,18) due to the chemical’s properties
(e.g. Kow, chemical size), heterogonous soil (e.g. soil organics, pH), and plant properties (e.g. plant lipids)
(4). The magnitude of PUF values can significantly affect the calculated mass of chemicals remaining in
the soil pore water and subsequently the predicted concentrations in environmentally relevant
compartments e.g. plant, leaching potential from soil etc. Often within exposure assessment tools, default
parameter values may be chosen. These default values might be inappropriate for soil and plant types
other than those for which they were developed (4,21). In the absence of default values, zero has also
been applied in many environmental fate models e.g. PEARL, PELMO, PRIZM, RAIDER etc. thus removing
plant uptake as a pathway for exposure. There are few studies testing the performance of plant uptake
models against real world data, despite the fact that these tools are routinely used in human exposure
assessment. There is a need for additional research to develop systematic experimental (lab and field)
PUFs specific for chemicals, plants, and environmental conditions to provide more meaningful predictions
of potential toxicity to humans and wildlife ingesting plants (5). In addition, changes to the CWS-PHC
criteria have shifted the governing fractions of PHC from the F3 fraction (>nC16 to nC34) to the F2 fraction
(>nC10 to nC16) for a number of the soils type, land and water use combinations. This decrease in target



PHC-F2 value, and increase in associated remediation cost of downstream sites, highlights the importance
of fully understanding the fate and behavior of contaminants to better model ecological and human
receptors and pathways. Using shared information, technology, resources, and with access to industry
sites and equipment, the goals of the partnership are to:

1) Develop a plant uptake model, for CWS PHC-F2 fraction and salinity, for major plant functional
types in Western Canada;
2) Assess the new model’s performance against field data, from Western Canada, to test the

statistical predictability that PUFs will correctly determine the concentration of PHC-F2
faction and trace metals in plants; and

3) Evaluate how the inclusion of the soil-plant pathway would influence risk assessment used in
CWS-PHC Tier 3 across Canada.

2. Summary of Work Completed

The proposal we submitted initially for this project included both greenhouse and field studies with the
expectation that we would apply to the NSERC Alliance Grant to provide financial support for the
fieldwork. While we did apply we were unfortunately not successful in securing the grant so the scope of
the project was reduced to element that were supported by PTAC e.g. greenhouse studies.

The objectives of the greenhouse plant studies were to evaluate the uptake of PHCs and trace metal in
plants and determine contaminant mass balance, metabolic turnover and species-dependent soil-to-plant
UFs. A series of greenhouse studies were completed including hydroponics and short and long-term
studies in soil. The following sections outline the work completed in each of these studies.

2.1. Plant Species Selection

Plant species for the studies were selected to ensure variation in functional types, availability and ease to
work with in the laboratory, growth characteristics (e.g., speed of growth, time to flowering) and
importantly their presence in Alberta ecosystems (Table 1). A series of experiments were completed
including 9-day hydroponics (metals), 9-days soil (metals), 3 month- metals & PHC and the plant species
used in each are summarized in Table 1.

Table 1 Plant species and functional type, typical range in Alberta, and studies used in

Functional

Common Name Species Range Studies
Type
Peace River Region,
Hordeum Central AB, Hydroppmcs, Soil-9
Grass Barley vulaare and day, Soils-3 month,
g Southern/Southeastern Soils-PHC
AB
. Peace River Region, Hydroponics, Soil-9
. Lolium Central AB, .
Grass Italian ryegrass . day, Soils-3 month,
multiflorum and Southern AB .
N Soils-PHC
(irrigation)
Hydroponics, Soil-9
Grass Corn (Maize) Zea mays Southern region of AB day, Soils-3 month,

Soils-PHC




Achillea Hydroponics, Soils-3
Forb Yarrow Throughout AB month, Soils-PHC

millefolium
Hydroponics, Soil-9
day, Soils-3 month,
Soils-PHC

Peace River Region,

Legume Pea plant Pisum sativum
& P Central and Southern AB

2.2.Greenhouse Studies
2.2.1. Hydroponics — Metals 9 Day Uptake Study

Table 2 summaries the design of the hydroponic 9-day study for 3 plant species and 4 trace metals
(chromium, copper, nickel, and lead) at 5 times CCME guidelines. For each plant species separate
hydroponic studies were set up for individual metals. In brief, seeds were germinated in perlite (Figure 1)
to BBCH 12 (two leaf unfolded stage), transferred to nutrient solution, and preconditioned to BBCH 13 (3
leaves unfolded stage). They were then transferred to the test solution and grown for 9 days in a growth
chamber under controlled light (16 hrs. light/8 hrs. dark) and temperature (23°C + 2°C).

Table 2 Summary of experimental design, ga/qc controls and number of replicates for each
hydroponic study for each plant species and target metals e.g. chromium, copper, nickel, lead

Experiment Plant Test Solution Nutrient Solution Replicates
Spike — Type 1 Yes Yes Yes 4
Spike — Type 2 No Yes Yes 2
Blank — Type 1 Yes No Yes 2
Blank — Type 2 No Yes Yes 2
Blank- Type 3 No No Yes 2

Onday0,1,2,3,6,7and?9, aliquots of the test solution were sampled for chemical analysis. In addition,
rate of evapotranspiration, pH, O, saturation, and measurement of shoot and leaf heights were recorded.
On day 9 plants were removed from the test solutions and roots gently washed to recover any compounds
associated to the roots. Plants were weighed (fresh mass) and then separated into fractions (roots and
shoots). Plant materials were digested and analyzed, along with the aliquots of the test solutions, using
inductively coupled mass spectrometry (ICP-MS) for trace metals (Be, Na, Mg, Al, K, Ca, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Ba, Ti, Pb, Th, U).

In total 1,296 samples (plant organ and growth solution) were analyzed for the 9-day hydroponics study
(Table 3). Following analysis of samples, data was processed to correct for mass and dilution factors. Plots
of growth, evaporation, transpiration, and concentrations in solution and plant organs have been created.
Data from this study, including plant uptake factors (PUF), will be used to develop plant-specific models
(PSM) to quantify PUF for PHC-F2 and trace metals.



Table 3 Number of samples analyzed by matrix type (plant organ and solution) for each plant species

Plant Species # Root & Shoot Samples # Liquid Analysis
Barley 96 336
Corn (Maize) 96 336
Pea plant 96 336
Total # samples 288 1,008
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Figure 1 Pictures of Pisum sativu

uring various stages of the 9-day hydroponics study

2.2.2. Soils — Metals 9 Day Uptake Study

Table 4 summaries the design of the soils 9-day metal study. Five plant species (Barley, Corn, Italian rye,
Pea, and Yarrow) and 4 metals (chromium, copper, nickel, and lead) at 5 times CCME guidelines were used
in this experiment. Soils were spiked by repeated wetting of a batch of soil with a target metal solution.
The volumetric soil moisture content was calculated and use to guide the amount of solution to be applied
at each wetting. Soils were gentling mixed and air dried in between wetting. Three cycles of wetting were
used. As before, seeds were germinated in perlite to BBCH 12 (two leaf unfolded stage) at which stage
they were transferred to individual pots with 100-250g of soil (dependent on plant species) and grown for
9 days in a growth chamber under controlled light (16 hrs. light/8 hrs. dark) and temperature (23°C + 2°C)
(Figure 2). Samples of soil and plants were taken at day 0 and day 9. In addition, rate of evapotranspiration,
and measurement of shoot and leaf heights were recorded on day 0, 2, 5,7, and 9. Soil samples collected
were dried, ground, and digested in duplicate. Digests were analyzed by ICP-MS for the same suit of metals
as the hydroponics study.

Table 4 Summary of experimental design, ga/qc controls and number of replicates for the soil 9- day
study for each plant species (Barley, Corn, Italian rye, Pea, Yarrow) and target metals (chromium,
copper, nickel, lead)

Experiment Plant Spiked Soil Blank Soil Replicates
Spike — Type 1 Yes Yes No 3
Spike — Type 2 No Yes No 2
Blank — Type 1 Yes No Yes 2




Figure 2 Pictures of Corn, Yarrow, and Pea during various stages of the 9-day metals soil study

In total 360 samples (plant organ and soils) were analyzed for the 9-day soil study (Table 5). Following
analysis of samples, data was processed to correct for mass and dilution factors. Plots of growth,
evaporation, transpiration, and concentrations in solution and plant organs have been created. Data from
this study, including plant uptake factors (PUF), will be used to develop plant-specific models (PSM) to
quantify PUF for PHC-F2 and trace metals.

Table 5 Number of samples analyzed by matrix type (plant organ and soil) for each plant species for the
9-day soil metal study

Plant Species # Root & Shoot Samples # Soils Analysis
Barley 24 48
Corn (Maize) 24 48
Italian Rye 24 48
Pea plant 24 48
Yarrow 24 48
Total # samples 120 240

2.2.3. Soils — Metals 8-week Uptake Study (longevity study)

The design of the soils metal longevity study (8 weeks) is similar to the set up for the 9-day study (Table
4) except that the plants were placed in larger pots to allow root growth. Four plant species (Barley, Corn,
Italian rye, Pea) and 4 metals (chromium, copper, nickel, and lead) at 5 times CCME guidelines were used
in this experiment. In brief, seeds were germinated in perlite to BBCH 12 (two leaf unfolded stage) at
which stage they were transferred to individual pots with between 400-1000g of soil and grown for 8
weeks in a growth chamber under controlled light (16 hrs. light/8 hrs. dark) and temperature (23°C +
2°C)(Figure 3). Samples of soil and plants were taken at day 0, 9, 14, 35, and 49. In addition, rate of
evapotranspiration, and measurement of shoot and leaf heights were recorded every 2-3 days. Soil
samples collected were dried, ground, and digested in duplicate. Digests were analyzed by ICP-MS for the
same suit of metals as the hydroponics study. In total 720 samples (plant organs and soils) were analyzed
for the 8-week soil study (Table 5).



Table 6 Number of samples analyzed by matrix type (plant organ and soil) for each plant species for the
8-week soil metals study

Plant Species # Root & Shoot Samples # Soils Analysis
Barley 120 60
Corn (Maize) 120 60
Italian Rye 120 60
Pea plant 120 60
Total # samples 480 240

Plots of growth, evaporation, transpiration, and concentrations in solution and plant organs have been
created. Data from this study, including plant uptake factors (PUF), will be used to develop plant-specific
r PHC-F2 and trace metals.

Figure 3 Pictures of plants during various stages of the 9-week metals soil study

2.2.4. Soil — PHCs 9-Day Uptake Study

Table 7 summaries the design of the soils PHC 9-day study. Five plant species (Barley, Corn, Italian rye,
Pea, and Yarrow) and PHC-F2 impacted soil at 10mg/kg were used in this experiment. The impacted soil
was created by spiking perlite with diesel, mixing this with 5kg of soil, and aging for 30 days. Seeds were
germinated in perlite to BBCH 12 (two leaf unfolded stage) at which stage they were transferred to
individual pots with 100-250g of soil (dependent on plant species) and grown for 9 days in a growth
chamber under controlled light (16 hrs. light/8 hrs. dark) and temperature (23°C + 2°C).

Samples of soil and plants were taken at day 0 and day 9. In addition, rate of evapotranspiration, and
measurement of shoot and leaf heights were recorded on day 0, 2, 5,7, and 9. Soil samples collected were
dried, ground, and solvent extracted using accelerated solvent extract. Extracts were evaporated to 1ml
and PHC analyzed using multidimensional gas chromatography time of flight mass spectrometer (GCxGC-
TOFMS). In total 72 samples (plant organs, soils, ga/qc) were analyzed for the 9-day PHC soil study (Table
5).



Table 7 Summary of experimental design, ga/qc controls and number of replicates for the 9- day PHC
soil study for each plant species (Barley, Corn, Italian rye, Pea, Yarrow) and PHC-F2

Experiment Plant Spiked Soil Blank Soil Replicates
Spike — Type 1 Yes Yes No 3
Spike — Type 2 No Yes No 3
Blank — Type 1 Yes No Yes 4

Table 8 Number of samples analyzed by matrix type (plant organ and soil) for each plant species for the
8-week soil metals study

Plant Species # Root & Shoot Samples # Soils Analysis
Barley 8 6
Corn (Maize) 8 6
Italian Rye 8 6
Pea plant 8 6
Extract Material ‘- 9
Total # samples 32 33

Plots of growth, evaporation, transpiration, and concentrations in solution and plant organs have been
created. Data from this study, including plant uptake factors (PUF), will be used to develop plant-specific
models (PSM) to quantify PUF for PHC-F2 and trace metals.

3. Dissemination of Findings

Preliminary results of the data have been presented at the following conferences:

e Remediation Technologies Symposium 2022 - October 12, 2022: Plant Uptake of Metals and
PHCs: Advancing ERA

e Remediation Technologies Symposium 2022 East- May 30, 2023 - Plant Uptake of Metals and
PHCs: Advancing ERA

Data analysis of the results is on-going and will be used to develop publications to be submitted to peer
review journals e.g. Journal of Environmental Exposure & Assessment.

4. References
1. Trapp S. Calibration of a plant uptake model with plant- and site-specific data for uptake of
chlorinated organic compounds into radish. Environ Sci Technol. 2015;49(1):395—-402.

2. Collins CD, Finnegan E. Modeling the plant uptake of organic chemicals, including the soil - air - plant
pathway. Environ Sci Technol. 2010;44(3):998-1003.

3. Pretorius TR, Charest C, Kimpe LE, Blais JM. The accumulation of metals, PAHs and alkyl PAHs in the
roots of Echinacea purpurea. PLoS One. 2018;13(12).



10.

11.

12.

13.

14.

15.

Takaki K, Wade AJ, Collins CD. Assessment of plant uptake models used in exposure assessment
tools for soils contaminated with organic pollutants. Environ Sci Technol. 2014;48(20):12073-82.

Doucette WJ, Shunthirasingham C, Dettenmaier EM, Zaleski RT, Fantke P, Arnot JA. A review of
measured bioaccumulation data on terrestrial plants for organic chemicals: Metrics, variability, and
the need for standardized measurement protocols. Environ Toxicol Chem. 2018;37(1):21-33.

Meridian Environmental Inc. Pn 1400. 2007.

Canadian Council of Ministers of the Environment. Canada-wide standard for petroleum
hydrocarbons (PHC) in soil: Scientific rationale supporting technical document [Internet]. Canadian
Council of Ministers of the Environment. 2008. 1-412 p. Available from:
https://www.ccme.ca/files/Resources/csm/phc_cws/pn_1399 phc_sr_std_ 1.2 e.pdf

Canada G of. Canadian Environmental Protection Act, 1999 Loi canadienne sur la protection de |’
environment ( 1999 ). Organ Econ Co-Operation Dev [Internet]. 2018; Available from:
http://www.oecd-ilibrary.org/environment/test-no-305-bioaccumulation-in-fish-aqueous-and-
dietary-exposure_9789264185296-en%5Cnhttp://www.oecd-ilibrary.org/environment/test-no-316-
phototransformation-of-chemicals-in-water-direct-photolysis_9789264067585-en

Hunt LJ, Duca D, Dan T, Knopper LD. Petroleum hydrocarbon (PHC) uptake in plants: A literature
review. Environ Pollut [Internet]. 2019;245(November 2018):472—84. Available from:
https://doi.org/10.1016/j.envpol.2018.11.012

Zhang J, Koo |, Wang B, Gao QW, Zheng CH, Zhang X. A large-scale test dataset to determine optimal
retention index threshold based on three mass spectral similarity measures. J Chromatogr A. 2012
Aug 17;1251:188-93.

Zhang J, Fan S kai, Yang J cheng, Du X ming, Li F sheng, Hou H. Petroleum contamination of soil and
water, and their effects on vegetables by statistically analyzing entire data set. Sci Total Environ
[Internet]. 2014;476-477:258-65. Available from: http://dx.doi.org/10.1016/j.scitotenv.2014.01.023

Zhang J, Fan S kai, Zhang M hua, Grieneisen ML, Zhang J feng. Aliphatic hydrocarbons recovered in
vegetables from soils based on their in-situ distribution in various soil humus fractions using a
successive extraction method. J Hazard Mater [Internet]. 2018;346:10-8. Available from:
http://dx.doi.org/10.1016/j.jhazmat.2017.12.012

Un Nisa W, Rashid A. Potential of vetiver (Vetiveria Zizanioides L.) grass in removing selected pahs
from diesel contaminated soil. Pakistan J Bot. 2015;47(1):291-6.

Allard AS, Malmberg M, Neilson AH, Remberger M. Accumulation of polycyclic aromatic
hydrocarbons from creosote-contaminated soil in selected plants and the oligochaete worm
Enchytraeus crypticus. J Environ Sci Heal - Part A Toxic/Hazardous Subst Environ Eng.
2005;40(11):2057-72.

Samsge-Petersen L, Larsen EH, Larsen PB, Bruun P. Uptake of trace elements and PAHs by fruit and
vegetables from contaminated soils. Environ Sci Technol. 2002;36(14):3057—-63.



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

OECD 106. Oecd 106. 2000;(January):1-44. Available from: http://www.oecd-
ilibrary.org/environment/test-no-106-adsorption-desorption-using-a-batch-equilibrium-
method_9789264069602-en

Smith KEC, Thomas GO, Jones KC. Seasonal and species differences in the air - Pasture transfer of
PAHSs. Environ Sci Technol. 2001;35(11):2156-65.

Collins CD, Martin |, Fryer M. Evaluation of models for predicting plant uptake of chemicals from soil
protecting and improving the environment in England and. Evaluation. 2006. 80 p.

Briggs GG, Rigitano RLO, Bromilow RH. Physico-chemical factors affecting uptake by roots and
translocation to shoots of weak acids in barley. Pestic Sci. 1987;19(2):101-12.

Briggs GG, Bromilow RH, Evans AA. Relationships between lipophilicity and root uptake and
translocation of non-ionised chemicals by barley. Pestic Sci. 1982;13(5):495-504.

Legind CN, Trapp S. Comparison of prediction methods for the uptake of As, Cd and Pb in carrot and
lettuce. SAR QSAR Environ Res. 2010;21(5-6):513-25.

Cheng Z, Zhang X, Geng X, Organtini KL, Dong F, Xu J, et al. A target screening method for detection
of organic pollutants in fruits and vegetables by atmospheric pressure gas chromatography
guadrupole-time-of-flight mass spectrometry combined with informatics platform. J Chromatogr A
[Internet]. 2018;1577(August):82-91. Available from: https://doi.org/10.1016/j.chroma.2018.09.043

Lamshoeft M, Gao Z, Resseler H, Schriever C, Sur R, Sweeney P, et al. Evaluation of a novel test
design to determine uptake of chemicals by plant roots. Sci Total Environ [Internet]. 2018;613—
614:10-9. Available from: https://doi.org/10.1016/j.scitotenv.2017.08.314

Guerrero-Zuiiga LA, Rodriguez-Dorantes A. Plant physiology processes associated with the
application of phytotechnologies in the removal of hydrocarbons. Int J Oil, Gas Coal Technol.
2010;3(1):60-74.

Kelly-Hooper F, Farwell AJ, Pike G, Kennedy J, Wang Z, Grunsky EC, et al. Field survey of Canadian
background soils: Implications for a new mathematical gas chromatography-flame ionization
detection approach for resolving false detections of petroleum hydrocarbons in clean soils. Environ
Toxicol Chem. 2014;33(8):1754-60.

Gredelj A, Nicoletto C, Valsecchi S, Ferrario C, Polesello S, Lava R, et al. Uptake and translocation of
perfluoroalkyl acids (PFAA) in red chicory (Cichorium intybus L.) under various treatments with pre-
contaminated soil and irrigation water. Sci Total Environ [Internet]. 2020;708:134766. Available
from: https://doi.org/10.1016/j.scitotenv.2019.134766

OECD. Test No. 106: Adsorption -- Desorption Using a Batch Equilibrium Method, OECD Guidelines
for the Testing of Chemicals, Section 1. 2000; Available from:
https://doi.org/10.1787/9789264069602-en.

Trapp S, Matthies M. Generic One-Compartment Model for Uptake of Organic Chemicals by Foliar
Vegetation. Environ Sci Technol. 1995;29(9):2333-8.



29.

30.

31.

32.

Paterson S, Mackay D, McFarlane C. A Model of Organic Chemical Uptake by Plants from Soil and the
Atmosphere. Environ Sci Technol. 1994;28(13):2259-66.

Arnot JA, Mackay D. Policies for chemical hazard and risk priority setting: Can persistence,
bioaccumulation, toxicity, and quantity information be combined? Environ Sci Technol.
2008;42(13):4648-54.

Environment Agency. Updated technical background to the CLEA model - Science report
SC050021/SR3. 2009. 164 p.

McKone TE, Maddalena RL. Plant uptake of organic pollutants from soil: A critical review of
bioconcentration estimates based on models and experiments. Sch Public Heal Univ Calif [Internet].
2007;26(12):40. Available from: https://www.osti.gov/scitech/servlets/purl/927246

10



