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Abstract: Copper mining in the Upper Peninsula of Michigan in the mid-19th century generated
millions of tons of mining waste, called stamp sand, which was deposited into various offshoots of
Lake Superior. The toxic stamp sand converted the area into barren, fallow land. Without a vegetative
cover, stamp sand has been eroding into the lakes, adversely affecting aquatic life. Our objective
was to perform a greenhouse study, to grow cold-tolerant oilseed crops camelina (Camelina sativa)
and field pennycress (Thlaspi arvense) on stamp sand, for the dual purpose of biofuel production and
providing a vegetative cover, thereby decreasing erosion. Camelina and field pennycress were grown
on stamp sands in columns, using compost to supply nutrients. A greenhouse study in wooden
panels was also done to evaluate the effectiveness of camelina in reducing erosion. Results show that
camelina significantly reduced erosion and can also be used commercially for generating biodiesel.
A 25-fold reduction in Cu content in the surface run-off was observed in the panels with camelina
compared to those of the control. Stamp sand-grown camelina seeds contained 20% and 22.7% oil
and protein respectively, and their fatty acid composition was similar to previous studies performed
on uncontaminated soils.
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1. Introduction

Mining activities during the mid-19th and early 20th centuries in the Upper Peninsula of Michigan
have led to widespread copper (Cu) contamination of the environment [1,2]. Several million metric
tons of mine tailings, known as stamp sand, were produced by crushing native rocks containing Cu by
a process called stamping [1,2]. From 1868 to 1968, about 200 million metric tons of stamp sand were
deposited into the Torch Lake, which is a part of the Keweenaw waterway, connected by Portage Lake
to Lake Superior. Eventually, the contaminated sediments from the lake were dredged and discarded
by the mining companies on the lake shores, which converted these areas into barren, waste lands [2].

High incidences of tumors were reported in Torch Lake fishes, which led to a fish consumption
advisory by the Michigan Department of Public Health (MDPH) in 1983 [3,4]. The United States
Environmental Protection Agency (USEPA) applied a hazard ranking system to the Torch Lake site [5],
and fourteen areas in Houghton County, Michigan were classified as the Torch Lake Superfund site [6].
The USEPA developed a remediation plan for the Torch Lake Superfund site, which included growing
a vegetative cap on stamp sand surrounding the Torch Lake to prevent erosion [7]. However, the
vegetative cover failed in many areas because of Cu toxicity, low water holding capacity, and nutrient
deficiency of the stamp stand. Lack of vegetative cover has resulted in the continued erosion of stamp
sand into the lake, which adversely affects the aquatic communities.
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In order to restore the Torch Lake site, we examined the feasibility of growing cold-tolerant, native
oilseed crops, camelina (Camelina sativa), and field pennycress (Thlaspi arvense) on stamp sand. Our
goal is to develop an inexpensive and sustainable method to establish a vegetative cover on the Torch
Lake shores, to reduce stamp sand erosion and contaminant transport into the Torch Lake. The added
benefit of using oilseed crops would be the production of biodiesel. In an earlier paper, we reported
a lab incubation study, where we determined that the addition of compost to stamp sand improved
its potential to support plant growth [8]. Our results showed that compost amendment resulted in a
significant increase in the nitrogen (N), phosphorus (P), and organic matter (OM) content of stamp
sand. Here, we report a greenhouse study carried out in two phases. In phase I, a six-month long
column experiment was conducted to investigate the impact of plant cover on the fate and geochemical
partitioning of Cu. Stamp sand was amended with compost at four different rates, and camelina and
field pennycress pants were grown in columns for 6 months. On the basis of phase I results, a phase II
study was conducted for six months using larger wooden panels to measure copper loss by leaching
and surface runoff. A panel containing stamp sand, planted with camelina was compared to that of an
unplanted panel. In addition to measuring Cu uptake and loss, yield and quality of oil extracted from
camelina seeds grown in stamp sand was measured. The objectives of the study are:

1.  To evaluate the effect of compost and plant cover on the fate and geochemical partitioning of Cu.
To measure the effect of compost and plant cover on erosion of stamp sand.

3. To assess the quality of the oil extracted from the seeds of camelina grown on contaminated
stamp sand.

2. Materials and Methods

2.1. Soil Sampling, Preparation, and Characterization

Stamp sand was collected from the soil surface (0-15 cm depth) in 19 kg Poly Vinyl Chloride
(PVC) buckets from Hubbell/Tamarack site near Torch Lake, Upper Peninsula of Michigan. About 450
kg of stamp sand were collected in 24 buckets to be used for greenhouse column and panel studies.
Air-dried and sieved (2 mm) soil was used for the determination of pH, electrical conductivity (EC), soil
moisture, and OM content using standard protocols [9]. Plant-available P was extracted by Mehlich II
solution [10]. Total Cu, Fe, Al, and P were determined by acid digestion according to USEPA Method
3050B [11]. The acid digests were analyzed in Inductively Coupled Plasma—Mass Spectroscopy
(ICP-MS). The soil texture analysis was conducted using the pipette method [12].

2.2. Study Design and Soil Amendments—Phase I Column Studies

The stamp sand was sieved through a 2.0 mm sieve. Compost was obtained from a local nursery
in Clifton, NJ, USA. Compost was added at rates of 0,25 (2.5%), 50 (5%), 100 (10%), and 200 g (20%)
per kg of stamp sand. A total of 33 columns were used for the 6-month long greenhouse study. The
columns were 40 cm in length and 15 cm in diameter, made from PVC pipes. In each column, 3.5 kg of
stamp sand were used. The lower 6 inches of the columns were filled with uncontaminated play sand.
The stamp sand was mixed thoroughly with different rates of compost. The amended stamp sands
were placed on the top of play sand. The stamp sand in the columns was maintained at 75% water
holding capacity and equilibrated for 10 days in the greenhouse. After 10 days, 20 seeds of camelina
or field pennycress were sown in each of the columns. The plants were irrigated as required. Each
column was connected to a 1 L bottle to collect leachate. The greenhouse was maintained at 25 °C
during the experiment, with 16 h light/8 h dark cycle.

The soil samples were collected every 30 days and analyzed for Cu and in ICP-MS. The leachates
were collected and analyzed every 30 days for dissolved Cu. The crops were harvested at maturity
(after the formation of seeds). Plant, soil, and leachate samples were also collected before harvesting of
the plants at the end of the 6-month experiment. The plant samples (excluding seeds) were washed and
dried in an oven at 65 °C for 3 days. Plants were separated into roots, stems, leaves, pods, and seeds,
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and the dry matter yields were recorded. The oven dried plant samples, soil samples, and leachates
were analyzed for Cu in ICP-MS by USEPA Method 3050B [11].

2.3. Study Design and Soil Amendments—Phase II Panel Study

A greenhouse panel study was conducted in two large wooden panels measuring 122 cm (length)
x 91 cm (width) X 31 cm (depth). The panels had an internal slope of 10 degrees and were connected
to a PVC pipe at the bottom of the panel. The PVC pipe was connected to a 30 L tote to collect the
surface runoff. Three openings along the bottom of the panel were fitted with Nalgene tubing to collect
leachate in a 30 L tote. The compost was first air-dried, then added at a rate of 100 g/kg (10% of stamp
sand) to the wooden panels

The stamp sand and compost were sieved through a 2.0 mm sieve. The lower 13 cm of a panel was
filled with 10 bags (22.7 kg each) of uncontaminated play sand. The stamp sand was mixed thoroughly
with compost. The amended stamp sand was poured uniformly onto the top of play sand in the panels.
The amended soil was equilibrated for a month, maintaining 75% water holding capacity. Then, seeds
of camelina were sown in one panel and the other panel was left bare to act as a control. The plants
were irrigated as needed and maintained in the greenhouse at 25 °C during the experiment, with 16 h
light/8 h dark cycle for 6 months.

The surface runoff and leachates were collected by simulating a rainfall event every two months.
For collecting surface runoff, the panels were sprayed with water by keeping two shower heads over the
panel, ensuring uniform distribution simulating rainfall. The time duration of each rainfall simulation
event, pressure, and discharge of water was kept constant for all the three rainfall simulation events.
Seeds were harvested from camelina at maturity and weighed. The surface runoff and leachates were
analyzed for dissolved Cu, turbidity, and Total Suspended Solids (TSS).

Camelina plants were harvested at maturity after the formation of seeds. The soil, runoff and
leachate samples were collected before harvesting the plants. The plants were separated into roots,
shoots, pods, and seeds. The plant samples were washed and dried in an oven at 65 °C for 3 days.
The dry matter yield of each plant part was recorded separately. The oven dried plant samples, soil
samples, surface runoff, and leachates were analyzed for Cu in ICP-MS by USEPA Method 3050B [11].

2.4. Organic Matter, Carbon, and Nitrogen Analysis

The OM content was measured in the samples by loss on ignition method [13]. Total C and total
N were measured in samples using a Perkin Elmer 2400 CHN analyzer [14].

2.5. Oil Content and Quality Analysis

The oil, protein, and moisture content of camelina seeds was analyzed by Nuclear Magnetic
Resonance Spectrometry (NMR), a non-destructive technology, by the seed laboratory of the
International Seed Testing Association (ISTA) of Oregon State University, Corvallis, Oregon. After
the NMR analysis, the seeds were used for analyzing the complete fatty acid profile by SGS North
America Inc., Agricultural Services, St. Rose, Louisiana.

2.6. Statistical Analysis

The data were statistically analyzed using the statistical software J]MP version 10 [15]. Means
were compared by Tukey Kramer-HSD test (o = 0.05) to test for significant difference among different
levels of compost and plant cover.

3. Results and Discussion

3.1. Properties of Stamp Sand and Compost

The properties of the stamp sand and compost are shown in Table 1. The stamp sand was slightly
alkaline (8.2) in nature, whereas the compost had a near neutral pH (6.9). The stamp sand had an
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electrical conductivity (EC) of 83 puS/cm, whereas compost had an EC of 1840 pS/cm. Stamp sands had
an OM content of 0.5% whereas compost had OM content of 84%.

Table 1. Physicochemical properties of soil and compost.

Properties Stamp Sand Compost
pH 8.2 6.9
Electrical Conductivity (uS/cm) 83 1840
Organic matter (%) 0.5 84
Sand (%) 95 NA
Silt (%) 2.5 NA
Clay (%) 2.5 NA
Cu (mg/kg) 719 54
Fe (mg/kg) 6200 BDL
Al (mg/kg) 2300 BDL
Plant Available P (mg/kg) 0.70 1009
Total P (mg/kg) 800 2090
Total N (g/kg) 1.81 388

where NA= Not Available; BDL = Below Detection Limit.

The stamp sand is sandy in texture with 95% sand, and 2.5% each of silt and clay. The Cu
concentrations in stamp sand and compost were 719 and 54 mg/kg, respectively. The concentrations of
total iron (Fe) and aluminum (Al) in stamp sand were 6200 and 2300 mg/kg, respectively. Stamp sand
had total and plant available P contents of 800 and 0.7 mg/kg, respectively. Total and plant available P
in compost was 2090 and 1009 mg/kg, respectively. The N content in stamp sand and compost was 1.81
and 388 g/kg, respectively. The remediation work done by USEPA on the Torch Lake superfund site in
2005 [7] may have increased the total P content of the stamp sand. However, as evidenced from the
Mehlich 3 results (Table 1), a very small fraction of that total P is plant available (less than 0.1%); the
rest of the P in stamp sand is in bound forms and not available to plants.

Our data show that stamp sand is lacking in N, P, and OM. Previous studies have reported that
the application of compost can be beneficial for the improvement of soil quality in sandy soils [16].
However, an added impairment in stamp sand was the presence of high concentration of Cu. Camelina
is known to be a hardy oilseed crop that can be grown on marginal land unsuitable for cultivation.
Camelina is resistant to drought, cold, and pests [17] and can adapt to a variety of environments.
Although not known to be metal tolerant, field pennycress is cold-tolerant and is used as a winter
cover to reduce soil erosion and nutrients leaching [18,19]. There are few studies related to the heavy
metal tolerance of these two species when grown in conjunction with beneficial soil amendments such
as compost. Heavy metal toxicity has been reported extensively for several oilseed crops including
other Brassicaceae family plants to which both camelina and field pennycress belong. Heavy metals,
such as Cu, are known to limit seed germination in Indian mustard and result in decreased growth
and metabolism and oxidative damage [20]. Soil amendments such as compost, biochar, biosolids,
and manure, which contain a high amount of OM can help increase nutrient content of the soil in
addition to decreasing plant availability of metals and help in revegetation of contaminated sites [21].
Walker et al. [22] reported a decreased uptake of Cu by Indian mustard in soils treated with compost.

3.2. Phase I: Greenhouse Column Study

3.2.1. Cu Distribution in Plants (Camelina and Field Pennycress)

Cu concentration (ug/g) in roots of camelina and field pennycress (Figure 1A) was significantly
higher at low rates of compost (2.5% and 5%) as compared to those of the higher rates (10% and 20%).
In the case of camelina, Cu concentration in roots was higher than that of field pennycress at all rates
of compost and significantly higher at the compost rate of 2.5%.
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Similarly, Cu concentrations (ug/g) in stems of camelina (Figure 1B) were significantly higher at
low rates of compost (2.5% and 5%) compared to those of the higher rates (10% and 20%). In case of
field pennycress, Cu concentrations in stems (Figure 1B) were similar at compost rates of 2.5%, 5%, and
10% but were significantly higher than at the maximum compost rate (20%). In stems of camelina, Cu
concentration was significantly higher than in stems of field pennycress at all rates of compost.

Cu concentrations (ng/g) in leaves of camelina (Figure 1C) were similarly higher at low rates of
compost (2.5% and 5%) than high rates of compost (10% and 20%). Cu concentration in leaves of
camelina at the maximum compost rate was significantly less than in camelina leaves at other rates of
compost (2.5%, 5%, and 10%). In the case of field pennycress, Cu concentrations in leaves (Figure 1C)
at low compost rates (2.5% and 5%) were significantly higher than in leaves at high compost rates
(10% and 20%). In leaves of camelina, Cu concentration was significantly higher than in leaves of field
pennycress at all rates of compost.

Cu concentrations (ug/g) in pods of camelina (Figure 1D) were significantly higher in low rates of
compost (2.5% and 5%) than high rates of compost (10% and 20%). In the case of field pennycress,
Cu concentrations in pods (Figure 1D) were almost same at compost rates of 2.5%, 5%, and 20% but
Cu concentration was higher at the compost rate of 10%. In pods of camelina, Cu concentration was
significantly higher than in pods of field pennycress at low rates of compost (2.5% and 5%).

Cu concentrations (pg/g) in seeds of camelina (Figure 1E) were significantly higher at lower rates
of compost (2.5% and 5%) than at higher rates of compost (10% and 20%). Cu concentration in seeds of
camelina at the lowest rate of compost was significantly higher than at other compost rates. In the
case of field pennycress, Cu concentrations in seeds (Figure 1E) were almost the same at compost rates
of 5%, 10%, and 20% but Cu concentration was higher in compost rate of 2.5%. In seeds of camelina,
Cu concentration was significantly higher than in seeds of field pennycress at all rates of compost
except 10%. Overall, Cu concentration was highest in roots, closely followed by leaves in camelina and
field pennycress. Pods, seeds and stem in camelina and field pennycress contained very low levels of
Cu. Overall, metal uptake in both plants declined with increasing compost rates, which is similar to

previous reports [21].
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Figure 1. Total Cu (mg/kg) in roots (A), stem (B), leaves (C), pods (D), and seeds (E) of camelina and
field pennycress as affected by different rates of compost during the study period. Data are reported as
mean + S.D (n = 3). Means are compared by Tukey Kramer-HSD test (x = 0.05). The treatment levels
that are not connected by the same letter are significantly different from each other.

3.2.2. Cu Distribution in Leachates and Soil

In columns planted with camelina, dissolved Cu concentration (mg/L) was maximum and
significantly higher in the leachates from columns amended with 20% compost, followed by 10%, 5%,
2.5% compost, and control (Figure 2A). Concentration of Cu in the leachates from columns planted
with camelina in the first two months was small but increased subsequently and became highest in
the third month and decreased thereafter. The highest Cu concentration in leachate was 115 mg/L
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in columns planted with camelina, amended at 20% compost, in the third month (Figure 2A). In
field pennycress columns, dissolved Cu concentration (mg/L) followed a similar trend, with highest
leaching in columns containing 20% compost, followed by those of 10%, 5%, 2.5% compost, and control
(Figure 2B). Furthermore, Cu concentration in leachates from columns of field pennycress in the first
two months was quite small but increased subsequently and became highest in the third month and
decreased thereafter. The highest Cu concentration in leachate was 66 mg/L from columns amended
with 20% compost, planted with field pennycress in the third month (Figure 2B). Cu concentration
(mg/kg) in soil in all the columns (control, camelina and field pennycress; Figure 2 C,D) did not differ
significantly during the study period.
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Figure 2. Top panel: Total Cu (mg/L) in leachates of camelina (A) and field pennycress (B) and soil as
affected by different rates of compost during the study period. Bottom panel: Total Cu (mg/kg) in soil
in camelina (C) and field pennycress (D) during the study period. Data are reported as mean + S.D
(n = 3). Means are compared by Tukey Kramer-HSD test (x = 0.05). The treatment levels that are not
connected by the same letter are significantly different from each other.

3.2.3. Plant Growth in the Greenhouse Column Study

The total plant biomass of camelina increased with increasing compost rates with significant yield
increases in columns with compost rates of 10% and 20%. The dry weight of roots increased with the
increase in compost rate (except that of 10%) but the increase was not statistically significant across
different compost rates (Table 2). The dry weight of stems increased with increasing compost rates, and
the increase was significant at compost rates of 10% and 20%. For leaves, the dry weight of increased
with increasing compost rates and the increase was significant at the maximum compost rate of 20%.
The dry weight of pods and seeds did not show any specific trend with increasing compost rates, but
the maximum and significant increase was observed in camelina plants at the compost rate of 10%.

The total plant biomass of field pennycress increased with increasing compost rates, with significant
yield increases in columns with compost rates of 10% and 20%. In roots and leaves, the dry weight
increased significantly with increase in compost rate in columns with compost rates of 10% and 20%
(Table 2). The dry weight of the stems, pods, and seeds also increased with increasing compost rates,
but the increase was significant only in columns with the maximum compost rate of 20%.
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Table 2. Plant yield (oven dried; g) of camelina and field pennycress in the column study:.

Plant Species Roots Stem Leaves Pods Seeds Total Biomass
Camelina
Compost-2.5% 0.08¢ 0.96¢ 0.47¢ 0.124 0.09¢ 1.72¢
Compost-5% 0.14¢ 0.97¢ 0.58¢ 0.054 0.04b¢ 1.78¢
Compost-10% 0.12¢ 2.10° 0.85¢ 0.51P 0.37b¢ 3.96°d
Compost-20% 0.44b¢ 3.532 2.86° 0.18<d 0.19b¢ 7.21°
Field Pennycress
Compost-2.5% 0.11¢ 0.50° 0.68° 0.24¢d 0.21b¢ 1.74¢
Compost-5% 0.11¢ 0.81¢ 1.31¢ 0.35b¢ 0.30b¢ 2.89de
Compost-10% 0.782b 0.81¢ 2.76° 0.53P 0.65P 5.53¢
Compost-20% 1.032b 2.26P 8.052 1.40° 1.30°7 14.0

Data are reported as mean (n = 3). Means are compared by Tukey Kramer-HSD test (« = 0.05). The treatment levels
that are not connected by the same letter are significantly different from each other.

3.2.4. Mass Balance of Cu in Greenhouse Column Study

As shown in Table 3, there was no increase in Cu content in pods and seeds of camelina grown
with increasing compost rates. However, the total Cu content in camelina plants increased with the
increasing compost rate. Stem and leaves showed increasing Cu content with increase in the compost
rate (Table 3). In the case of field pennycress, the overall Cu content (ug) in roots, stems, and leaves
increased with the increase in compost rate (except a decrease in stem and leaves, at 10% compost rate).

In seeds, Cu content increased at 10% and 20% compost rates.

Table 3. Mass balance of Cu for the greenhouse column study.

Roots Stem Leaves Pods Seeds Total Plant Total Cu Total Cu

(mg) (mg) (mg) (mg) (mg) Uptake (mg)  (Leachates; mg) (Soil; mg)
Control (No plant) - - - - - - 0.05 1757

Camelina
Compost-2.5% 0.02 0.06 0.01 0.01 0.01 0.11 8.69 1733
Compost-5% 0.04 0.06 0.12 0.01 0.003 0.23 20.0 1709
Compost-10% 0.02 0.08 0.14 0.02 0.02 0.28 43.3 1671
Compost-20% 0.07 0.17 0.34 0.01 0.01 0.60 131 1550
Field Pennycress

Compost-2.5% 0.02 0.01 0.07 0.04 0.01 0.15 5.78 1719
Compost-5% 0.03 0.02 0.19 0.04 0.01 0.29 144 1697
Compost-10% 0.08 0.02 0.16 0.05 0.02 0.33 374 1654
Compost-20% 0.15 0.03 0.37 0.04 0.03 0.62 106 1570

In both camelina and field pennycress, leaves had the highest Cu content, followed by stems, roots,
pods, and seeds (Table 3). Seeds had the least amount of Cu in both camelina and field pennycress.
Total plant Cu content in all treatments combined was 1.30 mg and 1.31 mg, respectively. Cu content
(mg) in leachates increased with increasing compost rate in both camelina and field pennycress planted
columns (Table 3). However, the total amount of Cu leached was small. The total amount of Cu in
leachates in all compost rates combined was 203 mg and 165 mg, respectively. As shown in Table 3,
the majority of the Cu remained in the stamp sand, although small amounts of Cu loss occurred in
the leachate.

Several studies have demonstrated that compost generated from biomass can be successfully
used to improve soil nutrient levels and water holding capacity. Composts may bind heavy metals
in soil by changing the pH and providing more sorption sites for binding heavy metals [23]. There
are also reports of composts mobilizing metals, due to the presence of dissolved OM that can form
soluble complexes with metals [24]. Increase in microbial population, due to increased nutrients
and carbon, due to compost amendment and plant growth, may result in the degradation of OM,
resulting in the mobilization of metals. Previous reports have shown that the amendment of soils with
organic compost having high dissolved organic carbon (DOC) resulted in increased metal leaching [25].
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Beesley et al. [25] showed that while biochar and green waste compost added to acidic soil increased
the mobilization of Cu, the leaching of Cu gradually decreased with age. However, if the pH of the soil
mixture increased with the addition of the amendment, the leaching of heavy metals decreased [25].
Our results show that Cu concentration in leachate increased with increasing compost levels in both
camelina and field pennycress planted columns (Table 3). Uptake by camelina and field pennycress
plants were low, most of which remained in the leaves, with a negligible amount of Cu in the seeds.
However, most of the Cu remained in the stamp sand. For the six-month experimental period, out
of the total Cu in the stamp sand, 8% and 6.7% Cu leached out of the camelina and field pennycress
columns, respectively, at the 20% compost amendment rate, whereas at the 10% rate, the corresponding
amounts were 2.6% and 2.3%, respectively (Table 3). The total percentage of Cu taken up by camelina
and field pennycress were 0.04% of the total Cu at 20% compost rate and 0.02% at the compost 10% rate.

3.3. Phase II: Greenhouse Panel Study

On basis of the results of the column study, a greenhouse panel study was designed to obtain a
better understanding of the effectiveness of plant cover in preventing erosion of stamp sand. In this
phase, we chose the 10% compost amendment rate, as this rate was the most effective in enhancing
plant growth, while not causing any substantial Cu mobilization, as observed by the leaching and
uptake results (Table 3). Camelina was chosen as the cover plant.

3.3.1. Total Suspended Solids (TSS) and Turbidity in Surface Runoff

Total suspended solids (TSS; g/L) were significantly higher in the three surface runoff samples
collected at two-month intervals in the control panel with no plants as compared to the panel with
camelina (Figure 3A). Turbidity in the surface runoff samples also followed the same trend as in case of
TSS with turbidity values at least four times higher in control than camelina panel (Figure 3B). This
indicates the effectiveness of a sustained plant cover in reducing stamp sand erosion.
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Figure 3. Top panel: Total Suspended Solids (TSS) (A) and turbidity (NTU) (B) in surface runoff in
control and camelina panels. Bottom panel: Total Cu (mg/L) in runoff (C) and leachate (D) in control
(no plant) and camelina panels during the study period. Data are reported as mean (n = 3) + S.D.
Means are compared by Tukey Kramer-HSD test (o« = 0.05). The treatment levels that are not connected
by the same letter are significantly different from each other.
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3.3.2. Cu in Surface Runoff and Leachate

Total Cu concentration (mg/L) in surface runoff in the control panel was significantly higher than
in the panel with camelina plants (Figure 3C). In samples taken four months after sowing camelina, Cu
concentration in the surface runoff was in excess of twenty-five times higher than that of the camelina
panel. The high concentration of total Cu in surface runoff, as compared to dissolved Cu, was due to
stamp sand erosion in surface runoff in the control panel. Total Cu concentration (mg/L) in leachates in
the control panel was not significantly different from the camelina panel after two and four months
of camelina sowing (Figure 3D). However, in the leachate samples taken after six months, the Cu
concentration in the control panel was significantly lower than the camelina panel.

Soil erosion, leaching [26], and deep ploughing [27] are the three main processes that lead
to the redistribution of Cu in the soil. Plants influence chemical conditions in the soil, as root
growth increases soil OM especially around rhizosphere. This in turn stimulates the growth of
microorganisms [28]. Various researchers have found that plants can alter the chemical mobility of
metals in the rhizosphere [29-31]. Roots also release soluble organic compounds (root exudates) into
the rhizosphere, which can form complexes with Cu and can increase Cu uptake [32-34]. Once in
the roots, Cu can be stored in the root cell walls [35], or can be transported to the aerial parts of the
plant [30]. Root exudates can mobilize metals, which not only leads to increased uptake, but can also
result in increased leaching [28,36,37]. This is likely to be the reason for the leaching of Cu in the
control panel to be similar to that of the panel planted with camelina, although plant cover significantly
lowered both TSS and turbidity in the leachate.

3.3.3. Cu in Camelina Plants

The highest Cu concentration (ug/g) in camelina plant parts (Figure 4A) was found in leaves
(263 pg/g) followed by roots (205 ng/g), seeds (65 pg/g), pods (62 ng/kg), and stem (27 pg/g). The
Cu concentration in leaves and roots was about four and three times higher than those of seeds and
statistically significant from other plant parts (stem, pods, seeds).
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Figure 4. Cu (ng/g) in different parts of camelina plants during the study period (A). Cu (mg/kg) in
stamp sand in control (no plant) and camelina panels during the study period (B). Data are reported as
mean + S.D (n = 3). Means are compared by Tukey Kramer-HSD test (x = 0.05). The treatment levels
that are not connected by the same letter are significantly different from each other.

Songa et al. [38] reported that Cu concentrations in shoots of Silene vulgaris and Elsholtzia splendens
were 262 mg/kg and 215 mg/kg, respectively when grown on Cu contaminated soil. While overall Cu
uptake by camelina plants was low, Cu concentrations in shoots were substantially higher than the
toxicity threshold of 20-30 mg/kg [30]. While camelina did not exhibit any potential as a candidate
for phytoextraction of Cu, our results show that it can be used for the phytostabilization of Cu
contaminated soils.
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3.3.4. Cu in Stamp Sands

At the end of the field simulation study, Cu concentration (mg/kg) in stamp sand of the control
panel was slightly lower than the initial Cu concentration at the beginning of the study (Figure 4B). The
Cu concentration at the end of the study in the control panel was also lower than that of the camelina
panel. However, these differences were not statistically significant.

3.3.5. Mass Balance of Cu in Panel Study

The total uptake of Cu by camelina plants in the panel was 9.2 mg (Table 4). In the control
and camelina panels, 90 mg and 84 mg of Cu leached respectively, during all three leaching events
combined. The total Cu in all surface runoff combined in control and camelina panels was 1786 mg
and 123 mg, respectively. This result shows that a plant cover lowered the loss of Cu in surface
runoff, which is otherwise high in unplanted stamp sand. However, similar to our observation in the
column experiment, the majority of Cu was still held in the stamp sands in both control (76,565 mg)
and camelina (78,545 mg) panels. During the six-month experimental period, uptake by camelina
accounted for 0.01% of the total Cu. Leaching from the unplanted panel was 0.12%, whereas from the
panel planted with camelina was 0.11%. The total Cu lost in runoff in the panel planted with camelina
was 0.16%, whereas in the unplanted panel, the Cu loss by runoff was much higher, at 2.53%.

Table 4. Mass balance of Cu (mg) in the greenhouse panel study.

Roots Stem Leaves Pods Seeds Total plant Leachates Surface Soil
uptake Runoff
Control
(No plant) - - - - - 90 1786 76,565
Camelina 2.48 1.90 3.84 0.34 0.63 9.2 84 123 78,545

3.3.6. Oil Content and Quality of Camelina Seeds

The oil, protein, and moisture contents of camelina seeds was 20 (+0.25), 22.7 (+0.58), and 6.83%
(£0.07), respectively. Moser and Vaughn [39] reported the oil content of camelina seeds in their study
as 30.5%. Previous studies by Budin et al. [40], Leonard [41], and Sawyer [42] also found the oil content
of camelina to be in that range. The oil content of rapeseed, soybean, and sunflower was reported to be
in the range 40-44%, 18-22%, and 39-49% [43]. Peiretti and Meineri [44] reported the protein content of
the seed as 24.5% and was similar to the values 23.5-30.1% reported by Marquard and Kuhlmann [45].
The protein content of the plant is one of the qualitative parameters that indicate the nutritional value
of the crop. The unsaturated fatty acid composition in the camelina seeds consists of high percentage
of a-linolenic acid (32-40%), which makes it suitable for ruminants when it is used as meal [46].

The fatty acid composition of camelina seeds in our study (Figure 5) showed a high content of
unsaturated fatty acids such as oleic acid (C18:1; 15.9%), linoleic acid (C18:2; 17.6%), x-linolenic acid
(C18:3; 27.6%), eicosenoic acid (C20:1; 13%), and erucic acid (C22:1; 5.5%) comprising a total of 79.6%
of the total fatty acids. The saturated fatty acids comprised of palmitic acid (C16:0; 7.1%), stearic acid
(C18:0; 4.1%), arachidic acid (C20:0; 3.5%), behenic acid (C22:0; 1%), and lignoceric acid (C24:0; 1.2%).

Fatty acid composition in camelina is highly variable, due to differences in plant cultivars,
geographical regions, and different growing conditions [47,48]. The reported content of various fatty
acids in camelina are palmitic acid (5-6%), stearic acid (1.5-3.5%), arachidic acid (1-2%), oleic acid
(14-19%), linoleic acid (13-24%), and «-linolenic acid (27-40%) [49]. Moser and Vaughn [39] found that
oil obtained from camelina seeds contained a high percentage of polyunsaturated fatty acids (54.3%),
with high content of a-linolenic (32.6%) and linoleic acid (19.6%). Kagale et al. [46] and Huber et al. [50]
also observed that o-linolenic acid comprised between 32% and 40% of the fatty acid composition of
camelina oil. Other fatty acids in contents above 10% include linoleic, oleic, and eicosenoic acids.
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Figure 5. Fatty acid composition (wt. % of extracted oil) of camelina seeds. Data are expressed as mean
(n = 2) + standard deviation.

When plants were grown in environments with high metal content, cellular modifications in the
content and composition of fatty acids occur [51-53]. Park et al. [54] observed that there was a decrease
in the unsaturated fatty acid amount under Cd, Co, Zn, Pb stress in camelina. Beniwal et al. [55]
reported similar changes in fatty acid composition in Indian mustard on treatment with Cd. As Cd
concentration increased, there was a decline in unsaturated fatty acid content in the seeds, along with
an increase in saturated fatty acids.

Oil content and fatty acid composition are the two determining characteristics for suitability of
the oil to be used to generate biodiesel on an industrial scale [56]. In our study, the oil content was
lower (20%) when compared to previous studies [39-42] which reported the camelina oil content to be
about 30%. However, the fatty acid composition remains consistent with previous reports, with no
major change in the percentage of unsaturated fatty acids.

4. Conclusions

The use of marginal lands for generating biofuel is being increasingly explored in recent years.
Mine soils are marginal, due to their sandy texture, lack of nutrients and elevated heavy metal content.
Studies on growing cool-season grasses such as switchgrass has been reported in reclaimed surface
mining sites. However, there are only a handful of studies on the use of short-rotation oil seed crops
that can perform the dual role of providing a vegetative cover and generate income in the form of
biofuel. Camelina and field pennycress are cold-tolerant and have the potential to be used as winter
cover to reduce soil erosion and metal leaching on the shores of Torch Lake. In our Phase I column
study, we found that 10% compost amendment to stamp sand was optimum in promoting plant growth
without substantially increasing Cu leaching from stamp sand. There was very little uptake of Cu
by camelina and field pennycress. Cu concentration in camelina and field pennycress was highest
in leaves, but lowest in seeds and pods. Cu concentration in the leachates was low. The turbidity
measurements in the leachates could not be used as a proxy for estimating stamp sand erosion. Hence,
we performed a Phase II panel study, where the measurement of turbidity and total suspended solids
in the surface runoff was used to measure stamp sand erosion. In the greenhouse panel study, camelina
grown on contaminated stamp sands amended with compost significantly reduced stamp sand erosion
in the surface runoff, as compared to the control panel with no plants. Cu concentration also decreased
significantly in surface runoff from the camelina panel, as compared to control. There was a negligible
amount of Cu in the camelina seeds.
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Camelina seeds contained 20 and 22.7% oil and protein, respectively. The fatty acid composition
of camelina seeds did not differ from the previous studies performed on uncontaminated agricultural
soils. Our study shows that camelina grown on contaminated stamp sand amended with compost not
only significantly reduced stamp sand erosion but also can also be used commercially for generating
biodiesel. Further field-scale studies are necessary to elucidate this phytomanagement strategy. If
successful, this model would be applicable to other marginal lands for their restoration/ stabilization
and production of biofuel, providing economic and environmental benefits.
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