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Abstract: Trace elements (As, Cd, Cr, Pb, Ba, Fe, Al, Mn and Ba) were uptaken by the leaves of the
creosote bush (Larrea tridentata (DC.) Coville) in Nelson, Nevada, although at low concentrations.
Samples were collected up-gradient of the mine tailings, the tailings, and down gradient from the
source to measure spatial distribution. Data show that trace elements (As, Ba, Cr, Hg, Se) enter
L. tridentata through root tissues, migrating to leaf tissue, but at significantly lower levels than that of
the source sediments. Metalloid (As and Se) concentrations in the leaf tissues ranged from non-detect
to greater than 44 mg kg−1 As and non-detect to over 34 mg kg−1 Se. For trace metals, Hg ranged from
non-detect to 0.14 mg kg−1; Ba from 1.74 to 4.12 mg kg−1; and Cr from non-detect to 6.18 mg kg−1

while Ag, Cd, and Pb were not detected in the plant leaves. When comparing the ratio of sediment
metal concentration to plant metal concentrations, the Techatticup Wash contained the highest levels
of trace elements in the leaves of the L. tridentata, followed by the Carnation Wash, with the Eagle
Wash containing the lowest concentrations of trace elements.
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1. Introduction

Impacts of abandoned mine waste extend beyond potential contamination of water and sediments.
The transport of trace metals and metalloids (“elements”) in the environment and into the food
chain can pose environmental and human health risks. Such risks depend on the bioavailability of
trace elements for plants to uptake from sediment [1]. Biological impacts include the health and
wellbeing of plants, animals, and humans exposed to contaminated water and food supplies [2,3].
Abandoned mining areas may pose potential risks to flora, fauna, and ultimately human health both
locally and at distance from sources. Furthermore, the biological uptake by plants can affect the fate
and transport of trace elements into the food chain [3,4].

Plant uptake of trace elements is a complex process involving transfer of chemical species from
sediments across the root membranes to plant cells [1,5]. Morel and Hering [5] explain that the principal
limiting factor for plant uptake of trace elements is the availability of sediment moisture, not simply the
solubility of the trace element. Hooda [1] also states that the bioavailability of trace elements for plants
to uptake from sediment is the key to understanding its environmental effect. Plant materials around
mining sites were found to contain higher levels of trace elements such as Pb and As, correlating to
higher concentrations in sediments [3]. Studies of base metal and uranium contaminants have proven
the potential for uptake by local vegetation for remediation of soil contamination [6]. Studies of the
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uptake of Cu, Ni, Fe, Co, Zn, U, and Pb in vegetation and animal tissues near mining activities have
shown biological impacts beyond the immediate vicinity of mine sites [3,6,7].

Researchers have shown that the bioavailability and uptake of trace elements from sediment to
plant is controlled by sediment moisture, pH, presence of mycorrhiza, and plant physiology [1,8].
Studies have determined sediment pH is a key factor influencing solubility and bioavailability of
metals in plants. The species of the plant present determines which trace elements are utilized by
the plant or blocked from uptake [8]. Some vascular plant species are capable of utilizing metals as
a self-defense mechanism from insects, while others are capable of blocking certain trace elements
due to their adverse effect on plant growth [4,9]. The arbuscular mycorrhiza fungi found in mutualistic
association with the L. tridentata (DC.) Coville are also capable of protecting plants from adverse trace
element exposure [10–12].

Reglero et al. [6] demonstrated that certain trace elements (metals and metalloids) such as Pb and As
can be absorbed at high levels in plant tissues when present in contaminated surficial sediments. At lower
levels, plants like the Elmleaf blackberry (Rubus ulmifolius) is known to bioaccumulate trace elements over
time [6]. Studies have shown that plants with the highest levels of Pb tended to have broader leaves [3].

Higher levels of trace elements can be found in certain grasses surrounding mining contaminated
sites [3,6]. Near the Pb mines in the Sierra Madrona Mountains in Southern Spain, plants showed higher
concentrations of metals (Pb, Zn, Cd, Cu, As, and Se) when trace elements were highly concentrated
in sediments due to the mining and milling process. High trace element concentrations were more
prevalent in vegetation in or near stream sediments adjacent to tailing dumps [6].

In arid regions, limited sediment moisture reduces trace element uptake and might reduce the
toxicity of contaminants in the soil [13]. Research by Gardea-Torresdey et al. [14] focused on trace
element uptake by the L. in contaminated sediments of El Paso, Texas (USA). They determined that
sediments with Pb and Ni containing roughly 5000 mg kg−1, and Cu and Cd containing >100 mg kg−1,
had a 0.17:1 transfer ratio (plant:sediment) in the leaves of the L. tridentata. Other authors determined
that the roots, stem and leaves of the L. tridentata with Ni2+, Cd2+, Pb2+, Zn2+, Cr2+ and Cr6+ due
to an ion-exchange process and sediment pH rather than moisture [15]. Gardea-Torresdey et al. [14]
illustrated that the sediment pH controls the transfer of metals from sediment solution to plant,
a lower pH (<7.5) will allow trace elements such as Ni to uptake more readily then at pH above 8.0.
Finally, Peralta-Videa et al. [8] demonstrated that Cd and Cr are more susceptible to plant uptake when
the pH is <7.1.

Studies have shown that the uptake of trace elements in plant tissues is a potential source of
bio-remediation [14]. Certain plants can tolerate a higher level of metals due to detoxification based on
chelation and subcellular compartmentalization of trace elements [16,17]. Other plants block or limit
uptake of certain trace elements that would be toxic to the plant under the environmental conditions of
the site [17,18].

L. tridentata is a recent addition to the Mojave Desert and the Great Basin dating back to
approximately 10,000 years before present (BP) [19]. It began its migration northward at the end of the
Last Glacial Maximum (Pleistocene) as the climate began to warm [19,20]. McAuliffe [19] showed that
a single L. tridentata plant can survive more than 1000 years by cloning itself when the inner stems die
following new stems appearing on the fringe of the plant.

The L. tridentata is the dominant plant species in the study area due to its ability to survive in
arid to hyper-arid climates. L. tridentata is a perennial plant that can preserve its leaf structure for
extended periods of time and extend its main root (tap root) up to 25 m below the surface in search of
water resources [7,21,22]. L. tridentata can absorb and accumulate trace elements and metalloids from
sediments in tissues, even in hyper-arid desert climates [14,23,24]. It is known that the L. tridentata has
a high tolerance to environmental stresses such as extreme droughts [24].

Research goals of this study were to evaluate the ability of L. tridentata biomass grown in
contaminated soils to adsorb or, uptake, trace elements (Al, As, Ag, Ba, Cd, Cr, Hg, Fe, Mn, Pb,
and Se) in an arid environment. In order to help understand trace elements uptake, the leaves of the
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L. tridentata growing in desert washes of historic Nelson, Nevada, a mining area, were collected and
evaluated (Figure 1). Plants chosen for sampling had to be at least 120 cm high and 120 cm wide
for appropriate maturity. This area is characterized as having little rainfall, low sediment moisture,
and high summer temperatures. The L. tridentata leaves were chosen for sampling as it has been
documented to absorb metal (e.g., Al, Ag, Ba, Cd, Cr, Hg, Fe, Mn, Pb) and metalloid (e.g., As, Se)
contaminants from sediments [15,16,23–26]. The L. tridentata is the dominate plant species at all
sampling sites; no other plants or shallow-rooted grasses were commonly present. Objectives were to
(1) evaluate the uptake of trace elements in the biomass of the leaves, (2) their element accumulation,
(3) transfer of trace elements from sediment to leaf tissue, and (4) compare data on the transfer of trace
elements from sediment to roots of the L. tridentata.
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Figure 1. Creosote Bush (Larrea tridentata (DC.) Coville) in the Mojave Desert, approximately 1.25 
meters in height. 

2. Environmental Setting 

As stated in Sims [27], igneous and metamorphic rocks comprise most of the bedrock geology 
across the region. In the Nelson, NV area, materials are comprised of fine-grained quartz monzonites. 
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layers of alluvial gravels and cobbles with cemented layers ranging from a few centimeters to several 
meters in thickness. The area has exposed bedrock in deeply cut, dry washes oriented east to west 
with a constant 3–5% downward slope towards Lake Mohave. Sediments are described as containing 
1% to 7% calcium-carbonate deposits because of the low precipitation and therefore low potential for 
transport in the area [27]. 

The annual precipitation across southern Nevada averages approximately 10 cm; however, it 
can be as little as 7.6 cm in Nelson, Nevada and in 2008, less than 2 cm of precipitation was measured. 
The summer precipitation occurs as major convectional storms while winter rains are known to 
produce less than 1 cm per event. Approximately 35% to 40% of precipitation events occur as 1 cm or 
greater from a single summer thunderstorm [27]. 
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Figure 1. Creosote Bush (Larrea tridentata (DC.) Coville) in the Mojave Desert, approximately 1.25 meters
in height.

2. Environmental Setting

As stated in Sims [27], igneous and metamorphic rocks comprise most of the bedrock geology
across the region. In the Nelson, NV area, materials are comprised of fine-grained quartz monzonites.
The sediments are composed of sandy gravel and sediments of volcanic origins. Sediments are fine, aeolian
silts deposited at the surface to a depth of approximately 15–25 cm. Wind-blown materials are covered by
stage-2 desert pavement atop alluvial fan deposits and bedrock out croppings, with exposed sediments
in east-west trending ephemeral washes. Below the wind-blown deposits are layers of alluvial gravels
and cobbles with cemented layers ranging from a few centimeters to several meters in thickness. The area
has exposed bedrock in deeply cut, dry washes oriented east to west with a constant 3–5% downward
slope towards Lake Mohave. Sediments are described as containing 1% to 7% calcium-carbonate deposits
because of the low precipitation and therefore low potential for transport in the area [27].

The annual precipitation across southern Nevada averages approximately 10 cm; however, it can
be as little as 7.6 cm in Nelson, Nevada and in 2008, less than 2 cm of precipitation was measured.
The summer precipitation occurs as major convectional storms while winter rains are known to produce
less than 1 cm per event. Approximately 35% to 40% of precipitation events occur as 1 cm or greater
from a single summer thunderstorm [27].

3. Methods and Materials

3.1. Metals in Sediments

Sediment samples were collected during the summer of 2008 to investigate the transport of
trace elements in surface sediments of the three ephemeral washes of Techatticup Wash, Eagle Wash,
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and Carnation Wash. Samples were collected from three washes (n = 30) to evaluate the relationship
between contaminant distributions in sediments and the L. tridentata: 10 samples each from the
Techatticup, Eagle, and Carnation washes (Figures 2 and 3. Accordingly, composite sediment were
collected in the Techatticup Wash, Eagle Wash Carnation Wash. Samples were collected in the following
manner: −60 m, −120 m and −180 m in the respective washes, above the source area, and at several
locations down from each wash (50 m, 100 m, 200 m, 400 m, 1000 m, 2000 m, 4000 m and 6000 m)
starting from source areas in each selected wash system. Sampling distances were largely necessitated
by field conditions and natural variations in the washes. However, the chosen distances and locations
make it possible to evaluate a larger area of tailings distributions with a limited number of locations.

Sediment sampling consisted of a thoroughly mixed composite of three subsamples collected
from each sampling location. Field procedures for sampling washes involved the following: (1) three
equally spaced locations were selected in a linear fashion across a wash area; (2) one sample was taken
from each boundary of the wash and one from the center of the wash; and (3) each subsample was
taken from a 10 cm by 10 cm square excavated to a depth of 5 cm below the surface.

Sediment analysis for metals and metalloids was accomplished using the United States
Environmental Protection Agency (USEPA) preparation method 3050B followed by USEPA method
6010B on a Perkin Elmer Optima 3000 Dual View (DV) inductively coupled plasma-optical emission
spectrometry instrument [26]. Mercury analysis was performed per USEPA method 7471 [26] on a
Leeman Labs Hydra AA Mercury Analyzer HA-1020 W/ Hydra Pump HP-1007, Cold Vapor Atomic
Adsorption instrument. A more detailed description on sediment processing and data is available in
Sims [27].
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(c): Eagle Wash sampling locations.

3.2. Metals in Leaves of the Larrea Tridentata (DC.) Coville

Plant samples were collected from three washes (n = 30) to evaluate the relationship between
contaminant distributions in sediments and uptake by the L. tridentata: 10 samples each from the
Techatticup, Eagle, and Carnation washes (Figure 2). Leaves were gathered from L. tridentata closest to
sediment sampling (sediment n = 30) points in the wash transects as outlined in Sims [27] (Figure 3).
L. tridentata leaves were collected with new disposable gloves, placed in a plastic bag and labeled for
later reference in the laboratory. L. tridentata was chosen for sampling as it has been documented to be
able to absorb metal and metalloid contaminants from sediments in arid climates [16,23].

Leaf samples were analyzed for trace elements per USEPA methods by a Perkin Elmer
Optima 3000 Dual View (DV) inductively coupled plasma-optical emission spectrometry techniques.
Mercury was analyzed by a Leeman Labs Hydra AA Mercury Analyzer HA-1020 W/ Hydra Pump
HP-1007, Cold Vapor Atomic Adsorption techniques [26]. While there is an elevated level of cyanide
(CN−) in this area as a result of mining, CN− in the L. tridentata was not one of the target analytes
because of its toxicity to plants [23]. Moreover, while CN− was part of the sediment evaluation [27],
vascular plants possess the ability to convert CN− to amino acid asparagine where free CN− is less
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than 0.4 mg L−1. When CN− concentration was greater than 0.4 mg L−1, plants including L. tridentata
died [28].

Plant samples were washed with hot (95 ◦C) deionized water to remove any wind and/or atmospherical
deposition from leaf materials. After washing, plant samples were dried at 30 ◦C for 48 h to remove
all moisture. After drying, plants leaves were analyzed using USEPA preparation method 3050B (hot
aqua-regia acid) followed by USEPA analytical method 6010B (inductively coupled plasma-optical emission
spectrometry) for metals and metalloids (As, Cd, Cr, Pb, Ba, Fe, Al, Mn and Ba) analysis.

Briefly, USEPA method 3050B encompasses 1.0 g of dried plant material digested with 6 mL of
concentrated hot aqua-regia acid for two hours on a hot plate heated to 100 ◦C. Samples were observed
constantly to ensure that they were not evaporated to dryness by adding deionized reagent water.
After the initial two hours heating, 3 mL of 30% H2O2 was added to each sample and reheated for
an additional 30 min. After the second heating with an addition of H2O2, samples were brought to a
final volume of 100 mL with deionized reagent water. Each sample was filtered through a Whatman
541 (2 µm) filter paper prior to analysis by inductively coupled plasma-optical emission spectrometry
(ICP-OES) with vertical and axial measurement.

Mercury analysis was performed according to USEPA method 7471 [26]. Briefly, this involved heating
0.2 g of dried sample mass with 5 mL of double deionized water and 5 mL of aqua regia heated for 2 min
in a 95 ◦C water bath before adding 50 mL of double deionized reagent water and 15 mL of a 10% solution
of KMnO4. After 30 min the samples were removed from the bath, cooled and 6 mL of a 10% solution of
sodium chloride-hydroxylamine sulfate were added to reduce the KMnO4. Digestates were analyzed on a
cold vapor atomic adsorption (CVAA) instrument per USEPA method 7471.

During sample preparation, samples were processed in duplicate and included field duplicates,
one laboratory duplicate, matrix spike duplicates of one field sample, a fortified sample (certified
reference material was not available for this research), and a reagent blank. All samples were processed
in the same fashion as stated above. All reagents used were of ultra-pure quality, National Institute of
Standards and Technology (NIST) traceable.

3.3. Correlation Plots, Box Plots, Transfer Ratios

Correlation plots were utilized to identify relationship between As, Hg, Ba, Cr, and Se in the leaves
of the L. tridentata and sediment across the Carnation, Eagle, and Techatticup washes. Furthermore, Box
plots showing sediment trace metals to plant transfer ratios across the three washes was also utilized
to identify association and presented below with a detailed statistical evaluation located in Sims [27].

3.4. Quality Control Measure

Plant samples were processed according to USEPA Solid Waste 846 (SW-846) protocols, including
quality control [26]. Prior to digestion, plant samples were washed with 90 ◦C deionized water
to remove dust and debris. Samples were processed in duplicate and included field duplicates,
one laboratory duplicate, matrix spike duplicates of one field sample, a fortified sample (certified
reference material was not available for this research), and a reagent blank. Analytical integrity was
further verified with a USEPA certified reference sample (RTC Corporation: CRM022-020, Sample
5, lot D522) matrix of non-plant material. Instrument calibration consisted of six points across a
concentration range (including a blank) and was fitted by linear regression (R2) > 0.995 [26]. The quality
control sample measures within specified windows (±15%) and exceeded specified requirements.
Samples were analyzed in duplicate with a required relative standard deviation (RSD) of <20% to
qualify as acceptable per USEPA protocols [26]. Statistics for mean, standard deviation, and duplicate
for each sample location can be found in Sims [27]. Statistics for data across the 30 samples can be
found in tables of each wash presented below (Tables 1–3).
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4. Results

This study evaluated the transport of trace elements (Ag, As, Ba, Cd, Cr, Hg, Pb, and Se) in
leaf tissue of L. tridentata in three desert washes (e.g., Carnation, Eagle and Techatticup) near the
historic mining town of Nelson; an arid region of southern Nevada (USA). Sediment data of the three
washes is available in Sims [27] were used for comparing of trace element concentration in leaf tissues.
That study [27] provided evidence of the transport of contaminants in this arid region, contrary to
the generally held belief of such materials are stationary due to arid environmental conditions [29].
They found that trace elements were transported as far as 6000 m down gradient from source to areas
not directly impacted by mining activities.

While Ag, Cd, and Pb were detected in sediments as discussed in Sims [27], they were not detected
in plant leaves from the wash or background areas. It is likely that Ag, Cd, and Pb are not present
in the leaves of the L. tridentata due to selective uptake by the plant root as described by Prasad [30].
Studies have found that certain plants are averse to metals such as Cd, Cu, and Pb in water poor
environments [17,31,32]. Mackey et al. [32] found that reduction of transport of trace elements across
the cell membranes has evolved as survival strategies of some plants in water poor environments.
For example, Cd can reduce water uptake in plant roots, reducing the uptake of toxic trace elements.
Research has shown that Ag, Cd, and Pb are not susceptible to sediment-to-plant transfer in a system
with a pH greater than 8.0 [8,33–35]. Sediment pH in the Nelson, NV areas is consistently greater than
8.0, the reason these three metals are not detected in plant tissues.

4.1. Carnation Wash System

Concentrations of trace elements in the L. tridentata leaves from Carnation Wash are provided in
Table 1. Background concentrations (up-gradient from the source) of Hg in leaf material were below
the detection limit of 0.01 mg kg−1. The mean concentration of Hg in leaf material (down ward from
the source) was 0.09 mg kg−1, ranging from <0.01 to 0.14 mg kg−1. Background concentration of As
in leaf material was relatively high at 37.68 mg kg−1. The mean concentration of As in leaf material
was 16 mg kg−1 and ranged from below detection limit (<0.05) to 44 mg kg−1. Barium in leaf material
was 6.9 mg kg−1 with a mean concentration of 11.86 mg kg−1 ranging from 1.74 to 37.5 mg kg−1.
Chromium in leaf material was 0.629 mg kg−1 with a mean concentration of 1.94 mg kg−1 ranging
between <0.01 and 6.18 mg kg−1. Background concentration of Se in leaf material was 6.14 mg kg−1

with a mean of 9.79 mg kg−1 and range of 0.36 to 21.1 mg kg−1.

Table 1. Carnation Wash trace metals concentrations (mg kg−1) in L. tridentata (DC.) Coville leaves (n = 10).

Sample Location (meter) pH Hg Ag As Ba Cd Cr Pb Se

Background 8.5 <0.01 <0.01 37 6.88 <0.01 0.629 <0.05 6.14
Source 8.5 0.11 <0.01 31 18.4 <0.01 6.18 <0.05 0.514

50 8.5 <0.01 <0.01 6.2 15 <0.01 6.07 <0.05 0.359
100 8.2 0.10 <0.01 44 4.5 <0.01 0.656 <0.05 21.1
200 8.4 0.11 <0.01 17.9 4.18 <0.01 0.388 <0.05 17.3
400 8.6 0.09 <0.01 16.8 4.20 <0.01 0.394 <0.05 16.7

1000 8.5 <0.01 <0.01 4.97 37.5 <0.01 0.445 <0.05 13.1
2000 8.4 0.10 <0.01 <0.05 1.74 <0.01 0.741 <0.05 7.47
4000 8.4 0.14 <0.01 3.32 5.94 <0.01 <0.01 <0.05 8.11
6000 8.5 0.13 <0.01 0.08 7.62 <0.01 1.06 <0.05 10.4

STDV - 0.06 - 15.6 11.8 - 2.6 - 7.36
Mean - 0.09 - 14.1 11.9 - 1.94 - 9.79
Max 8.6 0.14 - 44.3 37.5 - 6.18 - 21.1
Min 8.2 - - - 1.74 - - - 0.36

Background is an average of three points (−60, −120 and −180 meters [m]) up-gradient from source material. < is
below detection limits; background data not used for summary statistics.



Environments 2019, 6, 58 8 of 15

4.2. Eagle Wash System

Trace elements in the Eagle Wash L. tridentata leaves are provided in Table 2. Background Hg
in leaf material was below the detection limit of 0.01 mg kg−1. The mean concentration of Hg in leaf
material was 0.08 mg kg−1 and ranged from <0.01 to 0.121 mg kg−1. Background concentration of As
in leaf material was <0.05 mg kg−1 with a mean equaling background levels in L. tridentata leaves.
Background concentration of Ba in leaf material was 2.73 mg kg−1 with a mean concentration of Ba in
leaf material of 9.04 mg kg−1 and ranged from 4.12 to 14.5 mg kg−1. Background of Cr in leaf material
was <0.01 with a mean of 0.63 mg kg−1 and ranged from 0.198 to 1.01 mg kg−1 in the L. tridentata leaves.
Background concentration of Se in leaf material was 6.14 mg kg−1 with a mean concentration of Se in
L. tridentata leaves of 9.78 mg kg−1 with a maximum level of 21.1 mg kg−1.

Table 2. Eagle Wash trace element concentrations (mg kg−1) in L. tridentata (DC.) Coville leaves (n = 10).

Sample Location (meter) pH Hg Ag As Ba Cd Cr Pb Se

Background 8.5 <0.01 <0.01 <0.05 2.73 <0.01 0.198 <0.05 9.7
Source 8.4 <0.01 <0.01 <0.05 4.12 <0.01 0.875 <0.05 12.1

50 8.5 0.09 <0.01 <0.05 4.52 <0.01 1.01 <0.05 11.4
100 8.3 0.08 <0.01 <0.05 5.56 <0.01 0.241 <0.05 21.5
200 8.5 0.09 <0.01 <0.05 11.0 <0.01 0.545 <0.05 12.4
400 8.4 <0.01 <0.01 <0.05 9.72 <0.01 0.909 <0.05 34.7

1000 8.5 0.13 <0.01 <0.05 10.9 <0.01 0.203 <0.05 11.3
2000 8.5 0.11 <0.01 <0.05 12.2 <0.01 0.535 <0.05 11.4
4000 8.2 0.121 <0.01 0.103 14.5 <0.01 0.589 <0.05 18.6
6000 8.5 0.12 <0.01 0.152 13.8 <0.01 0.503 <0.05 12.21

STDV - 0.05 - 0.05 4.10 - 0.28 - 7.46
Mean - 0.08 - 0.03 9.04 - 0.63 - 15.88
Max 8.5 0.121 - 0.152 14.50 - 1.01 - 34.7
Min 8.2 - - - 4.12 - 0.20 - 11.3

Background is an average of three points (−60, −120 and −180 m) up-gradient from source material. < signifies
below detection limits; background data not used for statistics.

4.3. Techatticup Wash System

Trace element concentrations in the Techatticup wash L. tridentata leaves are provided in Table 3.
Background concentration of Hg in leaf material was below the detection limit of 0.01 mg kg−1.
The mean concentration of Hg in leaf material was 0.08 mg kg−1 and ranged from below detection
limit of 0.01 to 0.13 mg kg−1. Background concentration of As in leaf material was below the detection
limit of 0.05 mg kg−1. The mean concentration of As in leaf material was 10.44 mg kg−1 and ranged
from below detection limit 0.05 to 33.16 mg kg−1.

Barium in leaf material was measured at 2.83 mg kg−1 with a mean of in leaf material of 3.16 mg
kg−1; ranging from 1.88 to 3.78 mg kg−1. Background concentration for Cr in L. tridentata leaves was
0.191 mg kg−1; mean concentration was 0.27 mg kg−1 and ranged from below detection limit of 0.01 to
0.92 mg kg−1. Background levels of Se in L. tridentata leaves was measured at 13.4 mg kg−1; mean
concentration of Se was 9.03 mg kg−1 and ranged from below detection limit of 0.05 to 15.4 mg kg−1.
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Table 3. Techatticup Wash trace element concentrations (mg kg−1) in L. tridentata (DC.) Coville leaves
(n = 10).

Sample Location (meter) pH Hg Ag As Ba Cd Cr Pb Se

Background 8.4 <0.01 <0.01 <0.05 2.83 <0.01 0.191 <0.05 13.4
Source 8.4 0.118 <0.01 0.144 3.48 <0.01 0.842 <0.05 13.9

50 8.3 0.089 <0.01 13.8 2.59 <0.01 <0.01 <0.05 13.9
100 8.6 0.104 <0.01 33 3.78 <0.01 <0.01 <0.05 15.4
200 8.5 <0.01 <0.01 10.1 1.88 <0.01 0.291 <0.05 5.35
400 8.5 0.115 <0.01 <0.05 3.1 <0.01 0.131 <0.05 2.76

1000 8.5 0.125 <0.01 11.0 3.35 <0.01 0.922 <0.05 <0.05
2000 8.3 0.077 <0.01 9.12 3.7 <0.01 0.081 <0.05 10.8
4000 8.2 0.051 <0.01 8.41 3.21 <0.01 0.078 <0.05 9.75
6000 8.5 0.054 <0.01 8.21 3.31 <0.01 0.071 <0.05 9.41

STDV - 0.04 - 9.71 0.59 - 0.36 - 5.32
Mean - 0.08 - 10.44 3.16 - 0.27 - 9.03
Max 8.6 0.13 - 33.16 3.78 - 0.92 - 15.4
Min 8.2 - - - 1.88 - - - -

Background is an average of three points (−60, −120 and −180 m) up-gradient from source material. < signifies
below detection limits; background data not used for statistics.

5. Discussion

Previous studies have shown that L. tridentata can survive in sediments containing significantly
high levels of trace elements (>5000 mg kg−1 Pb, >100 mg kg−1 Cd, >4900 mg kg−1 Cr, >10 mg
kg−1 Hg and >600 mg kg−1 Se) with little impact on its physiology [4,14,33]. Trace elements in the
sediments of the three washes in Nelson, NV were found to be at lower levels than those previously
referenced studies and are therefore not likely to adversely impact L. tridentata physiology or growth.
Concentrations of trace elements measured in L. tridentata leaves across the three desert washes are
similar to those found by Gardea-Torresdey et al. [14,16]. Some trace elements, while present in
sediments, might not be available for transfer from sediment to the L. tridentata due to low sediment
moisture and high pH, two key factors that are critical uptake according to Hooda [1]. Thus, sediment
conditions across the three washes sampled would not be favorable for L. tridentata to have significant
trace elements uptake.

5.1. Comparisons of Trace Elements in L. Tridentata (DC.) Coville Leaves and Sediments in the Three Washes

Sample data comparison of trace elements in sediments; see Sims et al. [36], and the leaves of
the L. tridentata was analyzed by regression analysis to determine if relations existed between the two
media. Results of As, Hg, Ba, Cr, and Se in sediments vs. L. tridentata leaves are shown in Figure 4.

Correlation analyses showed trace element concentrations in sediments have little to no association
with trace element concentrations in the leaves of L. tridentata (Figure 4). While low sediment pH
(<7.0) would increase bioavailability of metals for plant uptake [35], the pH in the three washes was
consistently >8.0, indicating low bioavailability of certain metals such as Cd, Cu, Ni, and Zn [8].
Moreover, low precipitation in the Nelson area (<7cm per year) would greatly reduce root uptake of
As, Ba, Cd, Cr, Pb, and Se [33,34].

Concentrations of trace elements in sediments can have a significant impact on plants’ uptake
according to Gardea-Torresdey et al. [16]. Plants collected during this study contained low levels of
trace elements, many of which were <0.1 mg kg−1; whereas, in studies by Gardea-Torresdey et al. [16]
and Polette et al. [4], trace elements detected in leaves were >100 mg kg−1. This is likely the result
of the levels present in the sediments being lower than those reported by those authors. The lower
concentrations of metals, the high pH, and low moisture in the soil would all lessen uptake of trace
elements by the L. tridentata.
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In a separate study, Sims et al. [37] showed that some trace elements entering the plant system
through the root that certain metals (e.g., Cu, Pb, Zn, Co, Fe, and Li) are lower in concentration when
compared to levels in the contaminated tailings. Their research suggested that the outer root tissue
is blocking metals from entering the vascular system of the L. tridentata (inner root tissue), reducing
their transfer to and presence in leaf tissue. The L. tridentata has likely evolved several methods of
mitigating the toxic effects of these trace elements. When toxic metals enter the root, they are likely
blocked from entering the vascular system of the plant (i.e., inner root tissue), reducing trace elements
in the leaf tissue.

 
Figure 4. Correlation plots for As (a), Hg (b), Ba (c), Cr (d) and Se (e) in L. tridentata (DC.) Coville 
leaves compared to As, Hg, Ba, Cr, and Se in sediment (n = 30). 
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5.2. Interwash Comparison

Trace element uptake ratios for L. tridentata leaves to sediments are shown for Hg, As, Ba, Cr,
and Se. (Figure 5); full summary data are available in Sims [27]. Data below detection limits were not
used for the summary statistics or the ratios (Table 4). Transfer ratios for Hg in the three washes ranged
from 0.07 to 1.41. The ratios of As in the Carnation and Techatticup washes ranged from 0.01 to 34.43.
The mean transfer ratios for Ba in the three washes ranged from 0.01 to 32.6; Cr in the three washes
ranged from 0.03 to 177; and Se ranged from 0.0 to 24.51. The highest mean transfer ratios for Hg, As,
Ba, and Cr were in the Techatticup Wash (Figure 5) with the Eagle Wash having the lowest transfer
ratios for trace elements; only one sample contained As in detectable amounts. Selenium however
contained the highest transfer ratio in the Eagle Wash sediments.
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Trace element uptake ratios for L. tridentata leaves to sediments are shown for Hg, As, Ba, Cr, 
and Se. (Figure 5); full summary data are available in Sims [27]. Data below detection limits were not 
used for the summary statistics or the ratios (Table 4). Transfer ratios for Hg in the three washes 
ranged from 0.07 to 1.41. The ratios of As in the Carnation and Techatticup washes ranged from 0.01 
to 34.43. The mean transfer ratios for Ba in the three washes ranged from 0.01 to 32.6; Cr in the three 
washes ranged from 0.03 to 177; and Se ranged from 0.0 to 24.51. The highest mean transfer ratios for 
Hg, As, Ba, and Cr were in the Techatticup Wash (Figure 5) with the Eagle Wash having the lowest 
transfer ratios for trace elements; only one sample contained As in detectable amounts. Selenium 
however contained the highest transfer ratio in the Eagle Wash sediments. 

 
Figure 5. Box plots of sediment to L. tridentata (DC.) Coville plant transfer ratios of trace metals across 
(a) Carnation, (b) Eagle and (c) Techatticup washes (n = 30). Data are mean values with upper and 
lower quartiles shown by the boxes. Arsenic was only detected in one leaf location of the Eagle Wash 
and therefore, this single point was omitted from the figure. The solid black line represents a transfer 
ratios > 2.5. 

Table 4. Standard deviation (STDV) and mean for plant sediment transfer ratios across the Carnation, 
Eagle and Techatticup washes (n = 30). 

Element STDV Mean 
Hg 0.29 0.29 
As 1 3.01 1.28 
Ba 0.07 0.10 
Cr 0.80 0.23 
Se 6.56 3.66 

1: Data is without the single outlier location in the Eagle Wash. 

Figure 5. Box plots of sediment to L. tridentata (DC.) Coville plant transfer ratios of trace metals across
(a) Carnation, (b) Eagle and (c) Techatticup washes (n = 30). Data are mean values with upper and
lower quartiles shown by the boxes. Arsenic was only detected in one leaf location of the Eagle Wash
and therefore, this single point was omitted from the figure. The solid black line represents a transfer
ratios > 2.5.

Table 4. Standard deviation (STDV) and mean for plant sediment transfer ratios across the Carnation,
Eagle and Techatticup washes (n = 30).

Element STDV Mean

Hg 0.29 0.29
As 1 3.01 1.28
Ba 0.07 0.10
Cr 0.80 0.23
Se 6.56 3.66

1: Data is without the single outlier location in the Eagle Wash.

Studies have shown transfer ratios ranging between 0.9 and 9.4 for plant uptake to sediment
concentrations [33,34] and therefore, data means fall within previous established windows with a
few outliers that are likely due to spatial variability of sampling and are not considered an issue
environmentally. The relationship between concentrations in sediments and plants were often
non-linear, similar to that observed by Sheppard and Evenden [33] and Vandenhove et al. [35].
Sheppard and Evenden [34] speculated that the non-linear relations could be caused by environmental
conditions considering that their study was performed during the summer months when sediment
moisture was at its lowest due to a lack of precipitation.
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Transfer ratios above 2.5 may indicate consistent plant uptake of metals from sediments with
significant levels of contamination according to Polette, et al. [4]. It was also established that below the
2.5 threshold uptake is likely from spatial variability of trace element in sediments, resulting in greater
variability among the uptake ratios [4,34]. However, authors Vandenhove et al. [35] recommend that
transfer ratios above 10 are needed to show consistent plant uptake.

Mercury transfer ratios were not above 2.5 in the three washes and could be the result of
spatial variability of sampling, sediment conditions, or random error as discussed by Polette et al. [4].
Arsenic present at the Carnation, Eagle and Techatticup washes had a transfer ratio >2.5. These locations
were random and at different locations along the sampling transect and likely the result of spatial
variability of sampling as was Hg. Barium and Cr were similar to Hg ratios with all locations <2.5 except
for one at the end of the Carnation Wash. This single Cr ratio > 2.5 in the Carnation Wash could also be
from spatial variability as suggested by Polette et al. [4]. Transfer ratios > 2.5 indicate considerable
uptake by plants; however, Se is more susceptible to transfer from sediment to plants owing to its
ubiquitous nature in arid regions and therefore, not environmentally significant [38].

Generally, trace elements expressed as plant:sediment transfer ratios had similar means among the
three washes with the exceptions of the lack of As in leaves in the Eagle; and a high mean transfer ratios
for Cr in the Techatticup. One possible explanation for these extremes could be low bioavailability of
As in the Eagle sediments and a low bioavailability of Cr in the Techatticup.

Means and standard deviations for transfer ratios of trace elements in sediment to the leaves of the
L. tridentata for the Carnation, Eagle, and Techatticup washes are provided in Table 4. Transfer ratios
in the Carnation Wash ranged between 0.008 and 0.10, with an average transfer ratio for Cr 0.027,
significantly lower compared to Sheppard and Evenden [34]. The Eagle Wash had one sample with a
transfer ratio of Se > 2.5, and is likely an outlier with other locations and metals being significantly
lower. In the As calculations, the Eagle Wash contained one transfer ratio of 34.4, which was deemed
an outlier and omitted as was one Se value (24.5) in the Eagle Wash. Transfer ratios for the three washes
were comparable to those reported by Polette et al. [4] where trace element uptake by the L. tridentata
leaves showed ratios ranging between 0.08 and 0.19 for sediment to plant transfers. Summary statistics
in Table 4 indicate that there is little uptake and, transfer to the leave of the L. tridentata. The average
uptake ratio is below 2.5, per Polette et al. [4], for all metals accept Se, a metal know to be ubiquitous
in arid environments. Data show that the L. tridentata physiology is blocking the uptake of metals to
leaf biomass.

Gardea-Torresdey [14,39] determined that transfer ratios from sediment to plant ranged between
0.03 and 0.18 in the semi-arid region of El Paso, Texas. This data is similar to Gardea-Torresdey [16]
in the El Paso, TX, desert and likely not environmental issues. The mean values of transfer ratios for
Hg, As, Ba, Cr, and Se for data from all three washes is presented in Table 4, showing similar ratios to
those reported by Polette et al. [4], Gardea-Torresdey [16] and Vandenhove et. al. [35]. It is likely that
the ratios in the three washes are affected by spatial variability caused by environmental factors such
as sediment moisture, pH, and root zone (i.e., mycorrhiza and the plant root systems) leading to no
significant environmental issues.

6. Conclusions

Findings showed that Ag, Cd, and Pb were not uptaken by the L. tridentata (DC.) Coville.
In addition, Ag, Cd, and Pb are not present in the leaves likely due to selective uptake by the plant root
due to an exclusion to metals such as Cd, Cu, and Pb in water-poor environments. Data also showed
that leaves of the L. tridentata contained measurable Hg, As, Ba, Cr, and Se despite low sediment
moisture and high pH, but data show little relation to the occurrence of metals in the leaves of the
L. tridentata compared to surficial sediments or tailings. This is likely due to the L. tridentata roots
being able to penetrate up to 5 meters in depth to gain water from sediment moisture, perched water,
or groundwater sources. This could result in bioaccumulation of trace elements in the leaves of the
L. tridentata over time at higher levels than present in the surficial sediments of the Carnation, Eagle,
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or Techatticup washes. Moreover, variability of environmental conditions, including low soil moisture,
high sediment pH, plant physiology, and deep growth of L. tridentata root systems are likely the driving
factors in the bioavailability of trace elements in its leaves.

In conclusion, additional research of trace element movement through the outer root tissue (i.e.,
epidermis) is needed to better understand the transfer of trace elements from sediment to plant.
It would be valuable to understand how the L. tridentata is preventing trace elements from entering
the cortex, and isolating the metals from the vascular tissue by the casparian strip, preventing bulk
movement through the plant.
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