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Abstract

Mining operations have released measurable levels of geogenic trace metals (e.g. Cd, Cr, Pb), metalloids (e.g. As,
Se), and anthropogenic chemicals (e.g. CN°, Hg) into surrounding sediments. Abandoned mining sites in
hyperarid climates has not been the focus of much research compared to wet and temperate areas. Research has
focused on historical mining sites in semiarid and wetter regions in the United States, south pacific and Europe.
Those areas have obvious risks associated with them including aqueous phase mobilization as a result of
abundant precipitation. However, many mining areas in the American Southwest and aboard are located in
hyperarid regions and viewed as not having a potential for mobilization of contaminants. Seasonal storm events
can mobilize sediments containing contaminates beyond a small, localized area and into the wider environment.
Literature indicates that arid and hyperarid mining regions have not been studied as extensively as those in
wetter climates.
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1. Introduction

Storage and mobilization of contaminants at abandoned mining sites in arid to hyperarid climates are key areas
of inquiry to furthering our understanding of the potential pollution, ecological and human impacts caused by
such sites. Mining tends to release geogenic metals (e.g. Ag, Cd, Cr, Pb, Hg), metalloids (e.g. As, Se), and
anthropogenic chemicals (e.g. CN", Hg) into sediments that can be mobilized beyond a small, localized area, and
into the surrounding environments (Purves, 1985; Sims, 2010, 2011; Miranda-Aviles et al., 2012; Sims et al.,
2013). These contaminates have been the focus of interest due to their long residence time in the environment
and can be toxic to biota (Khalid et al., 1981; Frignana & Bellucci, 2004; Hutchinson & Ellison, 1992).

During the past 20 years mine research has focused on historical mining sites in semiarid and wetter regions in
the United States (i.e. California, Colorado, Idaho, Utah), south pacific (i.e. Australia) and Europe. These areas
have obvious risks associated with them including more abundant precipitation. However, in arid and hyperarid
regions, environmental issues and contamination related to historical mines have not been studied as extensively
as those in wetter climates. Mine sites in arid regions are not seen as an immediate or potential risk to the
environment due to their location (Ross, 2008).

Anthropogenic and geogenic inputs of trace elements to surficial sediments can impact a greater area than
previously considered (Lottermoser & Ashley, 2005; Lottermoser et al., 1999; Coulthard & Macklin, 2003;
Mackenzie & Pulford, 2002). Abandoned mines in temperate climates have been a focus for the United States
Environmental Protection Agency since the mid 1980s (USEPA, 1995). There has been a great interest in the
impacts of abandoned mining operation in semi-temperate climates in areas of Northern California and Nevada,
Colorado, Montana, and Idaho (e.g. Engle et al., 2001; Horowitz et al., 1993).

Mining and milling activities are known to concentrate trace elements of geogenic origin into waste materials
(Besser & Leib, 2000; Berger et al., 2000; Blowes et al., 1994). Historical mining operations used CN to remove
precious metals from floated slurries of water and crushed ore, and Hg to form an amalgam with other precious
metals so that they could be removed (Bonzongo et al., 1996; Churchill, 1999). Milling processes tend to
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concentrate naturally occurring elements (e.g. As, Pb, Cr, Cd) during the process by separating the precious
metals from the ore and concentrating residual trace elements in the tailings (Prusty et al., 1994). Subsequent
disposal of mine waste containing the concentrated geogenic elements (e.g. Ag, As, Cd, Cr, Pb, Se) can greatly
add to the anthropogenic contaminants burden to the surrounding area (Nicholson et. al., 2003; Miranda-Aviles
et al., 2012).

It has been suggested that mines in hyperarid climates are of little threat to the wider environment because of a
lack of precipitation (Ross, 2008). In hyperarid environments however, sediment redistribution from storm
events can be the dominant form of transport for mining wastes (Reheis, 2006). Studies have suggested, for
example, that contamination from mining activities related to dust (i.e. wind blown and fly ash) has the potential
to impact the wider environment many kilometers from the source (Davis & White, 1981; Camm et al., 2003;
2004; Petaloti et al., 2006).

Although it is well documented that mining contamination in wetter climates has the possibility of migrating
long distances by water and other transport mechanisms, there has been significantly less research in arid and
hyperarid regions. Investigations of mine waste in wet temperate to wet climates are important however, it is
clear that similar methods in hyperarid climates would not provided similar data. In mining regions with minute
precipitation, contaminants migration occurs with sediment transport during storm events, not overland flow or
groundwater movement. Thus it is imperative that research be conducted in these arid and hyperarid regions
where significant amounts of mining and milling have occurred to evaluate the environmental distribution of
contaminants to better understand the processes.

This paper examines literature concerning transport and distribution of trace elements in arid and hyperarid
environments to assess the impact to the wider environment as compared to sites located in wetter regions. In
order to fully evaluate relevant processes this review examines trace metals, metalloids, and anthropogenic
inputs with wind transport of contaminates; transport of contaminates in wet climates; speciation and chemical
behavior of trace metals and contaminates; siltation transport; potential for flora, fauna and human health affects;
uptake and effects on flora; uptake and effects on fauna and on human health.

2. Trace Metals, Metalloids, and Anthropogenic Inputs

Historic mining operations in the American West date back to the middle 1800s with some sites having
continuous operations into the mid-1950s (Greene, 1975). Many of these mines are small excavations that
transported their ore to milling facilities in the area for processing. Some mining operations had their own
milling systems adjacent to the mine, many within large ephemeral wash or stream systems (Greene, 1975).
Historic milling operations employed the use of CN’, Hg, and other chemicals to extract metals from ore
however, this process extracted both previous and geogenic metals by concentration techniques. Once tailings
were processed, wastes containing high levels of concentrated geogenic trace elements (e.g. As, Ag, Cr, Cd, Hg,
Pb, Se) and anthropogenic contaminants (e.g. CN™ and Hg) were released into nearby areas for disposal.

Geogenic metals (e.g., Cr, Pb) and metalloids (e.g., As, Se) are those contained within rock, ore and sediments
and include major crustal metals such as Al, Fe, and Mn. It is known that mining and milling activities
concentrate these metals into waste materials and potentially causing environmental impacts at a later time
(Besser & Leib, 2000; Berger et al., 2000; Blowes et al., 1994). On the other hand historical mining operations
used CN’ to remove precious metals from floated slurries of water and crushed ore, and Hg to form an amalgam
with other precious metals so that they could be removed (Bermejo et al., 2003; Bonzongo et al., 1996; Churchill,
1999). Disposal of mine waste containing these geogenic elements (e.g. Ag, As, Cd, Cr, Pb, Se) can greatly add
to the anthropogenic inputs (CN’, Hg) to the surrounding area.

Historical mining activities are known for their adverse impacts on the local environments, from esthetic to
environmental. Typically, acid mine drainage (AMD) is a principal source of environmental impact; however, in
an arid climate, a major potential source of contaminants is from mine tailings and waste rock where geogenic
and anthropogenic sources are enriched in mine wastes and distributed across the landscape by the operators
(Earman, 1996; Lu et al., 2012; Miranda-Aviles et al., 2012). In hyperarid regions wastes are generally left to the
elements as it has been suggested that there is little risk due to a lack of precipitation (Ross, 2008).

Tailings of small particle sizes containing contaminants from milling processes are readily transported by wind
and in over-land flow during storm events. Crushed ores are processed to particle sizes < 1 mm prior to flotation
and extraction. After flotation, spent tailings waste was usually pumped to areas near a mill site such as
ephemeral washes and basins. The transport of this material is limited to aeolian transport, aqueous, chemical
behavior, flora and fauna and siltation/sediment transport during storm events. In arid regions, transport is
limited to aeolian and sediment transport during storm events.

23



www.ccsenet.org/ep Environment and Pollution Vol. 2, No. 4; 2013

Cyanide and Hg are anthropogenic contaminants in mining areas that have been enriched in wastes and released
to surrounding environments at a number of mining sites throughout the world (e.g. Engle et al., 2001; Besser et
al., 2008; Yeddou et al., 2010). Most studies involving contaminated milling wastes are primarily in temperate
climates where more rainfall occurs, and transport of anthropogenically derived CN™ and Hg is facilitated by both
sediment and aqueous phase transport (Navarro et al., 2008).

In a study by Ismail et al. (2009), it was shown that the mobility of CN" rich sediments is also controlled by pH
of the surrounding sediments and the availability of metals such as Fe, Cu, and Zn to form complexes with CN".
For example, between sediment pH 6 and 8, CN™ complexes of Zn are stable and less soluble, whereas, in an
environment where the pH is > 8, Zn/CN" complexes were found to be more soluble (Rennert & Mansfeldt,
2002).

Jambor et al. (2009) examined the solubility of CN™ from metal rich sediments with similar results to Rennert
and Mansfeldt (2002) and Ismail et al. (2009). Jambor et al. (2009) illustrated that in metal rich sediments, CN
complexes of Fe and Cu were less soluble from sediments, whereas, CN™ complexes of Ni and Zn are more
soluble at pH values greater than 8. Thus, the dissolution of CN’ salts and metal complexes from sediments,
followed by aqueous transport during storm events, was likely to occur in addition to transport with suspended
sediment (Jambor et al., 2009; Yngard et al., 2007).

The transport of Hg from mining areas is most the result of trapped elemental Hg (Gemici & Oyman, 2003).
Craw (2005) reported that Hg is strongly adsorbed to sediment particles and also to organic matter. Furthermore,
Lechler et al. (1997) reported that surface contamination of Hg around mine sites is most likely as elemental Hg,
as a result of its release from the Hg-Au amalgam used in the mining processing.

It has been shown that the release of anthropogenic contaminants such as CN™ and Hg in arid and semi-arid
climates can impact the surrounding areas to a greater extent than previously believed (Navarro et al., 2008;
Figueroa et al., 2008). The purpose of examining CN™ and Hg in an arid environment can determine the
present-day distribution of these mining wastes in arid environments where their potential environmental impacts
are not yet fully understood as compared to those in wet climates.

3. Wind Transport of Contaminants

There are few mechanisms of transport that impact the area adjacent to and downgradient/downwind from
mining sites in arid climates. One such mechanism is wind (aeolian) dispersion. Aeolian dispersion has been
well documented concerning transport of contaminated materials great distances from sources, impacting areas
not directly affected by mining activities (e.g. Camm et al., 2003, 2004; Petaloti et al., 2006; Lopez et al., 2005;
Yadav & Rajamani, 2006).

Aeolian dispersion can be one of the more dominant forms of contaminant transport of mining wastes in arid
climates. Many of the environmental impacts associated with mine wastes can be attributed to the wind-blown
transport of fine tailings to the surrounding areas (Davies, 1976; Reheis, 2006; Conko et al., 2013). A number of
researchers showed that contamination from mining activities is related to dust, processed tailings, and fly ash,
with the potential to impact the environment many kilometers down-wind from the source (Davis & White, 1981;
Camm et al., 2003, 2004; Petaloti et al., 2006). For example, Davis and White (1981) have extensively
investigated transport of particulate matter (PM) by wind. They showed that wind-blown mineral particles
containing Pb, and other mine related wastes, travel great distances from the source. They further noted that
particulates < 2 mm and > 2 pum in size are susceptible to aeolian dispersion, and the particles are evenly
distributed directionally along wind patterns.

Meteorological data are important when performing such acolian transport studies to understand the number of
windy days, the wind velocity, and ground conditions, including grain size and land cover. Davis and White
(1981) used this approach in a study to illustrate the dispersion of contaminated waste at a site in Western Wales.
This study looked at 193 days of force 4 winds in a calendar year. Their findings demonstrated that Pb
contaminated sediment, found down gradient, originated from the mining activities 1.8 km up gradient from the
sampling area. The study of directional dispersion of wind-blown contaminated materials can provide
information on the extent of environmental contamination from source areas, even in areas where transport is
limited due to a lack of precipitation.

Work by Davis and White (1981) implies that the dispersion of contaminated materials will not only impact
sediments and waters around a site but also has the potential of affecting the food-chain. To illustrate further, it
has been demonstrated that produce grown (e.g. lettuce) down wind from a source of mine waste in the U.K. has
been impacted with Pb above natural background levels (Davis & White, 1981). Wind-blown material from

24



www.ccsenet.org/ep Environment and Pollution Vol. 2, No. 4; 2013

mining areas therefore, can constitute a direct environmental hazard through both inhalation and ingestion of
foods by humans and animals in the vicinity of such sites or, beyond (Davis & White, 1981; Camm et al., 2003).

By measuring metals or metalloids such as As, wastes from abandoned mines can be characterized and mapped
(Camm et al., 2003, 2004; Conko et al., 2013). They demonstrated that contaminated sediments can be tracked
down wind from a known source. Their research showed that As contaminated dust from milling facilities can be
transported up to 2 kilometers downwind of source area and ultimately impacting a wider area (Camm et al.,
2003, 2004; Davis & White, 1981).

Acolian dispersion of As at milling facilities also presents a potential environmental hazard. The process of
removing metals from ore involves heating in a calciner system which produces contaminated fly ash. Sediments
at processing facilities have been found to contain As ranging between 200 and 3,325 mg kg, and residue
directly around a calciner can be 12% As by weight (Camm et al., 2004). The dominant form of As found at
calciner facilities is As-Fe oxides in a range of textural wastes. Particulate matter < 20 um (PM,,) containing
As-Fe oxides, with a good portion of this material in the PM;, size fraction, are known to be a potential
inhalation exposure hazard (Lopez et al., 2005; Yadav & Rajamani, 2006). The study of PM fractions at mine
and mill sites provides a baseline for long-term dispersal of materials containing potentially hazardous materials,
and, the potential exposure to humans in relation to locations of milling facilities.

Similar findings regarding transport of trace metals (e.g. Pb, Cd, Cu, Cr, and Zn) in emissions from industrial
regions of China have been studied by researcher (e.g. Kim et al., 1998; Hsu et al., 2005; Petaloti et al., 2000).
Hsu et al. (2005) found PM,, containing Pb, Cd, Cu, Cr, and Zn transported from industrial areas in China to as
far away as the United States. This is possible, according to their findings, because, during the winter, particulate
matter will adsorb Pb and Cd and be transported by winds blowing from China to Taiwan and beyond (Hsu et al.,
2005; Kim et al., 1998). In contrast, metal-containing particulate matter originating from mining sites has a
similar but limited range of transport (Petaloti et al., 2006; Tasdemir et al., 2006).

Particle size fractionation has been used to investigate land use and fluvial deposition of contaminated mine
waste (Horowitz & Stephens, 2008; Horowitz, 1993, 1988, 2008). Horowitz (2008) and others used air
elutriation to evaluate each fraction of contaminated sediment and found that the finer aeolian fraction contained
10 times more metals than the larger fractions (Callender, 1988; Lu et al., 2012). When using this method of
evaluating the lighter fractions, it was obvious that contaminants associated with the smaller particles can be
transported farther (compared to shorter transport for larger size particulates) and deposited by aeolian processes
in areas where there is no anthropogenic activities (Horowitz & Stephens, 2008; Lu et al., 2012). While their
study of aeolian transport is extremely valuable in arid regions it was not seen as useful for this study due to the
top layer (10-20 mm) of the tailings having a hard crust as a result of evaporation, evaporation in arid regions
bring what little dissolved salts to the surface that produces a thin but stable crust trapping sediments beneath
(Slowey et al., 2007a). However, studies by Mackenzie and Pulford (2002) of milling and calciner facilities in
Scotland showed that wind distribution can transport materials from source areas to areas not directly impacted
by industrialization. While literature has shown that wind dispersion has been studied at great lengths around
industrial areas, studies do not show that it has been a focus in arid and hyperarid mining regions because of
location of sites to population centers.

4. Transport of Contaminates in Wet Climates

Surface water influence on transport of contaminated sediments is a focus of much research. Mine sites located
in areas of high precipitation are investigated for overland flow as a major means of transport, and the
conveyance of contaminated materials in streams, rivers and subsurface is also a means of transport. Surface
water and storm runoff as means of transport are the pathways by which contaminated sediments can move
beyond their site of origin. Although it is known that overland flow and aeolian transport are major processes
conveying contamination from a mine site, overland flow is typically ignored in arid regions because of the lack
of precipitation and resulting infrequency of such an event, not to mention the location of much of these sites.

Abandoned mines in temperate climates have been a focus for the United States Environmental Protection
Agency (USEPA) since the mid 1980s (USEPA, 1995) and others (e.g. Slowey et al. 2007a, 2007b; Stover, 1996;
Lottermoser & Ashley, 2005). During the 1980’s, the USEPA investigated abandoned mines in Colorado to
determine if there was potential for environmental issues (Stover, 1996). Many of the mines were located next to
permanent water sources, such as Chalk Creek, which received contamination from nearby mining sites. Since
that time, the USEPA’s research has evaluated precipitation and its potential influence on the transport of
contamination into surface waters (USEPA, 1995).

Precipitation promotes the movement of trace elements into surface waters in dissolved and particulate forms
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and, therefore, can create adverse habitat conditions for fish populations in receiving bodies of water (Stover,
1996). Two sources of mine waste entering the environment are leachates from mine tailing waste and AMD
from mine tunnels and shafts (USEPA, 1995). The first source is caused by the leaching of waste materials with
high acid-generating potential; second is the surface runoff from contaminated mine sites producing AMD that
adversely affect nearby surface waters.

Mines that used gravity separation to remove cinnabar (HgS) from ore for later processing tend to have larger
amounts of Hg contamination (Slowey et al., 2007b). Due to environmental issues related to Hg (i.e.
methalization), it has been a main focal point for investigation. It has been found that Hg concentration in
sediments tends to be higher adjacent to, and down gradient from abandoned mining and milling sites located in
either volcanic areas or when Hg was used in processing (Dolenec et al., 2005; Moncur et al., 2005, 2006). High
levels of Hg in sediments down gradient from the source area are the direct result of processes of erosion and
overland flow as shown by Macklin et al. (2001). Research has shown that in areas where the dominant Hg
source is cinnabar, the Au extraction processes alter cinnabar to meta-cinnabar, a more soluble form (Gemici &
Oyman, 2003; Moncur et al., 2005). Such a change allows Hg to be more susceptible to physical weathering,
permitting an enrichment of Hg in fine-grained sediments and possible methalization later due to environmental
effects (Slowey et al., 2007a, 2007b; Kim et al., 2004; Harikumar & Jisha, 2010).

Research shows that higher ratios of Hg between water and sediments are a direct result of a higher solubility of
Hg originating from AMD sources adjacent to mines (Nishida et al., 1982; Slowey et al., 2007a, 2007b; Rampe
& Runnells, 1989). However, Slowey et al. (2007a) reported that water sources with appreciable amounts of
dissolved bicarbonate will buffer the system limiting acid-soluble metals. They reported that AMD receiving
waters containing as much as 430 mg L™ CaCO; can provide sufficient buffering capacity to neutralize acidity
that will result in sorption or precipitation of soluble metals. Ultimately, water chemistry controls Hg, and other
trace metals, partitioning between the aqueous and particulate phases in an aquatic environment. However, in an
arid environment water chemistry is not an issue but, once transported materials can be deposited in an area or
location where water can provide an environment where Hg or other trace metals can chemically change.

Release of trace elements into surface sediments and their subsequent transport by storm-water is likely to be
influenced by the adsorptive capacity of the sediments, e.g. the texture and the amount of organic matter. For
example, Rieuwerta and Farago (1996) found that levels of Pb and Hg decreased in sediments with decreasing
organic matter. This work shows that organic matter can control Pb and Hg retention in sediments and
subsequent transport. Davis (1976) and others have conducted similar investigations seeking a correlation
between base metal mining and pollution in sediment (Rowan et al., 1995; Davis & White, 1981). Davis (1976)
found correlations between Pb-Hg and Cu-Zn in sediments with similar organic matter content. It was reported
that in areas where base metal mining occurred, high levels of Pb and Hg were more likely to be present
(Macklin et al., 1997). In fact, in some historical mining areas, Hg was reported to be as much as 2 mg kg™ in
sediments derived from a floodplain that was downgradient from historical mining areas (Macklin et al., 1997).

It was found that water contamination caused by an influx of sediment from mining sites has the capability of
impacting a wider area (Zhuo et al., 2007; Luo et al., 2006; Singhal & Islam, 2008; Rowan et al., 1995). Studies
suggest that floodplain sediments that contain particulate-bound trace elements (e.g. Pb, Zn, Cd, and As) were
most likely the result of repeated fluvial scouring and re-suspension of sediments (Rowan et al., 1995; Luo et al.,
2006). Sediments originating from a mine site can spread contaminants primarily by their transport with water
(Luo et al., 2006). Rowan et al. (1995) suggested that (water) metals contamination and subsequent transport is
however limited to the inevitable precipitation and sorption of metals onto sediments.

Research shows that trace elements (e.g. Hg, Pb, Cu, Zn, Cr, Ni, As) can be used to illustrate movement of
sediments in runoff from mining sites (Sanghoon, 2006; Luo et al., 2006; Singhal & Islam, 2008). Additionally,
contamination is not restricted to a small geographic area when transport redistributes sediments enriched with
trace elements. Materials that are normally stable in sediments will be mobilized in storm flow and transported
great distances from the source (Sanghoon, 2006). In areas with high precipitation, the mobilization of metals
begins with leaching of tailings, particularly where the pH is low and SO4* content is high (Moncur et al., 2005).

At Lake Coeur D’Alene, Idaho, USA Horowitz et al. (1993) found trace elements (e.g. Ag, As, Pb, Cd) were
being deposited into lake sediments from adjacent mining activities. Horowitz et al. (1993) illustrated that trace
metal-enriched fine sediments from abandoned mining and milling areas were mobilized from the ground
surface to Lake Coeur D’Alene during periods of high precipitation. It was establish that association with Fe
oxyhydroxide coatings on grains made the trace metals more environmentally available than if they were
associated with other constituents such as sulphide minerals. With relations identified between trace metals and
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Fe oxides, Horowitz et al. (1993), were able to determine that the trace metals deposited into Lake Coeur
D’Alene can be ascribed to the abandoned mining operations rather than geogenic deposits.

More recently, research has focused on water chemistry and the transport of metals and metalloids in mine
drainages (Kwong et al., 2007; Slowey et al., 2007a). For example, As in mine drainage from tailings in Ontario
(Canada) was an order of magnitude above the Canada drinking water standard of 0.05 mg L. Studies by
Riemer and Toth (1970) showed that the chemistry of sediment pore-water will directly influence the transport of
As and possibly other trace elements. In the short term, as dissolved trace elements enter a system, they tend to
adsorb to suspended matter; however, they could re-dissolve farther down the system when the geochemistry
changes due to system variability (Riemer & Toth, 1970).

Ashley and Lottermoser (2003, 2004) and others studied mine waste and the distribution of As in surface waters
(Lottermoser & Ashley, 1999). They found AMD with a low pH (4.1) had the highest concentration of dissolved
As (up to 13.9 mg L") that was entering the Mole River, New South Wales, Australia. Once AMD entered the
Mole, surface waters entering the river further diluted the As-rich drainage to background concentration (0.0086
mg L) beyond 2.5 km downstream. While their study showed that As was eventually diluted to < background, it
was evident that environmental conditions have the ability to alter trace element species over time and distance.

In a semi-arid climate environmental impacts by trace metals are influenced by surface runoff during storm
events. Taylor and Kesterton (2002) showed that the distribution of trace metals depended on their solubility and
more importantly, their mobility. The movement of trace metals within the sediment profile is also influenced by
sedimentation, allowing the distinction between pre-mining, mining, and post mining in semi-arid climates
(Meza-Figueroa et al., 2009). However, the above processes are lacking in arid locations where contaminant
transport is limited primarily to sediment interactions and subsequent storm-water transport of the affected
sediment rather than aqueous mechanisms (Taylor & Kesterton, 2002).

Further research of abandoned mine sites determined whether sites were sources of water contamination caused
by influx of sediment containing Pb (Zhuo et al., 2007; Luo et al., 2006; Singhal & Islam, 2008; Rowan et al.,
1995). Floodplain sediments were found to contain particulate-bound contaminants such as Pb, Zn, Cd, and As,
that were most likely the result of repeated fluvial scouring and re-suspension of sediments, further dispersing
trace element contaminated particles (Luo et al., 2006; Singhal & Islam, 2008). According to Luo et al. (2006)
movement of sediment will impact the degree of traceability while lateral movement accounts for the age of
deposition (Giuliano et al., 2007).

Some contaminants (e.g., Hg, Pb, Cr, As), both soluble and particulate forms, in wetter climates can be used to
illustrate movement of contamination in surface waters and sediments adjacent to historical mines (Sanghoon,
2006; Luo et al., 2006; Singhal & Islam, 2008; Da Silva et al., 2005). In areas with high precipitation, the
mobilization of metals begins with leaching of tailings (Moncur et al., 2005). More recent research has focused
on water chemistry and the transport of metals and metalloids in mine drainage (Kwong et al., 2007; Harris et al.,
2003; Leinz et al., 2006). Speciation and mobilization of metalloids and the mechanisms of transport in
sediments and water are a direct result of the amount of available moisture (Kwong et al., 2007). As dissolved
trace elements enter a system, they tend to adsorb to suspended matter; however, they could re-dissolve farther
down the system (Lewis, 1977; Riemer & Toth, 1970).

Research clearly shows that the mobilization of contaminates from processed tailings through surface and
ground water flow has been a focus of studies (Macklin et al., 2001; Hughes & Diaz, 2008; Bonzongo et al.,
1996). Furthermore, studies of historic mining and the resulting contamination has been the focus in regions that
receive generous amounts of precipitation rather than arid or hyperarid areas. In an arid environment water is not
an issue. However, once transported to an area or location where water is present such as a desert lake or perched
aquifer, Hg, or other trace metals, can transform from a minor environmental issue to a major concern such as
methyl-mercury.

5. Chemical Behavior of Trace elements

Speciation and geochemical processes can have a major influence on transport of trace elements at abandoned
mine sites. Furthermore, studies have shown that the transformation of trace elements by microbes can influence
transport (e.g. Macklin et al.,, 2001; Chen et al., 2006; Conko et al., 2013). An excellent example of how
transformation because of microbes can affect their surrounding environment is the methylation of elemental Hg
to methyl-mercury (CH;Hg"), a more soluble, bioavailable, and highly toxic form. When CH;Hg" enters a water
system it can produce fish kills and large amounts of toxic Hg uptake by multiple species resulting in an
impairment in higher species and the food web, thus affecting the surrounding environment more so than
elemental Hg (Conaway et al., 2004; Hughes & Diaz, 2008; Bonzongo et al., 1996; Mastrine et al., 1999). In the
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Western United States, historically Hg was used in the extraction of precious metals by amalgamation. During
this process, excess Hg was routinely dumped into the immediate environment (Greene, 1975). Although
portions of Hg will volatilize into the atmosphere, it is possible for Hg to bind with organic matter and remain in
soils and sediments for longer periods of time, until transported by erosion.

Methyl-mercury has been a focus of investigations to provide the modes of conversion from elemental to
CH;Hg', and the ratios of Hgto CH;Hg" (Hughes & Diaz, 2008; Bonzongo et al., 1996; Mastrine et al., 1999).
Macklin et al. (2001) found that methylation occurs in sediments when Hg is < 15.3 mg kg™, than decreasing
above 15.3 mg kg because of toxicity (Macklin et al., 2001). Decreased methylation is attributed to reduced
activity of microbes as a result of higher levels of total Hg; i.e. more toxic to microbes. A reduced activity of
microbes during a winter and spring flooding is also directly related to the presence of Hg at > 15.3 mg kg
because of increased transport (Macklin et al., 2001).

In an aqueous system, CH;Hg" will increase to toxic levels below a point source by microbial mediated
methylation. This process is further enhanced as a direct result of additional Hg entering the system during
winter and spring runoff events (Bonzongo et al., 1996). Findings have suggests that CH;Hg" decreases in
concentration with distance from a source area, in part from volatilization with turbulence of flowing water as it
moves downstream, and in part by retention of Hg and CH;Hg" in bed sediments (Bonzongo et al., 1996).

Macklin et al. (2001) and Mastrine et al. (1999) studied several mining areas with similar climates, sediments,
vegetation, and rock where Hg was utilized to amalgamate Au during the milling process. They found Hg and
iron (Fe) concentrations were directly correlated in sediments. Mastrine et al. (1999) explained that the relation
between Hg and Fe was the result of similar mechanisms that control the aqueous forms of both metals. Their
findings showed that sorption of Hg to Fe-oxyhydroxides has a direct relation to the amount of Fe and Hg found
in waters originating from contaminated sediments at a mining site. They noted that this relation is caused by the
mass of total suspended solids (TSS) containing Fe oxyhydroxides that sorb Hg and Fe to TSS in waters.

Waste from middle 1800s mining activities continues to impact the surrounding environment of the Western
United States and beyond (Sims, 2013). For example, Hg has been released from historical mill and mine
operations to surface waters of the Truckee River and Steamboat Creek systems in Northern Nevada (Bonzongo
et al., 1996; Chen et al., 2006). Total Hg and CH;Hg" in sediments along these river systems have been studied
to determine the distribution in relation to precipitation and aeolian transport (Stamenkovic et al., 2004; Kim et
al., 2000; Jonasson & Boyle, 1972). If levels of Hg in a river system do not decrease with distance in channel
sediments then this suggests that a constant source of Hg is being mobilized (Stamenkovic et al., 2004). Such
findings are useful in characterizing movement of sediments and the transformation from elemental Hg to
CH;Hg" in similar aquatic systems.

Studies have found that anthropogenic Hg at mine sites is one to two orders of magnitude higher than that in
pristine streams (Stamenkovic et al., 2004; Macklin et al., 2001). For Hg methylation to occur, conditions
favoring an anaerobic environment must be present so that an increase in microbial activity can be available.
Stamenkovic et al. (2004) also asserted that minerals and nutrients (i.e. SO4) in sediments might directly
correlate high levels of Hg with their reduction. They found that SO,* reduction and Hg conversion to CH;Hg"
decreases in stream bank sediments containing SO,”, which indicated that microbial processes of Hg
methylation are inhibited in the presence of significant amounts of dissolved SO,”, indicating an aerobic
environment.

Speciation is typically used to determine the mobility of Hg in sediments and to identify sources and release
potential. Research into Hg speciation in the California Coast Range was undertaken to better understand its
mobility in mine waste and how solubility relates to speciation (Kim et al., 2000; Mastrine et al., 1999).
However, studies have suggested that Hg and with other anions (i.e. Cl) in sediments might have a correlation
between solubility and mobility (Kim et al., 2000; Stamenkovic et al., 2004). Determining the correlation
between Hg and the anions would provide invaluable information concerning the transport related to Hg in the
environment.

Researchers have examined speciation and bioavailability of As, Zn, Cd, Pb, Mn, and Al in mine waste (Wu et
al., 2006; Meers et al., 2006; Nair & Robinson, 2000; Chen et al., 2006; Gupta et al., 2007). It was established
that the bioavailability of certain metals like Zn, Pb, and Cd are controlled by sediment moisture, pH, and
dissolved organic matter. In sediment high in Fe and Mn, it is known that oxidation and adsorption of As (III)
and As (V) by pedogenic Fe-Mn rich solid phases at varying sediment pH and organic content controls the
speciation of As (Chen et al., 2006; Grafe et al., 2007, 2008; Boyle & Smith, 1994). Slowey et al. (2007b)
suggested that As mobilization occurs with the mobility of the particulate phase rather than transport in the
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aqueous phase. It has been further shown that the dominant As species in the environment is As (V) and it is
adsorbed to amorphous iron-hydroxides that co-precipitated with jarosite (Grafe et al., 2008; Chen et al., 2006;
Gupta et al., 2007). Grafe et al. (2008) and others showed that As is released from mine waste as As (V) where a
low pH and oxidation convert As (III) to As(V), allowing As to migrate as a particulate verses in the aqueous
form (Grafe et al., 2008; Slowey et al., 2007a; Breteler et al., 1981). Suspended materials and electrolytes can
influence the transport of metals in water bodies. It has been found that suspended particles can remove soluble
contaminants from the water column (Al-Busaidi et al., 2005). Stumm and Morgan (1996) and others have
shown that high sediment and salinity suppress suspended particles by their flocculation and subsequent settling
out from the water column (Al-Busaidi et al., 2005; Sakata, 1987; Zhang & Selim, 2005).

Another factor influencing the mobility of trace metals is the interaction with the sediment surfaces. Cheng et al.
(2009) examined arsenic transport and transformation through columns packed with uncoated sand and natural
sand coated with inorganic colloids and/or dissolved organic matter (DOM) using arsenate, As (V) in solution.
The occurrence of inorganic colloids and/or DOM evidently enhanced As transport, with a larger fraction of As
leaching out of the column compared to the total amount added. Cheng et al. (2008) further explained that when
a solution of As (V) was combined with dissolved organic matter the mobility was increased. Therefore, As (V)
can leach from the sediments to groundwater due to elevated DOM.

It has been shown that in mining areas with high levels of organic matter in sediments, and significant
precipitation, the solubility of As (V) increases (Stumm & Morgan, 1996; Chang et al., 2009). For example,
when As (V) was spiked in waters similar to mining site seepage, only As (III) was detected in the effluents for
uncoated sand columns while both As (III) and As (V) were detected in the coated sand columns (Chang et al.,
2009). It was recognized that when monomethylarsonic acid was injected into sediment columns, all As species
were present in the effluents (Cheng et al., 2008; Feng et al., 2005; Hutchinson & Meema, 1987). Thus it appears
that areas where organic matter is very low, limited to no moisture reduces the possibility for mobilization and
transport of metals and other contaminants are poor due to environmental factors other than overland transport
(i.e. arid and hyperarid regions).

6. Siltation Transport

Authors have suggested that siltation possesses several issues to the environment; clogging of the water column
and trace element leaching among others. James (1991) suggested that high siltation of waterways can impede
aquatic life growth because it can effect oxygen uptake by local biota causing a suffocation. Furthermore, high
siltation by mine waste will also provide ideal conditions for enriched trace elements leaching into water systems,
further impacting biota (Hudson-Edwards et al., 1997). While siltation clogging the water column is an
important issue, the potential release of trace elements contained in silt or sediment that originated from mining
areas is significant (e.g. Edwards et al., 1997; Hudson-Edwards et al., 1997; Dennis et al., 2002). Siltation of
waterways and associated contamination has the potential to impact a larger radius of a stream or river basin by
both sorbed and dissolved metals.

Researchers have used Hg and Si to trace siltation from hydraulic mining areas (e.g Edwards et al., 1997; James,
1991). For example, it has been found that elevated silica concentrations in rivers and streams was observed a
distance of 60 km downstream from mining sources in just 100 years in the mining areas of northern California
(Edwards et al., 1997; James, 1991). It was found that elevated Si was correlated with Hg, suggesting the source
Hg was from the same location as the silica. James (1991) stated this material could have moved even farther
than 60 km if it was not for dams and other obstructions put in place since the early 1930s.

Siltation in a river or stream can also affect areas adjacent to water sources such as overbanks and low lying
areas (Hudson-Edwards et al., 1997). Studies indicate that sediment contamination has produced
metal-contaminated overbank river sediments and increased metal concentrations in waters of local rivers and
tributaries (Hudson-Edwards et al., 1997; Dennis et al., 2002). By following siltation patterns, scientists have
been able to trace sources of mining-related sediments to their original source. Furthermore, it has been found
that in some low lying areas, contamination from mining sites have mixed with agricultural runoff. There have
been several incidents reported in the United Kingdom in which a major flood occurred on lands once used for
base metal mining that are now used primarily for agricultural (Dennis et al., 2002). In these areas, overbank and
channel sediments would already have contained high levels of base metals prior to agricultural development.
However, in areas where Pb, Cd, and Zn were mined, there were high levels of contamination corresponding to
the source areas of the trace elements (Mlayah et al., 2009; Lecce & Pavlowsky, 2001).

Siltation has the potential to clog water ways as the material moves from an abandoned mine site. However,
siltation also can have a greater effect on the environment when tailings dams fail and mine waste enters a water
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system. Although this is a somewhat different release mechanism than storm-water transport, it illustrates the
effects of a catastrophic tailings transport event on the environment. Thus, it is possible for sites with
contaminated sediments, tailings, or mine waste to impact a much larger area, such as a basin or floodplain
(Fuente et al., 2007; Miller, 1997; Hernandez et al., 1999). For example, in early 2000, a dam failed in
Maramures County, upper Tisa Basin, Northwest Romania releasing a significant amount of silt into the Tisa
River (Macklin et al., 2001). During this dam failure over 40,000 metric tons of contaminated sediment was
released into major tributaries of the Danube River, with pollutants of cyanide and metals (Pb, Zn, Cu, and Cd).
Although metal concentration in surface waters decreased with distance from the source because of a high
buffering capacity and dilution, trace metals in sediments still exceeded acceptable levels downstream (Macklin
et al., 2001). The Danube River incident illustrates that flood waters originating from a mining area have the
potential to pose a significant environmental threat to its surrounding area.

In Seville, Spain, the Aznalcollar tailing dam at the Boliden Apirsa’s mine was breached in April of 1998
(Hernandez et al., 1999). The failure impacted 4600 hectares of land located along the Rios Agrio and
Guadiamar with 5.5 million cubic meters of acidic waters and 1.3 x 10° cubic meters of mine waste containing
metals (Hernandez et al., 1999; Edwards et al., 2003). It was shown that mine waste contained high
concentrations of Ag, As, Cd, Cu, Pb, Sb, T, and Zn compared to their background levels (Edwards et al., 2003).
Studies showed that Zn and Cd had the highest impact on the environment, whereas Pb and As were not mobile
unless reducing conditions that could dissolve greater amounts of the reduced species developed in the mine
wastes (Edwards et al., 2003). It was also clear that high mineral sulfide content in these sediments can produce
AMD, under aerobic conditions, easily releasing trace metals.

When tailings reach surface waters, however, it can transport large quantities of contaminated sediments to
downstream areas such as floodplains, basins, or farm lands. Macklin et al. (1997, 2003, 2006) studied transport
of localized contaminated sediments by tracking the material downgradient in what they termed “pulses”. They
explained that pulses consist of material temporarily suspended in flood waters and ultimately deposited in
localized spots beyond the source. Finding showed that contaminated deposits decreased downstream in
sediments of rivers and streams (Meijer et al., 2002; Coulthard & Macklin, 2003). It is thus important to account
for the secondary deposits when evaluating the overall pollution of a mine area. The materials that make up the
isolated spots were the result of contaminant laden sediments being transported (secondary deposits) during
storm events rather than the legacy of soluble contaminants in the water column.

6.1 Tracking Movement of Contaminated Material

The issue of geogenic contaminants and their mobilization into the environment has been assessed using
different techniques (Zhang & Shan, 2008; Chow, 1970; Frignana & Bellucci, 2004). Sutherland and Tolosa
(2000) studied the movement of trace element in humid sediments and found that Pb, Zn and Cu were more
mobile in the lower level (7.2-10cm) of the sediment than at the surface level. Once trace elements are in dry
sediments, their behavior will be similar to terrestrial environments (Sutherland, 2000; Sutherland et al., 2003;
Andrews & Sutherland, 2004).

Sutherland (2000) used mass loading and mass per area enrichment ratios (MAER) to study the impact of trace
elements in sediments. It was found that input trace elements such as Pb were 4 to 5 times higher in sediments
affected by anthropogenic activities. This statistical technique showed that certain forms of metals tend to be
more enriched than background metals, hence, presenting a higher anthropogenic signal in sediments (Sutherland,
2000).

Study of enrichment ratios (ER) has been applied to agricultural fields globally to evaluate anthropogenic
enhancement. While agricultural fields are different from mining sites, they both result in significant alteration to
the local sediment environment and therefore are a good comparison. In areas where a long history of intensive
agriculture is documented, dating back more than 100 years, change in environmental conditions is easily
observed (Zhang & Shan, 2008). Researchers used enrichment factors to evaluate agricultural impacts on
sediments in China to assess anthropogenic activities such as fertilizer usage (Zhang & Shan, 2008; Agrawal et
al., 1981; Qin & Chen, 1996; Yin et al., 2006). It was found that fertilization over long periods of time will
impact the sediment environment with the use of phosphorus fertilizers-containing trace metals such as Cd
(Inaba et al., 2006; Zhang & Shan, 2008). As shown by Zhang and Shan (2008) with fertilizers, certain
concentrated geogenic trace metals (i.e. Cd) tend to bioaccumulate over time, and may be available for plant
uptake.

Environmental models have been widely used to predict mass movement of sediments, as “moving waves” at
mine sites (Pickup et al., 1983). Input variables to models have included sediment velocity, dispersion
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coefficients, and the mean distributions of loads to simulate the movement of the wave. Pickup et al. (1983)
found that modeling the moving wave of sediment with a dispersion model could adequately simulate sediment
transport down slope in an area influenced by surface waters.

Pickup et al. (1983) utilized two models for predicting the movement of sediments down stream with one
allowing for the distribution of sediment velocity through dispersion co-efficient, the other used a normal mass
conservation approach. Their models included datasets collected over a period 43 months, with data from 7
cross-sections of the Kawerong River, Papua-New Guinea, which is polluted with wastes from a copper mine.
They were able to predict the distance and concentrations along the river based on precipitation effects.

Over the years, a number of other studies have used modeling techniques to assist in the interpretation of mine
waste (Yager & Stanton, 2000; Ge et al., 2005; Mackenzie & Pulford, 2002; Stanton, 2000). Models using
topography, precipitation, geophysics, geochemistry, hydrology, and historical records provide the best
quantitative results that can be derived from the investigation of historical mine sites. Many of these models (e.g.
Coulthard & Macklin, 2003; Stanton, 2000) incorporate numerical and analytical techniques for evaluating the
transport and fate of contaminants in surface sediments. Some of the models used today for evaluating
contaminant movement are Tracer, Gaussian Distribution Method, and numerical and analytical models to
predict contaminant transport and fate in surface sediments.

Coulthard and Macklin (2003) used numerical and analytical approaches for predicting long term contamination
issues in rivers and streams in historical mining environments. The approach, Tracer, uses historical mine records,
and topographic and hydrologic maps to predict the movement of contaminated sediments in relation to their
sources. This approach provides information concerning the possible extent of contamination, and, what
Coulthard and Macklin (2003) refer to as “hot spots”. Hot spots, as described by Coulthard and Macklin (2003),
are secondary sources of contamination that occur some distance from the original source when deposited during
periods of high flow. These hot spots can impact other areas that were not historically contaminated (Ge et al.,
2005; Coulthard & Macklin, 2003; Mackenzie & Pulford, 2002).

Identifying natural versus anthropogenic input sources of contaminants aids in understanding environmental
problems associated with abandoned mine sites. For example, understanding potential sources of Hg will provide
information concerning input point source pollution rather then geogenic sources (Coulthard & Macklin, 2003).
Studies have evaluated the differences between anthropogenic Hg and geogenic sources in order to gain a better
understanding of mine related point- and non-point source pollution. Hg from anthropogenic sources has been
found in higher concentration in sediments compared to geogenic sources (Engle et al., 2001; Stanton, 2000;
Yager & Stanton, 2000). This higher concentration is due to the use of Hg in large amounts versus geogenic
sources, which tend to be much lower and have more time to disperse before moving with transported sediments
(Stanton, 2000).

Modeling sediment transport has been used to measure the distance from geogenic and anthropogenic sources in
wet climates that impact downstream environments (Engle et al., 2001). Models have been used to illustrate the
effects of atmospheric precipitation on Hg sources and the resulting erosion from sediments and alluvial deposits
over time in wet climates (Engle et al., 2001; Stanton, 2000; Yager & Stanton, 2000). The Gaussian Distribution
Method has been used to calculate the average daily emission of metals from lithologic units with the average
metal flux from a given area. It was shown that 89% of Hg released into the environment will come from
naturally enriched sources (geogenic) and 11% will most likely originate from anthropogenic sources (Engle et
al., 2001). These methods are useful for predicting sources of contamination. However, they are limited in that
the variables used will only reflect the data collected and will not account for unknown variables, i.e., most such
models are site specific.

Siltation is arid and hyperarid regions are not a major concern because there is little precipitation however, when
precipitation occurs, it will transport large amount of sediments due to mass transport rather than a constant
siltation affect on nearby surface waters. When transport occurs in arid and hyperarid regions it is usually
associated with a short but intense storm event that transports materials into the wider environment, potentially
impacting the food web.

7. Biological Environment
7.1 Potential for Flora, Fauna and Human Health Affects

One of the biggest concerns with the transport of contaminants is when it enters the food web. Impacts of mining
waste extend beyond the potential effects on water and sediments and ultimately into the biological environment.
Biological impacts include the health and well being of plants, animals, and humans exposed to contaminated
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waters, sediments and food supplies. The location of mining facilities and their associated contaminated soils,
sediments, and wastes, in relation to population and farming, can have an adverse impact on the overall
environment through the transport of trace metals (Appanna, 1991; Nicholson et al., 2003).

Mining activity sparked population growth in towns and cities that supplied the labor to mines and milling
facilities. Today, many of these towns and cities are larger in population, although the nearby mining and milling
sites have been abandoned and left unattended for decades. It should be considered, however, that abandoned
mining areas adjacent to towns could still pose potential risks locally to flora, fauna, and ultimately human health
(Nicholson et al., 2003; Sierra et al., 2009). The environmental and biological impacts of mining wastes on
ecosystems have been studied to determine what, if any, ill effects humans have suffered in areas surrounding
abandoned mining sites (Lee et al., 1998; Suner et al., 1999; Appleton et al., 2000).

Thus it appears that siltation and is very low, the mobility and transport of metals and other contaminants are
limited due to environmental factors (i.e. arid and hyperarid regions). Although it has been shown that mining
can produce adverse effects beyond the mining area itself, the impact of mining activities on local vegetation,
fauna, and, eventually, human health in arid environments is not well documented. To understand effects from
vegetation, it is important to understand the mechanism in which vegetation becomes a source of contamination.
To illustrate, an animal that has ingested contaminated water or food or inhaled contaminated airborne material,
can roam long distances before human consumption.

7.2 Uptake and Effects on Flora

Base metal and uranium mining sites have been investigated for contaminants uptake by local vegetation within
the continental United States and abroad (Kipp et al., 2009; Kovalchuk et al., 2005). These investigations have
studied the uptake of Cu, Ni, Fe, Co, Zn, U, and Pb in vegetation and animal tissues in the vicinity of mining
areas. Plants around mining sites have been found to contain higher levels of trace elements (e.g. Pb, As)
correlating to concentrations in local sediments. It was found that plants with the highest level of trace elements
(e.g. Pb) tended to have broader leaves than small leaf plants. It was found that higher levels of metals is possible
in grasses, surrounding mining sites (Nicholson et al., 2003; Vazquez et al., 2008; Wang et al., 2007). Literature
has shown that bioaccumulation of As and resulting phytotoxicity to lower plant species were observed in wet
mining areas that had several metal-tolerant plant species (e.g., Angophora floribunda, Cassinia laevis, and
Chrysocephalum apiculatum) that colonized the periphery of the site (Clemente et al., 2005; Boularbah, et al.,
2006; Han et al., 2006). Bermejo et al. (2003) investigated Pb mining in the Sierra Madrona Mountains Spain.
Their study also showed higher concentrations of trace elements (Pb, Zn, Cd, Cu, As, and Se) in plants where
trace element concentration was high in sediments (Bermejo et al., 2003). However, higher concentrations of
trace elements in vegetation were more prevalent in areas like stream sediments near tailings dumps than in areas
not impacted by mining (Reglero et al., 2008).

7.3 Uptake and Effects on Fauna

Animals (fauna) are likely to suffer greater affects through the food chain by the ingestion of flora. Researchers
identified trends in metal uptake in vegetation and animals from trace element enriched substrata, leachates, and
surface water sources (Lee, 2001; Pankakoski et al., 1994; Sanchez-Chardi & Nadal, 2007). It has been shown
that metals such as Cd are of great concern because of its bioaccumulation from the consumption of vegetation
(Krishnamurti et al., 2005).

Uptake of metals can impact the environment by adversely affecting fauna as a result of grazing on local flora in
affected areas (Gammon, 1970; Pagenkopf et al., 1974). Local vegetation near streams and rivers can be
impacted when mine waste containing dissolved elements (e.g Cu, Zn, Pb, and As) enters water-bodies (Lewis,
1977; Gammon, 1970; Pagenkopf et al., 1974; Warnick & Bell, 1969). An influx of dissolved trace elements can
affect organisms like insect larvae, bivalve mollusks, and microorganisms, which in turn affect larger organisms
up the food chain (Wright & Zamuda, 1987; Qiu et al., 2007). As shown in literature (Krishnamurti et al., 2005;
Reglero et al., 2008; Moreno-Jimenez et al., 2009), bioaccumulation in local vegetation will directly affect local
fauna by the transfer of metals from one organism to another. The level of tolerance for specific metal
accumulation is species-specific, resulting in the further transfer of metals from one species to another with the
impact being species specific (Moreno-Jimenez et al., 2009).

Studies have shown that Cu, Ni, and Pb are likely to be found in the stomach linings of local fauna (goats),
whereas Ni and Fe are more prevalent in skin and fur of some fauna (Cloutier et al., 1985). Studies have shown,
for example, that high concentration of Pb found in animals near mining sites can be caused by animals foraging
for plant material that are known to uptake Pb into their tissues (Chopin & Alloway, 2007; Reglero et al., 2008).
Studies (Reglero et al., 2008) showed that in lead mining areas of the Sierra Madrona Mountains 13 species of
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plants contaminated with trace metals resulted in a transfer to local red deer (Cervus elaphus) foraging in the
area. Reglero et al. (2008) illustrated that in mining impacted soil con tainingh Pb and As at 100 times
background concentrations, leafy plants contained Pb and As concentrations 3 times their background levels
(Reglero et al., 2008). They further examined the livers of local red deer and found that Pb and As concentrations
were 12 times higher than livers from control areas not impacted by mining.

7.4 Uptake and Effects on Human Health

Contamination of the environment and resulting impact to human health is well known and has been noted as far
back as 2000 years in the Roman Empire. In ancient Rome, Romans used lead, a documented neurotoxin, for
making water pipes, cooking utensils, water tanks, and storage vessels (Bishop, 1989). Lead water pipes were
used in most major cities in the empire. In ancient Rome, wine was contaminated with Pb from as many as 14
sources during its preparation. Romans also used Pb as a preservative and a flavor enhancer (Bishop, 1989;
Nriagu, 1990). Rome was not the only culture that was contaminating itself with toxic metals, as even the
Christian sacramental cups of wine were made of Pb or leaded bronze (Nriagu, 1990). Other trace elements (e.g.
Hg, Cd, As, Se, Cr) are well-documented as toxic to ecosystems and humans, and modern health agencies such
as the World Health Organization and USEPA have published guidelines for limiting ingestions of these
elements in food and drinking water.

Throughout most of the 20th century, the mining in the United States has resulted in impacts on the local and
wider environment, such as the USEPA Superfund site from Coeur d’Alene, Idaho that dates back to the 1870s.
The Coeur d’Alene area had more than 100 mining and mill operations producing Ag, Pb, Zn, and other metals
(USEPA, 2005). According to the USEPA one of the most notorious sites was the Bunker Hill Mine and
Smelting Complex located in Kellogg, Idaho. Many of the mine tailings in the region were discharged directly to
the Coeur d’Alene River and its tributaries until 1968 when the practice was banned by the US Government.
Smelting operations at Bunker Hill discharged large quantities of sulfur dioxide waste containing Pb and other
metals that affected local communities and the environment (USEPA, 2005).

The Bunker Hill site was investigated to evaluate the impact to water, ecological and human health downstream
from the source of pollution to the river. The USEPA studied the human health risk of Pb intake by local
population to determine future population impacts to children from the groundwater and vegetation (USEPA,
2005). It was found that downstream and adjacent farms to the Coeur d’Alene River contained Pb 5 to 10 times
higher than regulatory levels (0.05 mg kg™') as a result of contaminated soils and sediments. The pollution was
found a far as 80 km downstream, impacting more than 40 square km (USEPA, 2005).

The effects that mining sites have on surrounding environments also have been studied in great detail in Japan
(Vahter et al., 2007). Inaba et al. (2006) and others reported that the disposal of mine waste from a nearby mining
operation impacted the local chain (Yamagami et al., 2006). They found that Cd-contaminated waste water from
mining operations was used for growing rice (Vahter et al., 2007; Inaba et al., 2006; Yamagami et al., 2006;
Takagi et al., 2004). It was found that locals that consumed 3.1 g to 3.8 g of Cd in rice over a lifetime, developed
mild to severe mitochondrial dysfunction called Itai—itai disease (Inaba et al., 2005). Studies have shown that
over time bioaccumulation of trace metals (e.g. Cd) in tissues of local indigenous peoples affected their tubular
epithelial cells after 80-weeks of exposure by ingestion (Takagi et al., 2004; National Academy of Science, 1973).
This disease was found to be the direct result of Cd-enriched mine waste water that discharged to local rivers,
and ultimately used in the rice fields.

Impacts of mining activities on local flora have shown that vegetation uptake will transfer contaminants to fauna
and ultimately up the food chain. The uptake of contaminants into local vegetation will eventually impact
humans due to biomagnifications and that the true effect is based on the specific species rather than the actual
dose or level of contaminants found in the food chain.

8. Summary and Conclusions

Although it is well documented that mining contamination in wetter climates has the possibility of migrating
long distances by water transport, there has been limited research in arid and hyperarid regions. Studies have
shown that mining activities can influence the mobilization of geogenic metals into the surrounding environment.
Furthermore, trace metals (Cu, Zn, Pb, Ni, Cd, and Cr) have been the focus of interest because of their long
residence times and significant toxicities to biota in wet climates. Evaluating sediments contaminated with
geogenic and anthropogenic inputs in dry regions will provide valuable data on the extent, origin, and
distribution of contaminants from source areas in hyperarid regions. Although there is limited research in
hyperarid climates, studies have shown that mining is of great concern because of possible transport. It has
become quite clear that trace metals and contaminates are mobile in both the particulate and soluble phase and
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are transported long distances from source areas contained in sediments. Thus it is imperative that research be
conducted in these arid and hyperarid regions where significant amounts of mining and milling have occurred to
further understanding in the mechanism of transport in similar environments.
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