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1 ABSTRACT 

Current concerns about inorganic contaminants in food products have 

raised consumer awareness of anthropogenic sources of heavy metal 

contamination in ecosystems and their potential threat to human health. 

Mining and exploration of mineralized zones is a major source of such 

contamination. Mining throughout the Patagonia Mountains, Arizona, has 

left a legacy of surface water contamination by acid mine drainage (AMD). 

This study assessed the impacts of AMD on soils and plants throughout the 

study area. Concentrations, transport, and loading of heavy metals (Ag, As, 

Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, and Zn) in soils and plants was 

quantified using total concentrations, suggested toxic levels, and plant and 

soil pollution indices. Pollution indices were modified to include antimony 

and molybdenum.  Pollution indices greater than 100 were found in areas 

disturbed by mining, remediation sites and beyond. Cattle grazing on grasses 

contaminated by metals were documented.  
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2 INTRODUCTION 

Interest in soil-plant relationships regarding heavy metal loading from 

soils to plants has increased over the past few decades as awareness of metal 

contamination in human food sources has increased (Fleming et al., 1968; 

Plank, 1989; Lasat, 2000; Kapustka et al., 2004; Mendez et al., 2006; 

Balistrieri et al., 2007; Sarma, 2011). There is mounting concern about the 

potential transfer of metals from grasses being grown on metal contaminated 

land to higher trophic levels (Webb et al., 2011; ConsumerReports.org 2012). 

Land disturbed by hard rock mining is one source of heavy metal 

contamination. The Patagonia Mountains in the Coronado Forest in 

southeastern Arizona (fig. 1) hosts several copper, lead, zinc, silver 

replacement deposits that create localized patterns of mineralization, and 

two copper porphyry deposits that create widespread patterns of 

mineralization (Chaffee et al., 1981; Graybeal, 1984; Berger et al., 2003; 

Vikre, 2009). Contained within the Patagonia Mountains is the Harshaw 

mining district. The Harshaw mining district has a long history of mining 

dating back to the early 1600s (Dean, 1982). Important minerals were 

extracted through shafts or drifts and often milled onsite (ADEQ, 2007). 

Target minerals like copper, lead, and zinc were separated onsite from sulfide 

bearing waste rock and often brought to the Trench Camp Mine smelter 

located in Alum Gulch for further refining (ADEQ 2003 & 2007). Waste rock 
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and mill tailings were piled downslope of mining adits or in streambeds, and 

left unremediated for decades leaving behind a legacy of surface waters 

contaminated by acid mine drainage (AMD). 

Water contamination in reaches of Alum Gulch and Harshaw Creek 

has been well documented by several studies (Dean, 1982; U.S. Geological 

Survey Administrative Report, 2002; ADEQ, 2003 & 2007; Norman et al., 

2008; Appendix A). As a result of those studies and in accordance with the 

Clean Water Act of 1972, a two mile reach of Alum Gulch was placed on the 

Environmental Protection Agency’s (EPA) “303 [d] List” in 1996 and 1998 for 

exceedances of cadmium, copper, zinc, and low pH (ADEQ, 2007), and a three 

mile reach of Harshaw Creek near Morning Glory Mine to the Trench Camp 

Mine tailings pile #3 was placed on the “303 [d] list” for impairments 

resulting from elevated levels of copper, zinc and low pH (ADEQ, 2003). 

Recent interest in developing new claims throughout the Harshaw mining 

district has made documenting and understanding the current environmental 

conditions of soils and plants growing in local watersheds with known water 

quality violations a priority for the stakeholders who would be affected by 

further degradation of the area (Marlow, 2007; Patterson, 2011; USDA Forest 

Service, 2011a & b; Marketwire, 2012; USDA Forest Service 2012). 

In recent study conducted by Consumer Reports, inorganic arsenic 

concentrations found in rice products were equal to or less than one part per 
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million (ConsumerReports.org, 2012).  In response to this study, legislators 

are proposing the R.I.C.E. Act or the Reducing Food-based Inorganic and 

Organic Compounds Exposure Act (Hsu, 2012). The monitoring of 

agricultural lands and managed forests and woodlands for contaminants 

from natural or anthropogenic sources is a relatively new practice (McCarthy, 

2001). Researchers are beginning to understand that plants grown on soils 

with a long history of agricultural use will be exposed to heavy metals used in 

pesticides and fertilizers (McCarthy, 2001). These plants will then uptake the 

contaminants through their roots and often translocate them into aerial parts 

where they become bioavailable to consumers.  

Similarly, cattle grazing on contaminated grasses in managed forests 

and woodlands are an emerging concern.  Cattle from ranches located in the 

Harshaw mining district are consuming grasses growing in the contaminated 

reaches of the study area (Appendix H). Though the mineral tolerances of 

cattle vary depending on a variety of factors including age, condition, 

hardiness, diet, bioavailability of minerals, and route of exposure (Mineral 

Tolerance of Domestic Animals, 1980), research shows that grasses laden 

with metals increase the risk of disease, death, or carcass contamination if 

the animal goes to slaughter (Mineral Tolerance of Domestic Animals, 1980; 

Thrift et al., 2006). 
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In this study, I will show that arsenic concentrations in soils and aerial 

parts of grasses found throughout the Patagonia Mountains are far higher 

than those found in the Consumer Reports study. I will also show that 

concentrations of cadmium, chromium, copper, iron, manganese, lead and 

zinc in soils, and cobalt, copper, iron, manganese, molybdenum, antimony, 

and zinc in aerial parts of grasses are higher than suggested toxic levels 

(Appendix B).  Using soils and plant pollution indices, I will show that 

sample locations that have been disturbed by mining, wetlands designed to 

remediate water quality issues, and locations where alluvial basin flooding 

has taken place are polluted.  

In Appendix A, I summarized the findings of the Total Maximum Daily 

Load Reports (TMDL) and U.S. Geological Survey water quality studies used 

to identify surface water contamination in reaches in Alum Gulch and 

Harshaw Creek.  In Appendix B, I provide a summary of the current 

literature that supports the suggested toxic levels that I use to quantify total 

metal concentrations in soils and plants. To better understand if a 

contaminated site is considered polluted, I used soil and plant pollution 

indices as defined by Romero et al., (1986), and then I modified Romero’s 

pollution index equations to include antimony and molybdenum, two metals 

identified as anomalous in the study area (Appendix C). I also use 

bioconcentration factors, translocation factors, and bioaccumulation 
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coefficients to gain an understanding of the soil-plant relationships occurring 

in the study area (Appendix D). Appendix E documents the World’s Fair Mine 

remediation project of 2010.  Appendix F shows photographs of all sample 

locations. Appendix G provides statistical information about the correlation 

between soil samples compared to sediment samples for use in this study. 

Appendix H documents evidence of cattle grazing in the study area. 

 
Figure 1. Counties Map of Arizona showing the study area in the Patagonia 

Mountains. 

Source: Modified from Berger et al., (2003). 
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3 BACKGROUND 

With the advent of legislation like the Clean Water Act (CWA) passed 

in 1972, and the Comprehensive Environmental Response, Compensation 

and Liability Act (CERCLA) passed in 1980 (Beusse et al., 2011), criteria for 

defining impaired waters and lands was clarified and protocols for 

remediating such sites set forth (Battelle Memorial Institute, 2002; EPA, 

2003a; ADEQ, 2006 & 2009; Bureau of Land Management, 2011; ATSDR, 

2012). In 1996, 1998, 2002, and 2004, Alum Gulch, host to Humboldt Mine, 

Trench Camp Mine, January Mine, World’s Fair Mine, and others (fig. 2) and 

Harshaw Creek, defined as Upper Harshaw Creek by ADEQ, but hereby 

referred to as Morning Glory (fig. 2), were placed on the Environmental 

Protection Agency’s (EPA) “303 [d] List” in accordance with the CWA 

§303[d][1][A], due to impaired surface water.  

Of particular concern to the stakeholders in the Harshaw Mining 

District is the behavior of the metal ore deposits containing pyrite (FeS₂). 

Pyrite is pervasive throughout the granodiorite and trachyandesite host rocks 

found in the study area (Vikre, 2009; Chapter 4.1). When pyrite is exposed to 

oxygen and water, pyritic oxidation occurs and Fe²⁺, SO₄²⁻, and H⁺ are 

released into the environment. In areas where sulfide bearing minerals like 

pyrite are naturally occurring, some acidic drainage is expected. However, 

when pyrite is disturbed through mining activities pyritic oxidation is 
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exacerbated causing Acid Mine Drainage (AMD) and leachate containing 

heavy metals which are toxic to ecosystems (Batelle et al., 2002). The sulfuric 

acid (SO₄²⁻) reduces pH causing ferrous iron (Fe²⁺) to solubilize forming ferric 

iron (Fe³⁺). This releases more hydrogen into the water subsequently 

lowering pH (Watzlaf et al, 1990; Batelle et al., 2002) which causes further 

dissolution of heavy metals at the water-mineral interface (Li et al., 1993; 

Persson et al., 2008). 

Pyrite reacts in a series of steps that lead to the production of sulfuric 

acid. The steps are as follows (Lawhorn, 2012): 

Steps 1 and 2: When pyrite (FeS2) comes in contact with oxygen and 

water, it oxidizes to ferric iron (Fe3+). 

1) Fe+2 + ¼ O2 + H+ Fe+3 + ½ H2O 

2) FeS2 + 7/2 O2 + H2O 2SO4
-2 + Fe+2 + 2H+ 

Step 3: Ferric iron precipitates to ferric hydroxide: 

3) Fe+3 + 3H2O Fe(OH)3 + 3H+ 

Step four: The net result is the formation of sulfuric acid.  

4) FeS2 + 15/4 O2 + 7/2 H2O  2H2SO4 + Fe(OH)3
4 
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Figure 2.  Impaired reaches in Alum Gulch and Harshaw Creek, Morning 

Glory reach list on the EPA “303[d] List” (ADEQ, 2003 and 2007). 

Source: Image modified from Google earth (2012). 

In 2003 and 2007, ADEQ outlined specific remediation plans for Alum 

Gulch and Harshaw Creek during baseflow and bankfull conditions with the 

intention of reducing the Total Maximum Daily Load (TMDL) of 

contaminants being incurred by the listed reaches. American Smelting and 

Refining Company (ASARCO), the then owner of Trench Camp Mine and 

January Adit located in Alum Gulch, had already begun to address the issues 

associated with their properties. Their remediation efforts included removing 
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tailings piles from stream drainages, capping and diverting water around the 

four large tailings piles located at Trench Camp Mine near the Alum Gulch 

pass, and adding limestone to the drainage path below the piles (ADEQ, 

2007). Typically, limestone is thought to buffer sulfuric acid raising pH levels, 

but Santomartino et al., (2007) studied the effects of iron precipitation on the 

life expectancy of limestone drainage systems and found that iron hydroxide 

forms a protective coating on the limestone which eventually prevents 

buffering altogether. 

ASARCO also plugged January Adit and diverted drainage from the 

adit to wetlands constructed they constructed, with the intention of raising 

pH, thereby precipitating minerals out of solution before any of the drainage 

converged with the stream flow (ADEQ, 2007). However, during episodes of 

high precipitation, the wetlands reach capacity and contaminated runoff 

seeps into nearby reaches (ADEQ, 2007).  

A 2006 newspaper article stated that ASARCO was implicated in a 

$1.3 billion clean-up claim filed by the Justice Department that included Flux 

Canyon Mine (Blumenthal, 2007). By 2008, wetlands were constructed at the 

outflow of the workings, but research did not reveal whether or not ASARCO 

was responsible for its construction. In 2011, the US Forest Service (USFS) 

contracted to install gates around Flux Mine adits and shafts and to fill the 

openings with polyurethane foam (Minedat.org, 2011d).  
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World’s Fair Mine, an abandoned mine land in Alum Gulch, was 

considered a major contributor of acid mine drainage and cadmium, copper, 

iron, lead, manganese, nickel, and zinc to the listed reach in Alum Gulch 

(Kirk et al., 2011). In 2006, the USFS unsuccessfully plugged the World’s 

Fair Mine adit. In 2010, they contracted with Tetra Tech to remediate the 

problem. In 2011, Tetra Tech reported that their efforts to plug the World’s 

Fair Mine were 100% successful (Kirk et al., 2011; Appendix D).  

Remediation for Harshaw Creek included removal or filling over of 

mining residues,  tailings, and openings, diverting water away from mining 

deposits, adding limestones or other neutralizing materials to stream beds, 

and constructing a wetlands to treat discharge (ADEQ, 2003). As of the 

writing of this paper, none of the recommended efforts have been 

implemented.  

Metal contaminated, acidic soils are toxic to ecosystems and thereby 

degrade the biodiversity of plants and animals living in them, leaving only 

niche spaces for species capable of growing in stressful conditions. Plant 

species that have adapted to edaphically stressful conditions use a variety of 

strategies including: 1) apoplastic transport or reducing uptake by binding 

heavy metals to cell walls or cellular exudates, 2) storage or detoxification 

strategies including  chelation whereby plants secrete inorganic chemicals to 

form organic complexes through the process of replacing a hydrogen ion with 
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a metal ion, 3) sequestration of metals in vacuoles, and 4) efflux through 

transpiration of metals (Batelle et al., 2002; Prasad et al., 2003; Manara, 

2012). In extreme conditions, plants that use binding, compartmentalization, 

and chelation have the capacity to accumulate metals in their structures and 

are known as metallophytes (Garg et al., 2009). Conversely, plants that use 

exclusion or restrict uptake but live in metalized zones are considered 

psuedometallophytes (Garg et al., 2009).  

Humans have explored the possibility of using metallophytes for 

remediation of waste water as long as 300 years ago (Garg et al., 2009). 

Additionally, the presence of metallophytes in a given area helps researchers 

identify possible zones of contamination and unknown sources of 

mineralization (Garg et al., 2009; Ye et al., 2012). The presence of plants like 

grasses that thrive in the study area prompted the question of whether or not 

plant communities in the reaches of Alum Gulch, Flux Canyon, and Harshaw 

creek are accumulating metals in their structures. Until now, no studies had 

been conducted to evaluate the effectiveness of the wetlands, or to determine 

what role grasses play in the biogeochemical cycles that make metals 

bioavailable to herbivores that reside in the Patagonia Mountains.   
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4 STUDY AREA: PATAGONIA MOUNTAINS, ARIZONA 

The Patagonia Mountains-Canelo Hills Unit of the Coronado National 

Forest is part of the Basin and Range District of the U.S. Forest Service in 

southeastern Arizona (fig. 3). Sonoita Creek is the southwestern subarea of 

the Cienega Creek Basin and flows through the Harshaw Mining District. 

Predominant watersheds in the district are Alum Gulch-Flux Canyon and 

Harshaw Creek. Sonoita Creek converges with Alum Gulch-Flux Canyon 

southwest of the town of Patagonia and Harshaw Creek to the northeast. 

Sonoita Creek is a tributary of the Santa Cruz River. 

 
Figure 3. Generalized topography of Arizona. 

Source: Hendricks et al., 1985 

Localized patterns of plant distribution throughout the study area can 

be attributed to climactic factors, such as elevation, temperature and 
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precipitation rates, and edaphic factors, like discontinuity of geology and 

metal content. Higher altitudes in the study range are described as having  

Encinal Mixed Oak-Pinyon-Juniper land cover stepping down to Encinal 

Mixed Oak, Semidesert Mixed Grass-Mixed Scrub, Semidesert Mixed Grass-

Mesquite, with a pocket of Encinal Mixed Oak-Mesquite in lower Alum Gulch 

(Brady et al., 2001).  Sonoita Creek basin is Riparian Deciduous Woodland 

where cottonwood, willow, sycamore and other flora provide canopy patches 

for understory growth of various grasses, forbs, and shrubs (Hendricks et al, 

1985). Rich habitat through the riparian corridor creates nesting grounds for 

hundreds of species of residential and migratory birds (Hendricks et al, 1985; 

Arizona Important Bird Area Program, 2012). 

The Patagonia Mountains are considered semi-arid, averaging less 

than 20 inches of precipitation annually (fig. 4).  More than 50% of the total 

mean precipitation (18.31 inches) occurs during diurnal, summertime 

convection events (Wallace et al. 1999). The remainder occurs during winter 

precipitation events and includes both rain and snow (Norman et al, 2008). 

Average temperature ranges in the research area are between 32˚F - 85˚F 

(Hendricks et al., 1985) and elevations range from 4,600 to 6,900 feet (ADEQ, 

2007). 

 

 



25 
 

 
 

 
Figure 4. Annual precipitation rates in the Patagonia Mountains. Means are 

based on monthly totals averaged over ±33 years.   

Source: Western Regional Climate Center 

4.1 General geologic setting 

The Patagonia Mountains of southeastern Arizona lie in the Basin and 

Range geologic province (fig. 5). The range is characterized by generally north 

trending fault bounded mountain blocks flanked by sediment covered low 

lying blocks of rock forming basins. The oldest rocks in the area, generally 

found on the west and east sides of the range, are predominantly Proterozoic 

granodiorites with subordinate amounts of schist, diorite, and gabbro (Berger 

et al., 2003). The east side of the range also includes outcrop of Paleozoic 

sediments including quartzite, limestone, and dolomite. During Mesozoic 

volcanic events, silicic tuffs and large calderas were formed in the area 

(Lipman et al., 1985). Jurassic granites also intrude Precambrian rocks on 

the west side of the range. The range is dominated by intrusive and extrusive 

rocks formed during a sequence of late Cretaceous and early Tertiary 
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(Laramide) events. These included widespread emplacement of 

trachyandesite in the northern part of the range at about 71 Ma (Vikre, 

2009), and emplacement of a large quartz monzonite pluton about 61 - 58 Ma; 

the latter forms the core of the main Patagonia Mountain Range (Vikre, 

2009).   In addition, several smaller scale intrusive events provided energy for 

numerous hydrothermal alteration events. Diverse wall rock composition in 

the subsequent hydrothermal alteration centers formed highly mineralized 

pyritic zones (Graybeal, 1984; Chatman, 1994; Berger, 2003).  

The dominate fault in the Patagonia Mountains is the north-

northwest-trending Harshaw Creek Fault. Evidence suggests the most recent 

movement includes at least four miles of left-lateral displacement (Simons, 

1972).  Earlier vertical movement along the fault had lifted Paleozoic 

sediments, including limestones, to the surface. Anomalous mineralization 

associated with the Harshaw Creek Fault, including tellurium and boron 

suggests potential undiscovered mineral resources associated with this fault 

(Chaffee et al., 1981). Other dominant faults in the study area are the 

Patagonia Fault, a northeast-trending fault, the Guajolote Fault, a 

northwest-trending fault, and the Sawmill Canyon Fault Zone, a northwest 

trending fault.  

The Patagonia Mountains contain at least two porphyry copper 

deposits and associated copper-gold alunite-kaolinite ± pyrophyllite deposits 
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with polymetallic veins, Red Mountain and Sunnyside (Chatman, 1994; 

Vikre, 2009).  Berger et al. (2003) discuss the region’s hydrothermal 

alteration and associated patterns of mineralization, describing them as 

highly argillic and phyllic-argillic. In argillic alteration zones, some minerals 

in rocks were converted to clay minerals (e.g. kaolinite). In phyllic alteration 

zones Ca, Na, and Mg are removed from rocks and replaced with aluminum 

in the form of silicates like mica and the clay minerals alunite, pyrophillite, 

and kaolinite (Jackson, 1997). 

Central to this mineralized zone are the Red Mountain and Sunnyside 

porphyry-copper mineral deposits (fig. 5). The Red Mountain deposit is cored 

by a 62 Ma quartz monzonite porphyry which was intruded into cretaceous 

and tertiary volcanic rocks (Graybeal, 1984; Chatman, 1994; Berger, 2003; 

Vikre, 2009). Metals concentrated here include: Cu-Mo-Pb-Zn-Ag (Chaffee et 

al., 1981). These metals are zoned concentrically around the central 

intrusive. Molybdenum (Mo) is concentrated near the center of the alteration 

zone, Cu just beyond the center, Zn towards the middle, and Pb and Ag settle 

in the outer flank (Graybeal, 1984; Chatman, 1994). Iron is concentrated 

throughout the altered zone associated with the Red Mountain deposit 

resulting in an abundance of pyrite (Graybeal, 1984; Chatman, 1994; Berger, 

2003). Both the Red Mountain and Sunnyside porphyry-copper deposits are 
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concealed by greater than 1km of pre-mineralization cover (Berger et al., 

2003).   

 
Figure 5. Geologic map with site IDs labeled. 

Source: modified from Berger et al., (2003) 
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4.1.1 Alum Gulch geology and mining history 

Figure 5 shows the bedrock in Alum Gulch is primarily Cretaceous 

silicic intermediate volcanic rocks with biotite and latite dikes and plugs 

(Simons, 1974; Berger et al., 2003; Vikre,2009). A 71 Ma trachyandesite flow 

flanks the east side of Alum Gulch, continuing east through Lower Harshaw 

(Simons, 1974; Vikre, 2009). Several mines were developed in Alum Gulch, 

most notably World’s Fair Mine, January Adit, and Trench Mine (Josephine 

Shaft). ASARCO owned Trench Camp Mine and January Adit. The rest of the 

land lies within the Coronado National Forest (ADEQ, 2003). 

Trench Mine (Joesphine Shaft) (fig. 5) was a Pb-Zn-Ag-Cu-Au-Mn mine 

hosted by dioritic intrusive and volcanic rocks (Chatman, 1994; Mindedat.org, 

2011g). As of 1994, 5,500 standard tons (st) of pyritic waste rock was dumped 

on ASARCO’s Trench Mountain tailings site upstream from the original 

Trench Mine. January Mine was a near surface argentite pocket yielding 

10,000 ounces of silver and workings that produced zinc, lead, silver, copper, 

gold, and manganese (Chatman, 1994; Minedat.org, 2011e). World’s Fair 

Mine is located in a north-trending Cretaceous quartz diorite, andesite vein 

system surrounded by Triassic-Jurassic rhyolite.  Silver, lead, copper, zinc, 

gold, and antimony were the primary metals mined at World’s Fair 

(Chatman, 1994; Minedat.org, 2011h). At the time of this study, tailings were 

piled between the World’s Fair Adit and Alum Creek. 
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4.1.2 Flux Canyon geology and mining history 

Flux canyon (fig. 5) lies in a series of Triassic to lower Jurassic volcanic 

and sedimentary rocks which contain upper Paleozoic shear-bounded blocks 

of brecciated limestone that may represent the rim of a Jurassic Caldera 

(Lipman, 1985; Berger et al. 2003; Vikre, 2009). The Harshaw Creek Fault 

intersects these shear-bounded blocks of brecciated limestone in Jurassic 

quartz monzonite and granitic rocks (Chatman, 1994). Flux Mine, formed in 

one such block of shear-bounded brecciated limestone, is a 71 Ma Cu-Pb-Fe-

Zn-Ag replacement deposit that contained high iron content (8%) ores 

(Chatman, 1994; Vikre, 2009). The high levels of iron throughout the system 

made the ore useful as flux, thus giving the mine its name (Chatman, 1994). 

Historically, ore from Flux Mine was taken to smelters located at the mouth 

of Alum Gulch where it intersects with Sonoita Creek and to the Mowry 

smelter located east of Harshaw. Reportedly, the ore provided ammunition 

grade lead for the Civil War (Chatman, 1994).  

4.1.3 Harshaw Creek geology and mining history 

Upper Harshaw Creek (Morning Glory) is bounded to the northeast by 

the Harshaw Creek Fault and the southwest by the Guajolote Fault (fig. 5) 

(Berger et al. 2003). Cretaceous rocks of the Bisbee Formation containing 

siltstone and mudstone with intercalated limestone, sandstone, and 

conglomerate hosts the Morning Glory Mine (Berger et al., 2003; Vikre, 

2009). Morning Glory is the predominant mine found in Upper Harshaw 
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Creek. It is a 65-64 Ma Pb-Zn-Ag replacement deposit (Vikre, 2009), 

reportedly mined for Cu-Ag-Au-Zn-Pb (Minedat.org, 2011f).  To the north, at 

lower elevations, bedrock is dominated by 71 ma trachyandesite flows (Berger 

et al., 2003). Abundant rhyolitic intrusions are found in the trachyandesite 

layer through the lower elevations of Harshaw Creek (hereby referred to as 

Harshaw Creek) (Simons, 1974). No mining activity is reported in the 

Harshaw Creek area. 

4.1.4 Red Mountain geology and mining history 

Red Mountain (fig. 5) is an unmined Cu-Mo-Pb-Zn-Ag quartz 

monzonite porphyry-copper deposit. It was formed by a 62 Ma porphyritic 

intrusion emplaced into primarily 71 Ma trachyandesitic flows, breccias, sills, 

and dikes (Berger et al., 2003; Vikre, 2009). The Red Mountain block (fig. 5) 

is bounded on the northwest by the Patagonia Fault and the southwest by the 

Harshaw Creek Fault (Berger et al., 2003). The presence of chalcopyrite, 

pyrite, copper carbonates, and chalcocite indicate high-grade hypogene copper 

deposit under a chalcocite blanket (Chatman, 1994). A propylitic alteration 

zone encompasses the base of Red Mountain and is composed of sericite, clay 

minerals, alunite, and extends 1.5 to 5 km beyond rocks with disseminated 

pyrite (Corn, 1975; Berger et al., 2003).  

Christmas Gift mine and Aztec Mine Group were the primary mine 

sites on Red Mountain. Christmas Gift mine was a small Ag-Pb-Cu-Au-Zn-



32 
 

 
 

Mn mine located on the northern slope of Red Mountain near the confluence 

with Harshaw Creek (Minedat.org, 2011b). Aztec Group was a Cu-Ag-Pb-Au-

Zn mine located on the southwest side of Red Mountain (Chaffee et al., 1981; 

Minedat.org, 2011a).   

4.2 Geomorphology and soils 

The study area is characterized by steep hill slopes incised by 

perennial and ephemeral drainages flowing across exposed bedrock in higher 

altitudes degrading to sloping pediments that coalesce with basin flood plains 

in valleys below (Hendricks, 1985).  Factors influencing soil formation include 

climate, biological activity, parent material, and time (Hendricks, 1985). 

Physical and chemical weathering of parent material is responsible for the 

majority of soil formation. In arid to semi-arid regions, such as the Patagonia 

Mountains, lack of soil moisture slows soil development. Authors of several 

studies addressing Arizona soil development determined that soil pH 

decreased with elevation in the Santa Catalina Mountains by 1.25 units per 

1,000 meters (Hendricks, 1985). 

Figure 6 illustrates typical soil formation in the study area. Alum 

Gulch, Flux Canyon, and Morning Glory have little to no soil profile as shown 

in the bedrock mountains section of figure 6. Harshaw Creek has young 

alluvium (Simons, 1974) and would be similar to the left side of the mountain 

formation in figure 6.  Seasonal convection events contribute to intermontane 
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deposition of alluvial, colluvial, and fluvial basin fill in Sonoita Creek 

(Hendricks, 1985). Soils developed on alluvial basins have considerable 

profiles, some as thick as 3,035 meters (Hendricks, 1985).  

 

 
Figure 6. Cross section of typical Arizona Basin and Range Province valleys 

with associated soil compositions. 

Source: Hendricks (1985) 

4.2.1 Alum Gulch 

Soils throughout the study area differ depending on bedrock and 

parent material associations. Alum Gulch bedrock is 71 Ma trachyandesite 

bordering silicic-intermediate volcanic rocks (Vikre, 2009), and Cretaceous 

volcanic rocks (Berger et al., 2003) (fig. 5).  NRCS (2012) classes soils as 

Lampshire-Graham-Rock outcrop association. Lampshire soils are well 

drained and range from 4 to 20 inches before they reach bedrock. Parent 

material is described as residuum weathered from volcanic and metamorphic 

rock and is very cobbly loam (NRCS, 2012). Graham soils are well drained 
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and range from 8 to 20 inches before they reach bedrock (NRCS, 2012). At 0 

to 2 inches they are very cobbly clay loam and at 2 to 9 inches they are 

composed predominately of clay (NRCS, 2012). Parent material is residuum 

weathered from igneous and sedimentary rock. Rock outcrop is bedrock. Soil 

samples collected in Alum Gulch were from the wetlands (site 1), saturated 

soils near flowing water (sites 2 and 3), or on top of tailings near the World’s 

Fair adit drainage (site 4).  

4.2.2 Flux Canyon 

 Flux Canyon borders Mesozoic rocks with limestone breccia blocks 

(Berger et al, 2003), and Creatceous volcanic rocks (fig. 5). Vikre (2009) 

associates Flux with Jurassic-Triassic volcanic and sedimentary rocks. Soils 

are Lampshire-graham-Rock outcrop association, which is the same soil 

classification as Alum Gulch (NRCS, 2012). Samples from Flux canyon were 

either from the Wetlands (site 5) or from saturated soils near pools of water 

farther downstream (site 6 – reeds only).  

4.2.3 Sonoita Creek Alum Gulch  

Farther downstream, Alum Gulch and Flux Canyon drainages coalesce  

before the confluence with Sonoita Creek. Sonoita Creek Alum Gulch geology 

is Miocene to Holocene basin deposits, undifferentiated (Q-T), and Tertiary 

volcanic rocks (Tv) (Berger et al., 2003). The soil classification is Pima which 

are well drained flood plains with parent material of recent mixed alluvium 
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(NRCS, 2012). From 0 to 26 inches they are clay loam with a maximum of 5% 

calcium carbonate (NRCS, 2012). Samples from Sonoita Creek Alum Gulch 

were collected from the creek itself (sites 7 and 8) or from the dry wash above 

the confluence of Sonoita Creek and Alum Gulch.  

4.2.4 Morning Glory 

 The Morning Glory mine area (fig. 5) is hosted in Mesozoic rocks 

(Berger et al., 2003) of the Cretaceous Bisbee Formation (Chaffee et al., 1981; 

Vikre, 2009). Soils are well drained Faraway – Rock outcrop complex with 5 

to 20 inches to bedrock (NRCS, 2012). Parent material is alluvium derived 

from igneous rock. From 0 to 12 inches soils are very cobbly fine sandy loam 

(NRCS, 2012). From 12 to 60 inches is bedrock. Samples collected from near 

the mouth of the adit (site 10) were dry, though precipitation had recently 

occurred (fig. 7). Site 11 had slightly moist soils due to the recent 

precipitation and lay outside the mining zone. Samples from site 12 had 

moist soils and were collected from the drainage below site 10.  
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Figure 7. Site 10 - Morning Glory Mine shaft. 

 4.2.5 Harshaw Creek 

 The lower elevations of Harshaw Creek are hosted by 71 Ma 

trachyandesite with Cretaceous volcanic rocks (Chaffee et al., 1981; Berger et 

al., 2003; Vikre, 2009). The soils throughout this part of Harshaw Creek are 

Grabe-Comoro complex which flood occasionally and are well drained (NRCS, 

2012). Parent material of Grabe soils is recent alluvium derived from igneous 

and sedimentary rocks and is sandy loam from 0 to 14 inches and loam from 

14 to 48 inches (NRCS, 2012). Comoro soil is mixed recent alluvium with a 

maximum of 5% calcium carbonate, and sandy loam from 0 to 14 inches, loam 

from 14 to 23 inches, and sandy loam at further depths (NRCS, 2012). 

Samples collected from site 13 were from a dry reach near the cottonwood 
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stand by Turner Ranch. Samples from site 14 were collected in the dry wash 

near the intersection of Harshaw Road and Harshaw Creek Road. Samples 

from site 15 were collected from the stream 20 yards down from a spring 

located near Bergier Ranch.  

4.2.6 Red Mountain 

Sample locations from Red Mountain were located on the Cretaceous 

volcanic trachyandesite block (Chaffee et al., 1981; Berger; 2003; Vikre, 2009) 

where soils are Chiricahua Lampshire (NRCS, 2012). The soils are well 

drained with 10 to 20 inches to paralithic bedrock. Parent material of 

Chiricahua soils is residuum from granodiorite or granite, and Lampshire is 

from volcanic and metamorphic rock (NRCS, 2012). Soil texture ranges from 

very cobbly loam to clay to bedrock. All of the reaches through sites 16, 17, 

and 18 were completely dry, though precipitation occurred during sampling. 

Site 16 was from the pyritic halo found around a copper porphyry system 

(Chaffee et al., 1994). Site 17 was in the reach where exposed ferricrete was 

prevalent. The sample needed to be taken from the bank above the streambed 

(fig. 8) as those were the closest plant samples to the streambed. Site 18 was 

upstream from site 17 where samples were collected closer to the streambed.  
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Figure 8. Site 17 Red Mountain in wash with exposed ferricrete. 

4.2.7 Sonoita Creek Cox 3R 

Sonoita Creek converges with Cox 3R drainage southwest of Alum 

Gulch. The geology is Miocene to Holocene basin deposits, undifferentiated 

(Berger et al., 2003) with tuffs and limestones with consolidated and 

unconsolidated gravels and alluvium (Chaffee et al., 1981). The soil type is 

Pima, the same as Sonoita Creek Alum Gulch. Site 19 was located in the dry 

mouth of Cox 3R Canyon just before it joined Sonoita Creek. Samples from 

site 20 were collected from perennial water in Sonoita Creek below the Circle 

Z Ranch. Site 21 was farther downstream near the gauging station.  
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4.3 Hydrology 

There are five main drainages or watersheds in the study area, Sonoita 

Creek, Cox-3R, Alum Gulch, Flux Canyon, and Harshaw Creek (fig. 9). 

Photographs of all of the sample locations can be found in Appendix F. 

Samples from sites 1 – 4 are in the Alum Gulch drainage basin. Samples from 

site 5 (Site 6 not shown or used in this analysis) are from Flux Canyon 

drainage basin, which converges with Alum Gulch before it reaches Sonoita 

Creek. Samples from sites 7 – 9 are in Sonoita Creek at the Sonoita Creek 

Alum Gulch confluence. Samples from sites 10 – 12 are from Morning Glory 

Mine area in the upper part of the Harshaw Creek watershed. The entire 

watershed is referred to as Upper Harshaw Creek (Brady et al., 2001), but for 

clarification purposes sites 10, 11, and 12 are referred to as Morning Glory in 

this paper.  Samples from sites 13 – 15 are from the lower elevations of the 

Harshaw Creek watershed and referred to as Harshaw Creek. Samples from 

sites 16 – 18 are from the eastern flank of Red Mountain, defined by Brady et 

al. (2001) as Lower Harshaw Creek Watershed, hereby referred to as Red 

Mountain. Samples from sites 19 – 21 are from the confluence of Sonoita 

Creek and Cox 3R. 
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Figure 9. Topographical map of the Patagonia Mountains with watersheds 

shown in black line. Sample locations are marked with numbers and 

identified by labels. 

Source: modified from the United States Geological Survey topographical 

map. 

 

4.3.1 Sonoita Creek drainage 

Sonoita Creek drainage basin (fig. 10) is the southwestern subarea of 

the Cienega Creek Basin (ADWR, 2011). The perennial stream courses 

southwest through valleys flanked by fault-block mountains until it reaches 

the Santa Cruz River just north of Nogales, Arizona. In the study area, it lies 

to the north-northwest of Red Mountain. The Arizona Department of Water 

Resources (ADWR, 2011) and a report prepared by Sternberg (2000) define 

Sonoita Creek as containing streambed alluvium as thick as 1000 meters. 
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Groundwater from the Sonoita Creek section of the basin is pumped for 

irrigation and residential use, but discharge and recharge are balanced, 

therefore water level trends in the basin remain the same (ADWR, 2011).  

Sonoita Creek is part of the 3,491 acre State Natural Area which 

includes Patagonia Lake (Audubon, 2011). From the town of Patagonia where 

The Nature Conservancy has a wildlife preserve to approximately 7 miles 

below Patagonia Lake, critical riparian habitat can be found. Audubon (2011) 

identifies this area as an Important Bird Area (IBA) because it provides 

essential habitat for one or more species of concern like Elegant Trogon, 

Mexican Spotted Owl, and Western Yellow-billed Cuckoo. Additionally, 22 

species granted special status by the United States Fish and Wildlife Service 

(USFWS), including the Desert pupfish, Lesser long-nosed bat, and Ocelot 

also live in the Natural Area (Audubon, 2011).  

Audubon (2011) has listed exotic species and cattle grazing (Appendix 

H) as the predominant issues of concern for Sonoita.  While there are no 

mines in the study area along Sonoita Creek, it does receive runoff form 

Harshaw Creek, Alum Gulch-Flux Canyon, and Cox 3R, all of which interact 

with abandoned mines and areas where centuries of unremediated mining 

activity has taken place. Questions about alluvium containing high metal 

concentrations are unresolved. 
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Figure 10. Sonoita Creek drainage basin with site IDs and confluences with 

Alum Gulch, Harshaw Creek, and Cox 3R shown. 

Source: modified from the United States Geological Survey topographical 

map 

4.3.2 Alum Gulch and Flux Canyon drainage 

Alum Gulch-Flux Canyon (fig. 11) drain across bedrock on the south 

and southwest side of Red Mountain flowing north-northwest where they 

ultimately converge with Sonoita Creek South of the town of Patagonia, 

Arizona (Norman et al., 2007). A two-mile impaired reach of Alum Gulch 

receives intermittent flow from groundwater springs and effluent from mine 

adits (ADEQ, 2007). A three mile reach of Alum Gulch was placed on the “303 

[d] List” in 1996 and 1998 for exceedances of cadmium, copper, zinc, and low 
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pH (ADEQ, 2007). In 2007, the Arizona Department of Water Quality 

(ADWQ), ADEQ and other vested stakeholders developed a Total Maximum 

Daily Load (TMDL) remediation plan designed to reduce pollutant loading 

(Appendix A; ADEQ, 2007). Alum Gulch-Flux Canyon is well situated within 

the outer circle of the Red Mountain and /or Sunnyside pyritic alteration 

zone, which includes Pb-Ag-Zn metallization (Chatman, 1994; Graybeal, 

1996; Berger, 2003).    

 
Figure 11. Alum Gulch-Flux Canyon watershed with site IDs labeled. 

Source: United States Geological Survey topographical map 
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4.3.3 Upper and Lower Harshaw Creek Watershed 

Upper Harshaw Creek Watershed (fig. 12) drains north-northeast then 

northwest around Red Mountain where is joins with Lower Harshaw Creek 

before it converges with Sonoita Creek north of the town of Patagonia 

(Norman et al., 2007). The three mile reach from the headwaters of Harshaw 

Creek near Morning Glory Mine to the Trench Camp Mine tailings pile #3 

was placed on the “303 [d] list” for impairments resulting from elevated levels 

of copper, zinc and low pH (ADEQ, 2003).  
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Figure 12. Upper and Lower Harshaw Creek watersheds. Morning Glory is 

located in the southern portion of Upper Harshaw Creek. Red Mountain is 

located in Lower Harshaw Creek. Upper and Lower Harshaw Creeks 

converge before they reach Sonoita Creek. 
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The 11 mile stretch of Harshaw Creek located below the listed reach 

was not determined to be impaired enough for listing. However, samples were 

taken in the lower reaches during this study to evaluate current conditions. 

ADEQ (2003) determined copper exceedances would likely occur during 

higher precipitation events, thus calculated  a TMDL for copper based on 

bankfull load using Calculation of Concentration Extrapolation Factors 

(ADEQ, 2003). TMDLs for Zn were not calculated by ADEQ due to lower 

concentrations during modeling and changes to Arizona surface water quality 

standards A.A.C.R18-11-119 (ADEQ, 2003). The lower elevations of Harshaw 

Creek include a perennial spring located between Bergier Ranch and Turner 

Ranch which provides the only source of flow in the lower reach during 

baseflow conditions.  Both Bergier and Turner Ranches run cow-calf 

operations on open range accessible to Harshaw Creek (Appendix H).   

4.3.4 Cox 3R 

Cox 3R drains a portion of the northwestern part of the Patagonia 

Mountains. It is underlain primarily by Precambrian and Jurassic granites 

that contain several small producing mines including the Ventura and 

European mines. It converges with Sonoita Creek southwest of Alum Gulch.  
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5 METHODS 

5.1 Sample Strategy and Analysis 

Site selection for sample locations (table 1) in this study was largely 

influenced by the varying geochemical signatures found in Alum Gulch-Flux 

Canyon, Upper and Lower Harshaw Creek, Cox 3R, and Sonoita Creek 

watersheds. Based upon previous studies of the Harshaw mining district, 

known levels of contamination, and map units identifying geologic bedrock, 

mine adits, and tailings piles (Dean, 1982; USGS, 1982; ADEQ 2003 & 2007; 

Gray et al., 2001), samples were strategically collected from sites located 

above, at, and below disturbed areas and in downstream reaches from those 

disturbances in order to determine if transport from sources to sinks is 

occurring. Samples were collected from several watersheds to determine how 

individual watersheds contribute to contaminant loading in Sonoita Creek. 

Geochemical samples were collected directly in streambeds, and biological 

samples were spatially located within feet of streambed samples. 

During sampling, grass samples were sometimes collected from 

locations growing between rocks or in areas with little to no soil profile. 

Sediment was collected from stream drainages directly adjacent to plant 

samples in order to maintain the spatial integrity with the plants. 

Correlations using Microsoft Excel were conducted on the analysis of soil and 

sediment samples to determine statistical significance. Findings are 
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summarized in Appendix G. Sufficient evidence lead to the conclusion that 

sediment samples can proxy for soil samples when profiles were too low to 

collect adequate material for analysis. Therefore, in the Results and 

Discussion sections of this paper, soils refer to soils or sediments collected 

near plant samples.  

A total of 67 samples (25 grass samples, 14 sediment samples, 16 soil 

samples, 9 reed samples, and 3 cattail samples) were collected from Alum 

Gulch/Flux Canyon, Harshaw Creek, Sonoita Creek, and Red Mountain.  

Sampling was conducted sequentially from water (when present) to sediment 

to plants then soil. Sediment samples refer to alluvium collected from dry or 

flowing streambeds. Soil samples refer to fluvial/alluvial samples taken from 

wells left by plant removal. Plants were always sampled within feet of 

streambeds with the intent of keeping plant samples as close to sediment 

deposition as possible.
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Table 1 Site IDs, UTMS, dates, site descriptions and geologic units of samples collected. 1 

Site 

ID 

Sample ID UTM UTM Datum 

NAD 

Date Description Geologic Unit 

(Berger et al., 

2003) 

1  08Alum-1 525612.9 3481948 83 6/18/2008 Alum Gulch 

Wetlands 

Kv - Cretaceous 

volcanic rocks 

2  08Alum-2 524933.3 3482913 83 6/18/2008 Alum Gulch  

below World’s 

Fair Mine 

Kv - Cretaceous 

volcanic rocks 

3  08Alum-3 524961.5 3483034 83 6/18/2008 Alum Gulch 

fracture zone 90 

m below site 2 

Kv - Cretaceous 

volcanic rocks 

4  08Alum-4 525019.1 3482754 83 6/18/2008 Alum Gulch -

tailing drainage 

below World's 

Fair Mine 

Kv - Cretaceous 

volcanic rocks 

5 08Flux-1 522641.9 3483934 83 6/26/2008 Flux Wetlands M - Mesozoic 

rocks, undivided 

6 08Flux-2 522520.3 3483965 83 6/26/2008 Flux 100 m 

below Flux 

Wetlands 

M - Mesozoic 

rocks, undivided 

7 09SonAlum-1 520423.4 3486813 83 8/3/2009 Sonoita Creek 

downstream of 

Sonoita Alum 

Confluence 

Tv - Tertiary 

volcanic rocks 

8 09SonAlum-2 520480.3 3486826 83 8/3/2009 Sonoita Creek 

upstream of 

Sonoita Alum 

Confluence 

Tv - Tertiary 

volcanic rocks 
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9 09SonAlum-3 520452.1 3486750 83 8/3/2009 Alum Gulch  

Sonoita Creek 

junction, at 

barbed wire 

fence on south 

side of I-82 

Q-T -  Miocene to 

Holocene basin 

depostis, 

undifferentiated; 

Tv - Tertiary 

volcanic rocks 

10 11MGHars-1 525878.3 3477183 83 1/29/2011 Harshaw at 

Morning Glory 

adit 

M - Mesozoic 

rocks, undivided 

11 11MGHars-2 525869.1 3477106 83 1/29/2011 Harshaw sw of 

MG out of 

alteration zone 

M - Mesozoic 

rocks, undivided 

12 11MGHars-3 526581.4 3477260 83 1/29/2011 Harshaw 700 m 

east of MG adit 

along reach 

M - Mesozoic 

rocks, undivided 

13 09LowHarsh-1 529320.6 3486647 83 8/3/2009 Harshaw Creek 

cottonwood 

stand 

Kv - Cretaceous 

volcanic rocks 

14 09LowHarsh-2 529376.2 3483745 83 8/3/2009 Harshaw at 

bridge west of 

Corral Creek 

junction with 

Harshaw Creek 

Kv - Cretaceous 

volcanic rocks 

15 09LowHarsh-3 530224.5 3486005 83 8/3/2009 Lower Harshaw 

Spring 

Kv - Cretaceous 

volcanic rocks 

16 09RedMt-1 527826.8 3484224 83 7/7/2009 Red Mt vein w 

outcropping 

trachyandesite 

Kv - Cretaceous 

volcanic rocks 

17 09RedMt-2 527864.2 3484462 83 7/7/2009 Red Mt vein w Kv - Cretaceous 
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exposed 

ferricrete  

volcanic rocks 

18 09RedMt-3 527731.5 3484341 83 7/7/2009 Red Mt 200 m 

west of stop 2 

Kv - Cretaceous 

volcanic rocks 

19 09SonC3R-1 517540.5 3484677 83 7/16/2009 Sonoita Creek 

confluence  w 

Cox 3R in dry 

wash 

Q-T - Miocene to 

Holocene basin 

depostis, 

undifferentiated 

20 09SonC3R-2 517530.7 3484873 83 7/16/2009 Sonoita Creek 

west of Circle Z 

Ranch 

Tv- Tertiary 

Volcanics; Tl - 

Teriary Limestone 

21 09SonC3R-3 517340.6 3484963 83 7/16/2009 Sonoita Creek 

75 m east of 

Gaging site 

Q-T -  Miocene to 

Holocene basin 

depostis, 

undifferentiated 
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5.1.1 Water Sampling 

The majority of the water sampling was conducted by the USGS over a 

period of years starting in 1998. Data from those samples were used to gain 

an understanding of regional water quality (Appendix A). From 2008 – 2011, 

water (when present) was collected from plant sample sites. Samples were 

tested in situ for specific conductance, pH, water temperature, and total 

dissolved solids (TDS). Raw samples were collected in wide-mouth, natural 

Nalgene® bottles that were rinsed three times in stream water. Acidified 

samples were filtered (0.45 micron), then acidified to pH<2 with ultra-pure 

nitric acid HNO3. Analysis was conducted by Activation Laboratories in 

Toronto, Canada using Inductively Coupled Plasma – Mass Spectrometry 

(ICP-MS), Code E6-Ion Chromatography and Code 6C Alkalinity Titration. 

5.1.2 Soil Sampling 

Sediments collected from stream beds were labeled sediments. For 

clarification purposes, sediments collected from the rhizosphere of adjacent 

plant samples were labeled soils. Both sediments and soils were collected 

from each sample site when available. Using a plastic trowel, approximately 

0.5 lbs. of soil was collected as deep as 23 inches into the rhizosphere. This 

depth kept samples limited to the A horizon. Dry samples were stored in 

Hubco Protexo Bags manufactured by Hutchinson Bag Corp, or Whril-Pak 

bags manufactured by Nasco. Wet samples were stored in Ziploc® bags. All 
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samples were dehydrated at 80° C for 24 - 48 hours, placed in sample bags, 

shipped to Activation Laboratories (ACT Labs) where they were analyzed 

using Agua Regia Extraction, ICP/MS, Ultratrace 1. Reports from ACT Labs 

included results for 59 elements. 

5.1.3 Plant Sampling 

Initially, plant samples were collected based on in situ determination 

of dominant plant species. Experience illuminated the need for a more 

practical approach. In 2009, plant samples were then collected based on 

consistent presence throughout a single watershed and/or commonality 

within the three watersheds. In order to compare the three distinct 

watersheds, grasses were chosen as the representative species. Though 

species varied in response to elevation, contamination, and surface hydrology, 

grasses were selected based on similarity throughout the three sample 

locations.   

Plants were extracted using a plastic trowel, soil texture permitting. 

When samples were rooted in hard packed soil, a shovel rinsed with DI water 

was used. Plants were agitated in stream water (when present) to remove 

most of the debris on the sample. They were placed in large, plastic sample 

bags and stored in an ice chest filled with ice before being transferred to the 

USGS lab refrigerator where they were stored at 2° C until they could be 

processed. In the lab, plant samples were further cleaned of debris then 
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washed three times in deionized water. Attention was paid to clean roots of 

debris in order to prevent elevated readings due to soil contamination. 

Vascular plant samples were separated into roots, shoots, leaves, and 

flowering parts (if present).  Nonvascular plants were processed and analyzed 

whole. All samples were dehydrated at 80° C for 24 - 48 hours (Mosses, algae, 

and cattails required more than 24 hours to fully dehydrate). Plant samples 

from 2008 were ground in a blender or with a mortar and pestle, placed in 

sample bags, and weighed prior to shipment to Activation Laboratories where 

they were analyzed using Ash Package Digestion, ICP/MS, Code 2D. 

Considering the number of samples being processed by one person, and in 

order to prevent samples from decomposing before they were processed, 

procedures were changed in 2009, 2010, and 2011. Samples like bulrushes 

were separated into roots, shoots, and flowering parts (if present), while 

grasses were separated into roots, shoots and leaves, and flowering parts (if 

present). Samples were bagged, weighed, and sent to Activation Laboratories 

for analysis using Ash Package Digestion, ICP/MS, Code 2D. All reports from 

ACT Labs on plants included results for 59 elements. 

During the summer of 2009, the lab refrigerator broke. In an effort to 

save critical plant samples from Sonoita Creek and Lower Harshaw Creek, 

samples were processed as quickly as one person could go. Three samples 

from the spring in Harshaw Creek (Site 15) were processed and analyzed as 
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whole plants, however all samples from Site 7 and Site 8 (below and above 

the confluence of Sonoita Creek Alum Gulch) were too decomposed to analyze 

at all. Future projects would include resampling those sites first.  
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6 RESULTS 

6.1 Soils 

Total concentrations of the thirteen heavy metals analyzed for this 

study are shown in table 2 and figure 13 below. Total iron concentrations 

from 10 samples throughout the study area were at or above the high level of 

iron which is 50,000 ppm (fig. 13; EPA, 2003b). Concentrations of arsenic, 

zinc, lead, copper and manganese exceeded suggested toxic levels in 16, 14, 

12, 11, and 7 of the 20 soil sample locations respectively. The Alum Gulch 

wetlands had concentrations of iron (377,000 ppm), arsenic (920 ppm), and 

zinc (7,460 ppm) that were an order of magnitude greater than high or 

suggested toxic levels (table 2). Levels declined as they moved through the 

system (fig. 13), but at least two of the three samples collected from the 

Sonoita Creek Alum Gulch confluence were at or above the high or suggested 

toxic levels for those metals (Fe: sites 8 and 9 = 64,133 ppm, and 47,600 ppm; 

As: sites 8, and 9 = 22.5 ppm and 54 ppm; and Zn: sites 7 and 9 = 856 ppm 

and 672 ppm). Lead entered the Alum Gulch system at the wetlands (fig. 15), 

but did not reach suggested toxic levels until the World’s Fair mine location 

(Pb: site 2, 3, and 4 = 750 ppm, 648 ppm, and 1360 ppm) and continued at 

suggested toxic levels through all three samples from Sonoita Creek Alum 

Gulch (Pb: site 7, 8, and 9 = 142 ppm, 135 ppm, and 478 ppm). Copper 

reached suggested toxic levels at the World’s Fair mine locations (Cu: site 2 
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and 4 = 103 ppm and 111 ppm) and continued through Alum Gulch (fig. 13), 

then increased in Sonoita Creek (Cu: site 7 and 9 = 152 ppm and 157 ppm). 

Flux Canyon contributed to the patterns of heavy metal contamination with 

toxic levels of arsenic (52 ppm), lead (674 ppm), zinc (2,920 ppm), and copper 

(415 ppm) (fig. 13) with an anomalous spike in cadmium (47.1 ppm) that 

continued through site 7 (5.3 ppm) and into site 21 (7.3 ppm). 

Table 2. Total heavy metal concentrations in soils (ppm) and toxic levels of 

metals (ppm) (Romero et al., 1986; Li et al., 1993; Batelle et al., 2002; Shulte, 

2004a, b, & c; Malik et al., 2010; Lenntech, 2011a & b; Beusse et al., 2011; 

ATSDR, 2012). 

  
 

Site ID Sample ID A g A s C d C o C r C u F e M n M o N i P b Sb Z n

1 08Alum1Sed 0 920 4 6 1 17 377000 2750 3 14 91 22 7460

2 08Alum2Sed 10 91 1 9 43 103 39300 1580 22 42 750 15 458

3 08Alum3Sed 3 67 2 12 30 98 34800 2050 7 19 648 10 596

4 08Alum4Sed 6 111 1 12 10 111 39900 1840 6 14 1360 22 458

5 08Flux1Soil 2 52 47 5 10 415 21500 699 8 10 674 8 2920

7 09SonAlum1Soil 1 20 5 37 37 152 43333 3470 2 29 142 4 856

8 09SonAlum2Soil 0 23 1 60 60 72 64133 1397 2 31 135 6 179

9 09SonAlum3Soil 3 54 2 16 29 157 47600 1510 5 22 478 11 672

10 11M GHars1Soil 1 32 0 8 34 46 38200 426 2 12 28 2 116

11 11M GHars2Soil 3 32 0 14 39 97 52600 778 3 20 76 2 193

12 11M GHars3Soil 1 22 2 13 22 34 37000 858 5 18 33 2 677

13 09LoHarsh1Soil 1 54 1 19 48 82 49800 1490 4 31 315 18 207

14 09LoHarsh2Soil 3 97 2 18 45 100 49300 2135 6 29 920 32 335

15 09LoHarsh3Soil 1 40 1 22 76 87 62400 2100 3 39 315 11 171

16 09RedM t1Soil 1 46 3 27 102 191 60900 1380 1 71 209 6 580

17 09RedM t2Soil 0 27 2 99 69 129 54500 3830 1 92 69 4 238

18 09RedM t3Soil 1 56 1 40 74 142 75500 1230 2 75 170 4 320

19 09SonC3R1Soil 0 15 2 14 31 116 43550 1455 2 26 88 3 563

20 09SonC3R2Soil 0 16 2 13 24 94 33700 1640 1 23 88 4 764

21 09SonC3R3Soil 0 16 7 15 40 152 49100 4000 2 36 97 3 1890

Ag As* Cd Co Cr Cu Fe* M n* M o Ni Pb Sb Zn

T o xic levels 44 22 5 50 100 100 30,481 2000 17 100 100 38 300
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Metal contamination trends through Harshaw Creek had some similar 

patterns to those observed in Alum Gulch. Table 2 shows that arsenic 

concentrations were at or above toxic levels in all samples through Harshaw 

Creek.  Iron levels were at or above the high level from site 11 Morning Glory 

and through all of Harshaw Creek. Iron concentrations from Morning Glory 

Mine ranged from 37,000 to 52,600 ppm (sites 10, 11 and 12), and arsenic 

concentrations ranged from 21.9 to 32.4 ppm and (fig. 13). Harshaw Creek 

ranges for iron were 49,300 to 62,400 ppm and arsenic were 40.5 to 97.2 ppm. 

Site 14 in Lower Harshaw was anomalously high in arsenic (97.2 ppm) and 

lead (919.5 ppm) (fig. 13).  
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Figure 13. Total heavy metal concentrations (ppm) of all 13 metals displayed 

using star diagrams. High levels stand out as larger sections. Metal transport 

can be seen moving from upstream sources to downstream sinks. 

Lead concentrations throughout Harshaw exceeded suggested toxic 

levels ranging from 314.5 ppm to 919.5 ppm (fig. 13). Red Mountain soil 

concentrations of iron (54,500 to 62,400 ppm), arsenic (26.9 to 55.5 ppm), and 

copper (129 to 191 ppm) (fig. 13) exceeded high or suggested toxic levels in all 

samples. Red Mountain concentrations of Lead (69.3 to 208.5 ppm) and zinc 

(238 to 579.5 ppm) exceeded suggested toxic levels in two out of three 
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samples (fig. 13). The confluence of Sonoita Creek and Cox 3R had 

concentrations near the high level of iron (43,550 to 49,100 ppm), and above 

the suggested toxic level of zinc (563 to 1890 ppm), and copper (93.7 to 152 

ppm) with anomalies in manganese (4,000 ppm) (Fig. 13), and cadmium (7.3 

ppm) at site 21.  

6.2 Grass Roots 

Table 3 and figure 14 shows total concentrations of metals in grass 

roots labeled as “crab” meaning Digitaria sanguinalis or “other” and 

suggested toxic levels for each metal (Walsh et al., 1977; Subcommittee on 

Mineral Toxicology in Animals et al., 1980; Romero et al., 1986; Li et al., 

1993; Wantanabe, 1997; Prasad et al., 2003; Environment Agency UK, 2009).  

Figure 14 shows the distribution of metal concentrations for each metal and 

where suggested toxic levels are relative to the medians of each data set. 

From sites 1, 4, 10, 11, 12, 15, 16, 17, 18, 20 and 21 grass samples are 

categorized as “other”. From sites 5, 9, and 19 grass samples are categorized 

as “crab”. From sites 2, 5, 13, and 14 two types of grass samples were 

collected and are categorized as “other” and “crab” and labeled “a” for other 

and “b” for crab.  
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Table 3. Total Metal Concentrations (TMC) in plant roots (ppm) and toxic 

levels of metals (ppm) (Erdman et al., 1978; Subcommittee on Mineral 

Toxicology in Animals et al., 1980; Romero et al., 1986; Li et al., 1993; Chou 

et al., 2002; Prankel el al., 2004; Environment Agency UK, 2009). 

 
*The sample labeled “Site ID 15 - 09LowHarsh-3-Gr” is from the perennial 

spring located in Lower Harshaw Creek, where samples were processed as 

three whole grass samples (roots, shoots, and leaves) in order to prevent them 

from decomposing. The three samples were analyzed and the results were 

averaged. High readings from these samples are likely attributed to the 

combination of root uptake and shoot/leaf uptake. 

 

Table 3 shows that grass roots from Alum Gulch Wetlands (site 1) 

contained toxic levels of iron (11,200 ppm), manganese (6,130 ppm), zinc 

(1,620 ppm), cobalt (17 ppm), and arsenic (6 ppm) in descending order. 

Grasses collected from the tailings pile below World’s Fair mine (site 4) 

exceeded suggested toxic levels of arsenic (133 ppm), iron (51,800 ppm), lead 

(2,280 ppm), chromium (51 ppm), zinc (1,800 ppm), cobalt (19 ppm), 

Site ID Sample ID Ag As Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Zn

Site 1 08Alum-1-Gr1R (other) 1 6 4 17 2 13 11200 6130 0 4 16 1 1620

Site 2a 08Alum-2-Gr2R (other) 0 6 1 1 3 9 964 565 0 2 14 0 404

Site 2b 08Alum-2-Gr1R (crab) 2 6 2 1 3 17 2010 660 0 2 17 0 420

Site 4 08Alum-4-Gr1R (other) 9 133 6 19 51 172 51800 3630 2 106 2280 1 1800

Site 5a 08Flux-1-Gr2R (other) 0 5 2 0 5 12 928 256 0 2 33 1 773

Site 5b 08Flux-1-Gr1R (crab) 1 6 4 1 16 38 2780 564 1 5 89 2 833

Site 9 09SonAlum-3-Gr1R (crab) 1 3 1 1 4 26 9630 141 7 3 14 1 209

Site 10 11MGHars-1-Gr1R (other) 0 22 1 18 19 55 21500 717 2 19 45 0 1040

Site 11 11MGHars-2-Gr1R (other) 2 22 2 20 20 108 21300 1180 2 25 47 0 1070

Site 12 11MGHars-3-Gr1R (other) 1 22 5 13 13 48 21800 968 6 25 45 0 2930

Site 13a 09LowHarsh-1-Gr1R (other) 0 14 1 4 15 34 9210 426 13 8 61 4 176

Site 13b 09LowHarsh-1-Gr2R (crab) 0 4 0 1 6 14 1680 118 6 4 13 1 55

Site 14a 09LowHarsh-2-Gr1R (other) 1 22 1 2 9 23 5450 331 5 5 165 7 129

Site 14b 09LowHarsh-2-Gr2R (crab) 0 14 0 2 8 20 3670 252 9 4 79 4 79

Site 15 09LowHarsh-3-Gr1whole 1 42 1 8 25 44 18400 1475 4 12 121 9 243

Site 16 09RedMt-1-Gr1R (other) 0 5 1 2 7 48 2925 135 2 5 18 1 148

Site 17 09RedMt-2-Gr1R (other) 0 3 0 3 7 12 3180 141 1 5 5 0 74

Site 18 09RedMt-3-Gr1R (other) 0 3 1 2 7 17 3310 170 1 6 12 0 144

Site 19 09SonC3R-1-Gr1R (crab) 0 4 2 2 7 49 4640 363 1 5 13 1 262

Site 20 09SonC3R-2-Gr1R (other) 0 2 1 1 6 34 2510 220 1 4 10 0 236

Site 21 09SonC3R-3-Gr1R (other) 0 2 2 1 4 42 1120 368 1 4 8 0 349

Ag As Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Zn

Toxic level (ppm) 300 2 5 5 10 40 1200 1000 5 40 150 2.2 400
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manganese (3,630 ppm), nickel (106 ppm), and cadmium (6 ppm) in 

descending order.  Samples from Flux Canyon exceeded suggested toxic levels 

of arsenic (6 ppm), iron (1,854 ppm), zinc (792 ppm), and chromium (10.4 

ppm). Grass samples from the confluence of Sonoita Creek Alum Gulch 

exceeded suggested toxic levels of iron (9,630 ppm), molybdenum (6.6 ppm) 

and arsenic (2.5 ppm). 
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Figure 14. Log distribution of metal concentrations for 13 metals in grass 

roots. Suggested toxic levels are identified by asterisks, which provide a 

general idea of the degree of contamination found in this study.  

The trend of elevated levels of arsenic and iron in grass roots continued 

throughout Morning Glory, Harshaw Creek, Red Mountain and Sonoita 

Creek/Cox 3R. Emerging trends started in Morning Glory included cobalt, 

chromium, copper, and molybdenum and continued through site 15 with 
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copper continuing into Sonoita Creek Cox 3R. Values for arsenic from 

Morning Glory through Sonoita Creek Cox 3R were: sites 10, 11, and 12 = 22 

ppm each; sites 13a & b = 14 and 4 ppm; sites 14a & b = 22 and 14 ppm, and 

site 15 = 42 ppm; sites 16, 17, and 18 = 5 ppm, 3 ppm, and 3 ppm; and sites 

19, 20, and 21 = 4, 2, and 2 ppm respectively. Iron values were: sites 10, 11, 

and 12 = 21,500 ppm, 21,300 ppm, and 21,800 ppm; sites 13a & b = 9,210 and 

1,680 ppm, sites 14a & b = 5,450 and 3,670 ppm, and site 15 = 18,400 ppm; 

sites 16, 17, and 18 = 2,925 ppm, 3,180 ppm, and 3,310 ppm respectively; and 

sites 19 and 20 = 4,640 ppm and 2,510 ppm. Exceedances of cobalt were: sites 

10, 11, and 12 equaled 18 ppm, 20 ppm, and 13 ppm respectively; and site 15 

averaged 8 ppm. Chromium concentrations were: sites 10, 11, and 12 equaled 

19 ppm, 20 ppm, and 13 ppm respectively; and site 15 averaged 25 ppm. 

Samples from Morning Glory, Harshaw Creek, and Sonoita Creek/Cox 3R 

also exceeded the suggested toxic limits of copper: sites 10, 11, and 12 = 55 

ppm, 108 ppm, and 48 ppm; site 15 averaged 43.7 ppm; site 16 = 48 ppm; site 

19 = 49 ppm; and site 21 =  42 ppm. Molybdenum first showed up above 

suggested toxic levels in roots of crab grasses growing in Morning Glory site 

12 (6 ppm); sites 13a & b = 13 ppm and 6 ppm; and sites 14a & b = 5 ppm and 

9 ppm. It was also found in Sonoita Creek Alum Gulch at 7 ppm. Morning 

Glory exceedances of zinc were: sites 10, 11, and 12 = 1,040 ppm, 1,070 ppm, 

and 2,930 ppm respectively. Antimony exceedances occurred in Harshaw 
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Creek at site 13a (4 ppm); 14a & b (4 and 7 ppm respectively); and site 15 (9 

ppm). Manganese exceedances occurred at site 1 (6,130 ppm); site 4 (3,360 

ppm); site 11 (1,180 ppm); and site 15 (1,475 ppm). Anomalous spikes 

occurred from site 4 in cadmium (6 ppm), nickel (106 ppm) and lead (2,280 

ppm). A spike in lead occurred at site 14a (165 ppm).  

6.3 Grass Aerial  

Table 4 shows concentrations of heavy metals in aerial parts of grasses 

with site 15 removed from the data set due to the fact that those samples 

were analyzed whole and no aerial data can be extrapolated from the 

analysis. Suggested toxic levels are provided. Figure 15 represents the log 

distribution of metals seen in aerial parts. Suggested toxic levels are 

represented by an asterisk. Several patterns of metal contamination appear 

when comparing the total concentrations of metals in grass aerial parts to the 

suggested toxic levels (Walsh et al., 1977; Li et al., 1993; Subcommittee on 

Mineral Toxicology in Animals et al., 1980; Romero et al., 1986; Environment 

Agency UK, 2009).  Trends in exceedances of arsenic and iron continued 

throughout the system and concentrations from sites 1, 4, 5, 10, 11, 12, 14 

and 21 were overall greater than from other sites.  Site 1 had exceedances in 

arsenic (6 ppm), iron (3,085), manganese (2,035), and zinc (531 ppm). Grass 

aerial parts from site 4 contained toxic levels of zinc (3,200 ppm), manganese 

(5,375 ppm), chromium (29 ppm), arsenic (6 ppm), nickel (84 ppm), iron 
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(2,300 ppm), copper (75 ppm), and cobalt (7.9 ppm) in descending order. Crab 

grass aerial samples from Flux Canyon exceeded suggested toxic levels of 

arsenic (6 ppm), zinc (812 ppm), chromium (15 ppm), iron (1,340 ppm), and 

samples from the confluence of Alum Gulch/Sonoita Creek exceeded 

suggested toxic levels of iron (7,970 ppm) and zinc (508 ppm). 

Table 4. Total Metal Concentrations (TMC) in plant aerial parts (ppm) and 

toxic levels of metals (ppm) (Walsh et al., 1977; Subcommittee on Mineral 

Toxicology in Animals et al., 1980; Romero et al., 1986; Li et al., 1993; 

Environment Agency UK, 2009).  

 
 

Morning Glory mine and Harshaw Creek grass aerial samples 

exceeded suggested toxic limits of arsenic from all five sample locations (sites 

10, 11, and 12 = 17, 18, and  11 ppm respectively; site 13a & b = 3 and 3 ppm; 

and site 14a & b = 9 ppm and 11 ppm). They also exceeded suggested toxic 

levels of iron (sites 10, 11, and 12 = 11,200 ppm; 16,700 ppm; and 10,800 ppm 

Stie ID Sample ID Ag As Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Zn

1 08Alum-1-Gr1Aerial (other) 0 6 1 3 2 5 3085 2035 0 2 4 0 531

2a 08Alum-2-Gr2Aerial (other) 0 6 1 0 3 8 314 222 0 1 10 0 283

2b 08Alum-2-Gr1Aerial (crab) 0 5 1 1 3 8 487 773 0 2 3 0 244

4 08Alum-4-Gr1Aerial (other) 2 6 4 8 29 75 2300 5375 2 84 35 0 3200

5a 08Flux-1-Gr2Aerial (other) 0 6 2 0 7 10 733 351 0 2 20 0 782

5b 08Flux-1-Gr1Aerial (crab) 0 6 3 1 15 18 1340 398 0 4 40 1 812

9 09SonAlum-3-Gr1Aerial (crab) 0 2 2 1 4 24 7970 210 2 3 19 0 508

10 11MGHars-1-Gr1Aerial (other) 1 17 1 7 14 42 11200 767 3 16 29 0 884

11 11MGHars-2-Gr1Aerial (other) 1 18 1 10 19 110 16700 1070 3 22 63 0 716

12 11MGHars-3-Gr1Aerial (other) 2 11 2 6 14 48 10800 806 10 20 27 0 1900

13a 09LowHarsh-1-Gr1Aerial (other) 0 3 0 1 5 12 1248 121 6 3 14 1 77

13b 09LowHarsh-1-Gr2Aerial (crab) 0 3 0 1 5 12 1099 86 4 3 9 1 57

14a 09LowHarsh-2-Gr1Aerial (other) 0 9 0 1 6 12 2265 202 10 3 58 3 91

14b 09LowHarsh-2-Gr2Aerial (crab) 0 11 0 2 8 19 3450 246 8 4 62 4 102

16 09RedMt-1-Gr1Aerial (other) 0 1 1 0 2 13 542 52 1 1 5 0 71

17 09RedMt-2-Gr1Aerial (other) 0 1 0 2 4 8 1399 105 1 3 3 0 85

18 09RedMt-3-Gr1Aerial (other) 0 1 1 1 4 7 906 101 0 3 3 0 86

19 09SonC3R-1-Gr2Aerial (crab) 0 2 1 1 4 27 1323 149 1 3 5 0 202

20 09SonC3R-2-Gr1Aerial (other) 0 1 1 1 4 20 879 163 1 3 3 0 193

21 09SonC3R-3-Gr1Aerial (other) 0 2 3 1 3 42 1550 881 1 4 4 0 510

Ag As Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Zn

Toxic level (ppm) 300 2 5 5 10 40 1200 1000 5 40 150 2.2 400
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respectively; site 13a = 1,248 ppm; and site 14a & b = 2,265 and 3,450 

respectively), molybdenum (sites 12, 13a, 14a and 14b = 10 ppm, 6 ppm, 10 

ppm and 8 ppm respectively), copper (sites 10, 11, and 12 = 42 ppm, 110 ppm, 

and 48 ppm respectively), chromium (sites 10, 11, and 12 = 14 ppm, 19 ppm, 

and 14ppm respectively), cobalt (sites 10, 11 and 12 = 7 ppm, 10 ppm and 6 

ppm respectively) and manganese (site 11 = 1,070 ppm).  

The only aerial part exceedance that occurred in Red Mountain was in 

iron from site 17 (1,399 ppm). The confluence of Sonoita Creek Cox 3R had 

iron exceedances as well (site 19 = 1,323 ppm and site 21 = 1,550 ppm). Site 

21 had aerial concentrations at or above suggested toxic levels of arsenic (2 

ppm), copper (42 ppm), and zinc (510 ppm).  
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Figure 15. Log distribution of 13 metals in grass aerial parts. Suggested toxic 

levels are represented by asterisks, which provide a general idea of the 

degree of contamination found in this study. 

 

 

 



69 
 

 
 

6.4 Pollution Indices 

Tables 5, 6, and 7 show soil pollution indices and plant pollution 

indices calculated using the Romero et al., (1986) equations: soil pollution 

index (SPI) and plant pollution index root (PPIR) and plant pollution index 

aerial (PPIA).  The tables compare Romero’s equations to a modified version 

of the pollution index equations that I developed in response to two metals 

that showed anomalous spikes in total concentration data, antimony and 

molybdenum. The modified equations are referred to as the +SbMo equations: 

soil pollution index (SPI+SbMo), plant pollution index root (PPIR+SbMo) and 

plant pollution index aerial (PPIA+SbMo). A detailed account of both 

equations including reasons for the modifications can be found in Appendix 

C. Pollution indices were run on soil samples from all locations and on grass 

samples from locations where grasses were present. Romero et al., (1986) 

PIndices are equal to or greater than +SbMo PIndices in soils and roots, 

however, aerial +SbMo PIndicies exceeded the Romero et al., (1986) PIndices 

at sites 2, 13, 14, 16, 17, 18, and 19.  

Pollution index trends looked similar to patterns found in total 

concentrations. Site 1, 4, 5, 9, 10, 11, 12, 14, 15, and 19 had the highest SPI 

and PPI values across the board (Table 5). Romero et al. (1986) SPI values 

ranging from 102 to 170 were found at sites 1, 5, 7, 16, and 21, with the 

highest value of 170 coming from Site 5. A maximum SPI +SbMo of 122 was 
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from site 5 Flux Canyon Wetlands and the next highest was 110 from site 1 

Alum Gulch Wetlands. All other SPI+SbMo were less than 100. Site 2 SPI 

values were 94 for both equations.  

Table 5. Soil pollution indices showing SPI results for soils. Results from the 

Romero et al., (1986) equation and the modified +SbMo equation are 

displayed. Shaded values are greater than 100 and considered polluted. 

Site 

IDi 
SPIii 

SPI + 

SbMoiii 

1 161 110 

2 94 94 

3 88 75 

4 81 73 

5 170 120 

7 102 66 

8 67 49 

9 95 76 

10 21 18 

11 46 36 

12 52 44 

13 66 60 

14 92 82 

15* 75 60 

16 122 72 

17 93 57 

18 96 62 

19 71 47 

20 72 47 

21 130 80 
I Sample IDs 
iiSPI = Soil Pollution Index based on Romero et al., (1986) PI equation 
iii SPI+SbMo = Soil Pollution Index with Sb and Mo + Romero et al., (1986) PI 

equation  
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Plant roots are expected to have high PPI values because plants 

growing in contaminated soils have adapted edaphically to either exclude 

heavy metals by sequestering them in roots or accumulate heavy metals from 

roots into aerial parts (Baker, 1981; Wantanabe, 1997; Cobbett, 2000; Yoon et 

al., 2006). Regardless of the strategies used by plants, the greatest point of 

entry for heavy metals is through roots. The maximum PPIR value was 509 

from site 4 with a mean of all samples being 183 (table 6). The maximum 

value for the PPIR+SbMo was 317 from site 4 with a mean of all samples 

being 137 (table 6). Morning Glory samples had ranges of 299 – 330 (PPIR) 

and 198 – 223 (PPIR+SbMo). Harshaw Creek also exceeded toxic levels with 

ranges of 123 – 253 (PPI R-R) and 116 – 185 (PPIR+SbMo). Values from Red 

Mountain were less than or equal to polluted, ranging from 94 – 103 (PPIR) 

and 84 – 90 (PPIR+SbMo). Site 19 PPI values were 130 (PPIR) and 105 

(PPIR+SbMo). The lowest root PPI value was 68 from site 2 in Alum Gulch, 

whereas the lowest SPI value was 18 from site 10 in Morning Glory. 
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Table 6. Plant pollution indices showing PPIR results for grass roots. Results 

from the Romero et al., (1986) equation and the modified +SbMo equation are 

displayed. Shaded values are greater than 100 and considered polluted. 

Site 

IDi 
PPIRiv 

PPIR + 

SbMov 

1 220 149 

2 77 68 

3* - - 

4 509 317 

5 107 90 

7* - - 

8* - - 

9 169 138 

10 299 198 

11 305 203 

12 330 223 

13 123 116 

14 123 117 

15* 253 185 

16 97 90 

17 94 84 

18 103 88 

19 130 105 

20 96 85 

21 74 73 

*Sites 3, 7, and 8 had no useable grass samples. 
i  Sample IDs 
iv PPIR = Plant Pollution Index Roots based on Romero et al., (1986) PI 

equation  
v PPIR+SbMo = Plant Pollution Index Roots with Sb and Mo + Romero et al., 

(1986) PI equation 
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Aerial pollution indices greater than 100 would indicate plants are 

translocating metals from roots to shoots or that plants are accumulating 

metals in aerial parts from soils. Table 7 shows that PPIA values ranged 

from 31 – 267 with a mean of 113, and the PPIA+SbMo ranged from 45 – 183 

(PPIA+SbMo) with a mean of 96.  Sites 10, 11, and 12 from Morning Glory 

Mine had the highest values for both equations: PPIA = 221 – 267; and 

PPIA+SbMo = 158 - 183. Site 4 values were 188 (PPIA) and 137 

(PPIA+SbMo), and site 9 PPIA values were 166 and 129. Site 14 had a PPIA 

value of 94, but went up with the PPIA+SbMo value to 102. The only other 

polluted value was from site 1 with a PPIA of 105. All other PPIA values 

were less than 100. 
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Table 7. Plant pollution indices showing PPIA results for grass aerial parts. 

Results from the Romero et al., (1986) equation and the modified +SbMo 

equation are displayed. Shaded values are greater than 100 and considered 

polluted.  

Site 

IDi 
PPIAvi 

PPIA + 

SbMovii 

1 105 82 

2 38 45 

3* - - 

4 188 137 

5 88 78 

7* - - 

8* - - 

9 166 129 

10 221 158 

11 267 183 

12 240 177 

13 55 74 

14 94 102 

15* - - 

16 31 52 

17 58 63 

18 45 52 

19 67 68 

20 54 61 

21 87 81 

*Sites 3, 7, 8, and 15 has no usable aerial grass samples 
vi PPIA = Plant Pollution Index Aerial based on Romero et al., (1986) PI 

equation 
vii PPIA+SbMo = Plant Pollution Index Aerial with Sb and Mo +  Romero et 

al., (1986) PI equation 
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Linear relationships between soil and roots, and soil and aerial 

PIndices were insignificant: Romero et al., (1986) = Soil vs. Roots R2 = 0.1684 

and Soil vs Aerial R2 = 0.2533; and +SbMo = Soil vs. Roots R2 = 0.0912 and 

Soil vs Aerial R2 = 0.2008. However, linear regressions between roots and 

aerial parts were significant with Romero et al., (1986) R2= 0.6546; and 

PPI+SbMo R2 = 0.6509 (fig. 16). This demonstrates that sampling grass aerial 

parts alone could indicate levels of contamination in roots from a study area. 

Sampling aerial parts alone greatly reduces costs associated with time and 

analysis and could be an effective way to characterize polluted areas.  

 
Figure 16. Plant root vs aerial pollution index (+SbMo). Regression was 

performed in Microsoft Excel and resulted in a moderately significant r value 

(R2 = 0.6509). 
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Figure 17 compares box plots representing SPI and PPI equations 

(Romero et al., 1986) to box plots representing SPI+SbMo and PPI+SbMo 

equations. Adding antimony and molybdenum to the equations lowered the 

overall pollution indices for soils and plant roots, but not for aerial parts. 

Tailoring the equation to fit the metals of concern in the study area removed 

outliers in the SPI that were more than 1.5 times the upper and lower 

quartiles, lowered the upper outlier in PPI-Aerial from 267 to 183, and 

lowered the maximum value for PPI-Roots from 509 to 317. However, not 

only did the big picture looked similar in plants using either equation, but 

several instances of PPIA increased, most notably at site 14 where PPIA went 

from unpolluted to polluted. SPI medians were less to slightly less than the 

polluted level of 100. The medians jumped up with roots to greater than 100. 

Clearly roots were uptaking and accumulating metals from the soils in which 

they were growing. Aerial parts brought pollution indices medians down 

below 100, but they are greater than soils. This suggests that polluted 

grasses are present and available to cattle grazing in the study area 

(Appendix H) 
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Figure 17. Box plots showing soil and plant pollution indices for sampling 

points throughout the study area. SPI are soil pollution indices using the 

Romero et al., (1986) equation and SPI+SbMo are soil pollution indices using 

the modified antimony and molybdenum equation. Next to soils are root 

comparisons using the same two equations and then aerial comparisons with 

the same two equations.  
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7 DISCUSSION 

Geochemical anomalies in the Patagonia Mountains are the result of 

complex geological processes including small and large scale plutonic 

emplacements and pervasive hydrothermal alterations (Hawkes, 1957; 

Chaffee et al., 1981; Graybeal, 1984; Berger et al., 2003; Vikre, 2009). Many 

of the anomalies have been exposed at the surface through Basin and Range 

tectonics and erosional surficial processes. Numerous historical mining 

campaigns have resulted in the release of heavy metals into the environment 

causing an increase of metal concentrations in soils and plants. 

Biogeochemical behaviors were evaluated through soil-plant relationships 

and their proximity to mineralization previously identified through 

geochemical studies and surface water studies (Chaffee et al., 1981; 

Graybeal, 1984; Gray et al., 2001; Berger et al., 2003; ADEQ, 2003 & 2007; 

Vikre, 2009).The biogeochemical patterns observed are likely the result of: 1) 

large scale patterns of mineralization due to the emplacement of porphyry 

copper systems, 2) specific geology associated with specific sample points, 3) 

dissolution and downstream transport of metals from mineral rich soils, 

tailings, and mine waste that have been dumped into stream drainages, and 

4) effects of edaphic factors like the bioavailability of potentially toxic 

chemical elements on plant communities.   

Figure 18 displays iron concentrations in star diagrams without the 
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wetlands (site1). Iron concentrations in the wetlands were very high; 

therefore they were intentionally left out of the star diagrams in order to 

show the concentrations of iron throughout the rest of the study area. Figures 

19 and 20 summarize the metals that exceeded toxic levels in soils and grass 

aerial parts respectively. The following discussion indicates specific locations 

in the study area where these metals have been found at high or toxic levels 

in soils, how this relates to the concentration of the metals in plants and 

gives possible reasons for these high values. 

7.1 Total Concentrations 

 Total metal concentrations in soils, roots, and aerial parts are 

discussed in the following sections (7.1.1 – 7.1.10). Soils incurred metal 

exceedances in eleven out of thirteen metals (As, Cd, Cr, Co, Cu, Fe, Ma, Mo, 

Pb, Sb, and Zn). Plant roots had exceedances in all thirteen metals (Ag, As, 

Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, and Zn). Aerial parts exceeded 

suggested toxic levels in ten out of thirteen metals (As, Co, Cr, Cu, Fe, Mn, 

Mo, Ni, Sb, and Zn). Four metals were pervasive throughout the system: iron, 

arsenic, lead (soils only), and zinc.  

7.1.1 Iron in Soils 

Star diagrams are a visual display of iron concentrations plotted in 

conjunction with other metals (fig. 18) created using the R statistical 
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language. Each segment or slice of the star represents a different metal. The 

radius of the segment, which varies from zero to one, is proportional to the 

concentration of the metal represented by the segment; R takes the range of 

concentrations of a specific metal from all of the samples in the data bank 

and assigns the highest concentration a value of one and the lowest 

concentration a value of zero. All other values are scaled relative to those two 

values. Segment radius therefore reflects both rank and proportion. 

Segments from one metal cannot be compared to segments from another 

metal. Outliers tend to skew star diagrams. High values can diminish values 

from other locations so dramatically that important patterns cannot be seen. 

In the case of iron, values from the wetlands in Alum Gulch (377,000 ppm) 

were an order of magnitude higher than any of the other values (21,500 ppm 

– 75,500 ppm). As a result, the star diagram (fig. 18) showed a large section 

in the Alum Gulch Wetlands and barely visible sections from all other 

locations even though half of the values were above the normal range for iron 

of 50,000 ppm. Therefore, the star diagrams are presented without data from 

site 1, the Alum Gulch Wetlands.  

The pervasive nature of iron throughout the study area is likely a 

function of the geology as iron bearing minerals like pyrite and chalcopyrite 

are heavily indicated in bedrock in the study area (Chaffee et al., 1981; Gray 

et al., 2000; Berger et al., 2003). Fifty percent of the soil samples were above 
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the normal upper level for iron in soils of 50,000 ppm. Chaffee et al. (1981) 

suggest that high iron to manganese ratios might indicate the presence of 

pyrite and therefore suggest the occurrence of a porphyry copper deposit. A 

pyritic halo surrounds the Red Mountain porphyry copper and can be seen in 

figure 18, as the largest segments in the star diagrams that are shown are 

centered around Red Mountain (Chaffee et al., 1981; Romero et al., 2003). 

The iron-manganese ratios for this study ranged from 12.0 to 137.0 with 

highest values coming from site 1 (not shown) and the Red Mountain sites 

(16, 17, and 18). High iron values continue into Sonoita Creek. Oxidation of 

pyrite creates acid mine drainage which increases acidity leading to metal 

mobility for a broad spectrum of metals (Gray et al., 2000; Gray et al., 2001). 

However, iron oxides and sulfides have a chief roll in limiting the availability 

of toxic metals in the study area, as they adsorb potentially toxic elements 

under aerobic or reducing conditions respectively (EPA, 2003b; Bangladesh 

Consortium for Arsenic Management, 2012). The multifaceted interactions of 

iron alone suggest the dynamics of this system are complex and not easily 

explained.  
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Figure 18. Soils star diagrams showing metal concentrations of 13 heavy 

metals. Site 1-Alum Gulch Wetlands iron concentrations are so high (377,000 

ppm) that they have been removed from display so concentrations of iron can 

be seen in other locations. Iron segments in samples from Red Mountain and 

Harshaw Creek show evidence of the pyritic halo known to represent a 

porphyry copper (Chaffee et al., 1981).  

 

7.1.2 Iron in Plants 

The intricacy of iron-plant interactions is very complex. Plants will use 
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a variety of strategies to adapt to and survive in conditions that are 

edaphically challenging. For instance, plants uptake iron in the reduced form 

of ferrous iron (Fe+2). However, grasses secrete phytosiderophores which 

enable direct uptake of Fe3+ (Cheng et al., 2007). Additionally, some grass 

species are able to uptake Fe2+ directly as well (Cheng et al., 2007). Other 

plants secrete root exudates that alter rhizosphere pH, resulting in the 

reduction of iron Fe3+  to the more readily available form of iron Fe2+ (EPA, 

2003b). A total of 88% of grass root samples and 60 % of grass aerial samples 

had concentrations of iron in excess of the suggested high value of 1,200 ppm. 

Root samples from sites 1, 4, 9, 11, and 15 had iron concentrations from eight 

to forty-three times higher than the suggested high value of 1,200 ppm. 

Aerial samples from sites 9, 10, 11, and 12 had iron concentrations from 

seven to fourteen times greater than the suggested high value for plants. 

This suggests that iron is either reduced through the system and generally 

bioavailable to plants, or that the grasses employ phytosiderophore systems 

to uptake Fe+3 (Chen et al., 2007).   

7.1.3 Arsenic in Soils 

Large scale patterns of mineralization have resulted in ubiquitous 

dissemination of arsenic, lead, zinc, and iron throughout the study area (fig 

19 & 20). Arsenic is known to form in masses on dolomitic limestone found in 

the Patagonia Mountains (Galbraith et al., 1970). Arsenic bearing minerals 
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including enargite, tetrehedrite-tennantite, pearceite, and arsenopyrite are 

indicated throughout the Harshaw mining district (Galbraith, 1970; 

Chatman, 1994). Eighty percent of soil samples have concentrations higher 

than suggested toxic levels (Appendix B).  

The interaction of dissolved arsenic and iron oxides and sulfides is 

complex and affects the amount and availability of arsenic in a system. Iron 

oxides adsorb arsenic forming tight bonds known as bidentate binuclear-

bridging complexes and monodentate complexes (Bangladesh Consortium for 

Arsenic Management, 2012). In low pH, adsorption of arsenic V is greatest, 

and higher pH (8-10) adsorption of arsenic III is greatest (Bangladesh 

Consortium for Arsenic Management, 2012). Iron sulfides adsorb inorganic 

arsenic III, but the bonding is an inner-sphere complex that is not stable, and 

exposure to oxygen causes the release of the arsenic (Bangladesh Consortium 

for Arsenic Management, 2012).  Both the presence of arsenic in the minerals 

that occur in the study area and the interactions between arsenic and iron 

sulfides could be an important factor in the abundance of arsenic in the 

Patagonia Mountains.  

7.1.4 Arsenic in Grasses 

High levels of arsenic were found to be systemic in grass populations 

with 96 % of roots and 72% of aerial parts containing concentrations above 

the suggested toxic limits of 2 ppm. Arsenic is chemically similar to silicon 
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and under anoxic conditions plants often uptake arsenic instead of silicon as 

a result (Guerinot, 2011). Grasses are known accumulators of silicon using it 

for the purpose strengthening shoots and protecting grains against predation 

(Guerinot, 2011). This could be one explanation as to why plant arsenic 

values found in the study area are so high. Sites 2, 5 and 21 had 

translocation factors for arsenic ≥ 1. This means concentrations in aerials 

were equal to or higher than concentrations in roots. Site 2 was located in 

pooled water created from base flow that received input from the seepage 

coming from the tailings pile below the World’s Fair Mine adit. Soils were 

well drained Lampshire-Graham-Rock outcrop association and the water was 

acidic (pH 2.73). The soil arsenic value was 90 ppm, the fourth highest of the 

samples. This site also had the second highest soil lead value (750 ppm). Site 

5 was from the Flux Canyon Wetlands where reduced conditions persist. Both 

sites 2 and 5 are proximate to large mine sites. Site 21 is at the confluence of 

Sonoita Creek and Cox 3-R and has deep alluvial sediments with 

contributions from Cox 3-R Canyon and the Alum Gulch-Flux Canyon 

drainage. Here, high values are probably due to suggesting metal loading 

from higher order streams. Regardless of the source of the arsenic, the 

Consumer Reports study demonstrating that rice products containing less 

than or equal to 1 ppm arsenic are threatening to human health indicates the 

need for further research in the Harshaw mining district on the effects of 
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arsenic in biota. 

 
Figure 19. Metal concentrations in soils that exceed suggested toxic levels 

(Appendix B). Sites 1 & 5 are wetlands; sites 4 & 11 are mine locations; site 

14 is where Harshaw Creek levels out; and sites 9 & 21 are in Sonoita Creek.  

7.1.5 Lead in soils 

Lead is found above suggested toxic levels in sixty percent of soils, but 

in only ten percent of roots, and no aerial samples had toxic levels. Galena, a 

lead-silver mineral, is known to be anomalously high, particularly throughout 

the pyritic zone in Red Mountain (Chaffee et al., 1981; Graybeal, 1984; 

Chatman, 1994). An estimated 165.4 million pounds of lead were produced in 

the Patagonia Mountains (Graybeal, 1984). The highest values in this study 
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were found at site 4 the tailings pile in Alum Gulch which suggests that lead 

bearing waste rock was extracted from the World’s Fair mine and dumped 

below the adit and in the stream drainage below the mine. High lead values 

are also found in Flux canyon and the confluence of Sonoita Creek Alum 

Gulch. Lead stays dissolved in solution as a hydroxide until it hits water pH 

8 which may explain why it is being transported from upstream sources to 

downstream sinks (Ayers et al., 1994). Site 14 in Harshaw Creek is the first 

location in that system where the drainage slope levels off. Soil profiles in the 

area thicken and are predominantly Grabe-Comoro containing sand and clay 

(NRCS, 2012). Lead reacts with clay surfaces forming lead carbonates, which 

greatly reduces lead solubility in the soil (McLean et al., 1992; Adebowale et 

al., 2006). Culverts were installed under Harshaw Road a few years before 

sampling for this study took place (Floyd Gray, Personal comm. 10/15/12). 

Additionally, site 14 is downstream from Hardshell, Alta, and Great Silver 

mines. Hardshell is currently under exploration as a silver prospect (Wildcat 

Silver, 2012). During precipitation, lead might be transported downstream to 

low lying sinks. All of these factors could account for the high levels of lead 

found in soils at that location.  

7.1.6 Lead in Grasses  

Low lead concentrations in grasses suggest reduced bioavailability 

throughout the study area with three exceptions, sites 4, 14, and 15. Root 
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concentrations of lead at sites 4 and 14 were 2,280 and 165 ppm respectively. 

The site 4 value is disproportionately higher than those from any other site in 

the study area. One possible explanation is that lead found on the tailings 

pile was more bioavailable than lead occurring at other locations. This may 

be due to decreased clay content on tailings thus decreasing the formation of 

lead carbonates or that the pH of the drainage seen in Figure 22 was 

extremely low at 0.94 making the lead more bioavailable (Ji-tao et al., 2006). 

Another possibility is that there was an error in the lead values reported by 

the laboratory.  

Lead values from site 14 could be the result of accumulation due to 

alluvial deposition from upstream sources contaminated by past mining 

events. Wildcat Silver’s Hermosa property is upstream from site 14 (Simons, 

1974) and reportedly hosts 194 million tonnes of 37.7 g/t silver (Wildcat 

Silver, 2012). Historic mining reports reveal that 35,000 tons of ore were 

extracted from Manto mine (Hardshell) and averaged 6% lead (Mindat.org, 

2012). Additionally, the recent installation of the culverts likely stirred up 

sediments, whereby oxidation might have contributed to the amount of 

bioavailable lead.    

7.1.7 Zinc in Soils 

Seventy percent of soil samples contained zinc levels above the 

suggested toxic value of 300 ppm. Though Chaffee et al., (1981) suggest some 
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low anomalies of zinc (and manganese) in the study area due to leaching 

during the alteration process, Galbraith et al. (1970) states that sphalerite is 

common throughout the Patagonia Mountains, and Graybeal (1984) found an 

abundance of zinc in a halo around the pyritic zone found in the study area. 

Graybeal (1984) also reports that 203 million pounds of zinc were extracted 

during the 104 years of primary mining operation in the area and that 

abundant reserves still exist. Water studies showed that zinc concentrations 

were high in Harshaw Creek and Alum Gulch, but no TMDL was established 

as the water quality standards had changed (Gray et al., 2001; ADEQ 2003 & 

2007).   

All soil samples from Sonoita Creek Alum Gulch and Sonoita Creek 

Cox 3R exceeded toxic levels of zinc from 2 to 6 times higher than the 

suggested limit of 300 ppm. Total concentrations of soil zinc exceeded toxic 

limits in at least one sample through Alum Gulch, Flux Canyon, Sonoita 

Creek Alum Gulch, Morning Glory, Harshaw Creek, Red Mountain, and 

Sonoita Cox 3R. 

7. 1.8 Zinc in Grasses 

In grasses, 36% of roots and 40% of aerial parts exceeded the suggested 

toxic value in plants of 400 ppm. Grasses concentrated zinc in roots and 

aerial parts throughout Alum Gulch, Flux Canyon, Sonoita Creek Alum 

Gulch, Sonoita Creek Cox 3R, and Morning Glory Mine (figure 20). 
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Additionally, there are more translocation factors >1 for zinc than any other 

metal, meaning that grasses are translocating zinc from roots into aerial 

parts making it more bioavailable to grazing animals (Appendix D).  Grasses 

from Alum Gulch, Harshaw Creek, Sonoita Creek Alum Gulch, Sonoita Creek 

Cox 3R and Red Mountain had translocation factors greater than one. Zinc 

bioavailability can be controlled by many of the soil plant interactions 

already discussed including pH, root exudates, and chelation.   

 
Figure 20. Metal concentrations in grass aerial parts that exceed suggested 

toxic levels (Appendix B). Sites 1 & 5 are wetlands; sites 4 & 11 are mine 

locations; site 14 is where Harshaw Creek levels out; and sites 9 & 21 are in 

Sonoita Creek.  
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7.1.9 Other metals of concern in soils 

While soil concentrations of iron, arsenic, zinc, and lead were 

ubiquitously high, other metals had very high soil concentrations at multiple 

localities. This was especially true for cadmium and copper.  

As recently as 2004, a two mile reach of Alum Gulch was placed on the 

EPA’s “303 [d] List” due to excessive surface water levels of dissolved 

cadmium, copper, and zinc, and low pH (ADEQ, 2007). Upper Harshaw Creek 

was also placed on the 303 [d] list in 1996 and 1998 for surface water 

violations from elevated levels of Cu and Zn, and low pH levels (ADEQ, 

2003). TMDL reports for Alum Gulch and Harshaw Creek were submitted to 

the EPA by the ADEQ with input from the USGS. The reports included 

remediation suggestions that would reduce total maximum daily loads of the 

contaminants to affected surface waters. ASARCO complied with the 

recommendations for Alum Gulch. No remediation efforts have occurred in 

Harshaw Creek. And ASARCO constructed a wetlands in Flux Canyon in 

response to a lawsuit filed against them by the Justice Department ordering 

them to clean up their abandoned projects.  

Cadmium concentrations were relatively low in all location except in 

the Flux Canyon wetlands where cadmium was 9.42 times higher than the 

suggested toxic level of 5 ppm, Sonoita Creek Alum Gulch where it was right 

at toxic level, and Sonoita Creek Cox 3R where it was one and a half time 

higher than suggested toxic levels. The listed reach in Alum Gulch had 
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cadmium levels ranging from 1.2 to 3.9 ppm. The highest concentration in 

Alum Gulch was from the wetlands, suggesting that even though 

concentrations of cadmium are relatively low, the wetlands is acting as a 

cadmium sink.  

The extent to which copper outcrops throughout the area is not known 

for certain, but it is pervasive enough to suggest potential mineral resources 

yet untapped (Chaffee et al., 1981). Secondarily enriched copper minerals 

outcrop throughout Red Mountain, and argillic and phyllic-argillic alteration 

known to be associated with copper are mapped by Berger et al., (2003). 

Copper exceedances in soils are typically right at or slightly above the 

suggested toxic level, except at the Flux Canyon wetlands were copper is four 

times higher than the toxic level of 100 ppm.  

7.1.10 Other metals of concern in grasses 

Cadmium exceedances in plants only occurred in one root sample from 

site 4. However, bioconcentration factors >1 for cadmium occurred at sites 1, 

2, and 4. Site 4 was a tailings pile. Thus, it appears that cadmium is 

associated with ores extracted from the area. A cadmium translocation factor 

of 2.9 was found at site 9, and cadmium bioaccumulation coefficients (BAC) of 

1.0, 3.3, and 1.0 were found at sites 2, 4, and 9 respectively. Even though 

cadmium is low in soils, the BAC values suggest that grasses are 

concentrating the metal from soils to their structures making it bioavailable 
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to grazing animals.  

Copper exceedances in grasses throughout the Harshaw Creek 

drainage were similar to soil exceedances. Most values were right at or 

slightly above the suggested plant toxic level of 40 ppm except for site 4 and 

site 11 where exceedances were four and three times higher. Aerial parts 

were similar to roots with the greatest concentrations at sites 4 and 11. Sites 

4 and 11 are mine zones where oxidation likely occurs. In addition, the 

concentration of iron bearing minerals leads to the production of acid 

drainage during precipitation which would increase the bioavailability of 

copper to plants.  

7.2 Pollution indices 

 Pollution indices are calculated for soils (SPI) and aerial (PPIA) using 

the Romero et al., (1986) equation and the +SbMo equation (Appendix C). 

Root pollution indices can be seen in Appendix C. Soil and aerial pollution 

indices can be seen in table 8. Pollution indices simplify total metal 

concentrations by providing a definition for each site of unpolluted or 

polluted. For instance, figure 22 (below) shows that Morning Glory mine site 

has soil exceedances in arsenic and zinc. The calculated SPI is 21 which is too 

low to be defined as polluted. SPI or PPIA greater than 100 are considered 

polluted. Figure 24 shows SPIs and PPIAs as calculated using both the 

Romero et al., (1996) equation and the modified +SbMo equation.  
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Site 

IDi 
SPIii 

SPI + 

SbMoiii 
PPIAvi 

PPIA + 

SbMovii 

1 161 110 105 82 

2 94 94 38 45 

3 88 75 - - 

4 81 73 188 137 

5 170 120 88 78 

7 102 66 - - 

8 67 49 - - 

9 95 76 166 129 

10 21 18 221 158 

11 46 36 267 183 

12 52 44 240 177 

13 66 60 55 74 

14 92 82 94 102 

15* 75 60 - - 

16 122 72 31 52 

17 93 57 58 63 

18 96 62 45 52 

19 71 47 67 68 

20 72 47 54 61 

21 130 80 87 81 

Table 8. Soil pollution indices and grass aerial indices using the Romero et 

al., (1986) equation and the modified +SbMo equation. SPI are displayed first 

and PPIA are second. Shaded values are pollution indices greater than 100 

and defined as polluted.  

*Sites 3, 7, 8, and 15 has no usable aerial grass samples 
I Sample IDs 
iiSPI = Soil Pollution Index based on Romero et al., (1986) PI equation 
iii SPI+SbMo = Soil Pollution Index with Sb and Mo + Romero et al., (1986) PI 

equation 
vi PPIA = Plant Pollution Index Aerial based on Romero et al., (1986) PI 

equation 
vii PPIA+SbMo = Plant Pollution Index Aerial with Sb and Mo +  Romero et 

al., (1986) PI equation 
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 The overall view of the pollution indices shows that SPIs calculated 

using the Romero et al., (1986) equation are much higher than the 

alternative +SbMo equation. Regardless of equation used, soils in the 

wetlands from both Alum Gulch and Flux Canyon have combined 

concentrations of metals that classifies them as polluted. However, using just 

Romero et al., (1986), two locations in Sonoita Creek (sites 7 & 21) and one 

location in Red Mountain (site 16) are also considered polluted.  

7.2.1 Site 1 

Site 1, the Alum Gulch Wetlands, is a remediation site designed to 

produce reducing conditions. In reduced systems, ferrous iron (Fe2+) is the 

dominant iron species (EPA, 2003b). As previously stated, iron plays a 

significant role in the bioavailability of other metals as both iron oxides and 

sulfides adsorb other metals under oxidized or reduced conditions 

(Bangladesh Consortium for Arsenic Management, 2012). Conversely, iron 

sulfide complexes are easily broken when exposed to oxygen, thus releasing 

contaminants back into the system. Suffice it to say that redox systems are 

chemically complex. As a result, they can act as both sinks and sources for 

metal contamination. Transport of pollutants can occur when heavy 

precipitation flushes contaminants from the wetlands into downstream 

reaches where sinks tend to occur where soil profiles deepen and clay 

minerals increase.  
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Aerial pollution indices are of great importance because they are one of 

the gateways between pollution that is concentrated in the geochemcial cycle 

and pollution that enters the biogechemical cycle. Aerial pollution indices 

using either equation are similar with two exceptions, site 1 Alum Gulch 

wetlands and site 14 Harshaw Creek. Generally speaking, plants uptake iron 

in the Fe2+ state. But, as previously discussed, this does not always hold true 

for grasses. Site 1 had iron concentrations in soils of 377,000 ppm. High iron 

concentrations in soils under reduced conditions could make iron more 

bioavailable to grasses. The polluted PPIA value found at site 1 suggests that 

this is true. Additionally, the fact that antimony and molybdenum do not 

increase the PPIA value at this site suggests that under reducing conditions, 

these metals are less bioavailable to grasses. 

7.2.2. Site 4 

Site 4 was located on a tailings pile below World’s Fair Mine adit, piled 

on the west side of Alum Gulch. Highly acidic drainage from the adit flowed 

across the tailings, but evaporated or seeped into the pilings before it reached 

Alum Gulch. The drainage from the adit had a pH of 0.94 which makes 

metals more soluble, other than molybdenum (which is more soluble in water 

with higher pH (Mahler, 1982)). Grasses sampled from this site were growing 

in the direct path of the drainage. World’s Fair mine was a Ag-Pb-Cu-Zn-Au-

Sb mine and soil metal concentrations verified the presence of those metals in 
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the tailings. Surprisingly, site 4 soils were not considered polluted using 

either equation.  

However, aerials were defined as polluted using both equations. Seven 

of the eight metals used to calculate the Romero et al., (1986) equation were 

above toxic levels for aerials, with zinc, manganese, and chromium having 

the highest concentrations. Additionally, in aerobic conditions like those 

found in drainages with very little organic matter, Fe3+ typically 

predominates, suggesting grasses were either engaging in phytosiderophore 

systems to uptake iron, or that low pH in the environment reduced Fe3+ to 

Fe2+ making it readily accessible to plants.  

7.2.3 Site 5 

 Site 5 is the Flux Canyon wetlands, built by ASARCO to remediate 

drainage coming from the adit above the streambed and contaminants in the 

streambed itself. The system acts similarly to the Alum Gulch wetlands, but 

the suite of metals found here is different. Soil concentrations of cadmium, 

copper, and lead are significantly higher than those found at site 1.  These 

metals are the contributing factors that have led to the polluted label at site 

5. The PPIA did not indicate that the grass community could be considered 

polluted at this location. 

7.2.4 Site 7 

 Site 7 is below the confluence of Sonoita Creek and Alum Gulch where 
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input from Flux Canyon is evident. Sonoita Creek soils are classified as Pima 

series with residuum from recent alluvium. Cadmium demonstrates this very 

well, as it is not present in the study area in above suggested toxic levels 

anywhere except at sites 5, 7, and 21 (fig. 21). This suggests downstream 

transport of cadmium during precipitation events from the wetlands to 

Sonoita Creek. Additionally, Flux Canyon and Alum Gulch are definitely 

contributing to Sonoita Creek levels of copper, lead and zinc (fig. 21).  

 Figure 21 is the result of soil studies being conducted by the USGS to 

better understand the impacts tributaries of Sonoita Creek with histories 

mining have on Sonoita Creek. The use of this data in this report was given 

by Floyd Gray, chief investigator on the Sonoita Creek soils project (Floyd 

Gray, Personal Comm. 9/21/12). Preliminary results from this project show 

that the impacts of copper, lead, and zinc from the Harshaw, Alum Gulch, 

and Cox 3R watersheds on Sonoita Creek are significant.  
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Figure 21. Bar graph showing the transport of metal concentrations in soils 

from the upper reaches of Sonoita Creek moving downstream from left to 

right through Cox 3R. Input from the mining districts up Harshaw Creek, 

Alum Gulch, and Cox 3R are evident in this graph.  

7.2.5 Site 9 

Site 9 is located in Alum Gulch-Flux Canyon just above the confluence 

of Alum Gulch-Flux Canyon and Sonoita Creek. Soil PIs were not polluted 

but PPIAs using both equations were. Soil profiles at this location are 

Lamphsire-Graham soils with maximum calcium carbonate levels of 60%, 

most likely from the blocks of limestone found in Flux Canyon. The buffering 

capacity of the carbonate might account for the lower SPIs found here, 

though at 95, the Romero et al., (1986) SPI is very close to 100. Grasses 

growing in this location are subject to the mineralization that flows 

downstream from Alum Gulch-Flux Canyon during precipitation events; 

otherwise this portion of the reach is dry suggesting oxidized conditions. 

Aerial concentrations of iron at this site are six times higher than suggested 
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limits and likely the cause of the polluted label. Considering all of the 

conditions involved, the grasses appear to be employing phytosiderophore 

systems to uptake Fe+3 (Chen et al., 2007).   

7.2.6 Sites 10, 11, and 12 

 Sites 10, 11, and 12 have several important factors in common: 1) they 

are all part of the Morning Glory mine area, 2) they all have very low SPIs, 3) 

they all have very high PPIAs using both equations. The star diagram in 

figure 22 shows that aerial parts from site 11 have the greatest number of 

individual metal exceedances than the other two samples, and that is 

reflected in the higher PPIA value as well (site 10 = 221, site 11 = 267, site 12 

= 240).  

Site 11 also had the highest copper levels in grasses other than at site 

4 (Roots = 172ppm; Aerial = 75ppm). The grass species growing in Morning 

Glory is much larger with more biomass than other grasses in this study. 

That could account for the high concentrations of metals in found at this 

location compared to the low concentrations in soils. Site 11 appears to be in 

the undisturbed zone above the scarred area around the Morning Glory mine 

shaft. However, the location could also be on top of discarded tailings making 

metals more bioavailable, though SPIs contradict that hypothesis. This area 

definitely warrants more exploration to better understand the soil-plant 

relationships occurring in the Morning Glory mine area.  
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Figure 22. Star diagrams showing total concentrations of metals in aerial 

parts from site 10 Morning Glory adit, site 11 Morning Glory undisturbed, 

and site 12 Morning Glory drainage. Each segment represents a different 

metal. Segments equal to the radius of the key are at or above toxic levels. 

7.2.7 Site 14 

Site 14 is an anomalous site with unexpected spikes in arsenic, iron, 

molybdenum, lead, and antimony (table 9). It is at the intersection of 

Harshaw Rd. and Harshaw Creek Rd. and firmly situated near Cretaceous 

volcanic bedrock (Berger et al., 2003). Site 14 is located in the southern 

boundary of the 71 Ma Trachyandesite that surrounds Red Mountain (Vikre, 
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2009). Though Berger et al. (2003) would suggest site 14 is outside of the 

pyritic halo that surrounds the Red Mountain porphyry copper, the iron 

manganese ratio of 23.9 suggests otherwise.  

Table 9. Total metal concentrations in soils, roots, and aerials from site 14 

Harshaw Creek. 

Site ID 
Sampl

e 
Ag As Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Zn 

Site 14 Aerial 0 9 0 1 6 12 
226

5 
202 10 3 58 3 91 

Site 14 Aerial 0 11 0 2 8 19 
345

0 
246 8 4 62 4 102 

Site 14 Roots 1 22 1 2 9 23 
545

0 
331 5 5 165 7 129 

Site 14 Roots 0 14 0 2 8 20 
367

0 
252 9 4 79 4 79 

Site 14 Soil 3 97 2 18 45 100 
493

00 

213

5 
6 29 920 32 335 

 

Sites 14 and 13 are the reasons I modified the Romero et al., (1986) 

equation. Both locations have anomalous spikes in antimony and 

molybdenum. Using the +SbMo pollution index equation, aerial samples from 

site 14 are polluted. The movement of molybdenum from Morning Glory to 

Lower Harshaw Creek is noteworthy (table 10). Molybdenum is essential to 

nitrogen metabolism and protein synthesis in plants (Incitec Pivot Limited, 

2003). Plants preferentially uptake molybdate (MoO4
2) and have variable 

levels of tolerance to high concentrations depending on plant type, and soil 

pH and texture (Mahler, 1982). Molybdenum is the only micronutrient that is 

less bioavailable in acidic soils or those with pH less than 6.0 (Mahler, 1982). 
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Table 8 shows how molybdenum concentrations vary across soils, roots, and 

aerial parts from Morning Glory sites 10 – 12 through Harshaw Creek sites 

13 – 15. The overall concentrations of molybdenum are not very high in terms 

of plant tolerance, but they do exceed suggested toxic levels of 5 ppm based 

on potential use as forage. Molybdenum is more bioavailable at pH levels 7.0 

or above and when iron concentrations are lower (Mahler, 1982).  

Table 10. Molybdenum concentrations through Morning Glory mine and 

Harshaw Creek. Molybdenum is anomalous in the study area (Chaffee et al., 

1981). 

Site ID Soil Mo Roots Mo  Aerial Mo 

Site 10 1.9 1.8 2.6 

Site 11 2.8 2.2 2.7 

Site 12 4.8 6.2 9.9 

Site 13 4.0 12.9 6.48 

Site 13 4.0 6.05 4.27 

Site 14 5.8 5.3 10.16 

Site 14 5.8 8.55 7.65 

Site 15 5.8 1.93 - 

Site 15 3.2 5.09 - 

Site 15 3.2 5.59 - 

Toxic Level 17.0 5 5 

 

7.2.8 Site 16 

 Site 16 is in the pyritic halo of the Red Mountain porphyry copper and 

has a Fe/Mn ratio of 44.1. Soils are Chiricahua-Lampshire with residuum 

from granodiorite or granite. Granodorite can contain trace amounts of 

copper, lead, chromium, and zinc in its chemical formula. Site 16 happens to 

have the only soil exceedance for chromium and exceedances in copper, lead 
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and zinc. This may account for the SPI value of 122.  

7.2.9 Site 21 

 Site 21 defines the northwest boundary of the study area. It is the last 

sample point before Sonoita Creek forms Lake Patagonia. Soils are Pima, 

which have a deep profile with clay-loam to a depth of 26 inches. Site 21 

receives alluvial contributions from Harshaw Creek, Alum Gulch, and Cox 

3R, but it is most directly impacted by the Cox 3R watershed. This location 

had the highest soil concentrations of manganese, the second highest soil 

concentrations of cadmium, and the third highest soil concentrations of zinc. 

It also exceeded suggested toxic limits for copper, all of which contributed to 

an SPI of 130.  
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8 SUMMARY 

As concerns about the quality of food supplies continue to mount, 

monitoring the conditions under which food is grown should also be 

increased. The practice of dumping mine waste in streambeds creates 

pollution levels that take ecosystems decades or centuries to recover from. 

While the geology of the Patagonia Mountains suggests that the study area is 

in a mineralized zone, the number of exceedances throughout the system of 

individual metals from sites where mining has taken place to sites 

downstream from the those locations suggests anthropogenic disturbances 

that have resulted in the transport of metals from sources to sinks. Several 

sites have been identified through this study where grasses are labeled 

polluted and are bioavailable to herbivores that inhabit the area.  

The concentration of metals at or above toxic levels in soils in the 

Patagonia Mountains study area suggests anthropogenic disturbances as a 

major contributing factor. The metals that stand out as pervasive in soils are 

As, Fe, Pb, and Zn. Arsenic in soils in the Alum Gulch wetlands are 42 times 

higher, zinc is 25 times higher, and iron is 8 times higher than suggested 

toxic levels. Near World’s Fair Mine, lead concentrations range from 6 to 13 

times higher than suggested toxic levels and in Flux Canyon, cadmium and 

copper are 9.5 and 4 times higher than suggested toxic levels. At site 14 

where Harshaw creek levels off, soil have elevated concentrations of arsenic, 
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copper, manganese, lead, and zinc, and soils in Sonoita Creek have elevated 

levels of arsenic, cadmium, cobalt, lead, and zinc. High values of lead and 

cadmium from upstream sources in Alum Gulch, Flux Canyon, and Harshaw 

Creek, and low values of lead and cadmium in Sonoita Creek before it 

converges with the mining district provides evidence that lead and cadmium 

transport into Sonoita Creek is occurring. 

 The number of metals at or above suggested toxic levels in grasses in 

the Patagonia Mountains study area suggests that metals are bioavailable to 

plants and that grasses employ a variety of strategies to cope with edaphic 

stress. This is significant in that large portions of the area are used for cattle 

grazing, especially in Harshaw Creek, areas around Alum Gulch, and 

throughout the Sonoita Creek drainage basin. All metals except silver, 

cadmium, and lead have concentrations above toxic levels in grass aerial 

parts in at least one location throughout the study area. Correlations 

between metal concentration in grass roots and grass aerial parts is 

significant (R2 = .65). Correlations between metal concentrations in soils vs. 

sediments are significant for arsenic, cadmium, copper, nickel, and lead. 

 In order to better understand toxic concentrations of metals, pollution 

indices were calculated for soils, roots, and aerial parts. Polluted sites can be 

found at the Alum Gulch and Flux Canyon Wetlands, in the Morning Glory 

mine area, Red Mountain, and Sonoita Creek. I modified pollution indices to 
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include antimony and molybdenum. Site 14 in the lower reaches of Harshaw 

Creek also stood out as polluted using the modified pollution index equation. 

Additionally, several plant samples increased aerial pollution indices with 

the addition of antimony and molybdenum, suggesting that these metals are 

being uptaken into aerial parts.   

 How metals interact with the environment is a very complex issue that 

is not completely understood and cannot be fully addressed in this study. Iron 

factors significantly in the system as iron bearing minerals are the 

predominant source of acid mine drainage and naturally occurring acidic 

waters. Iron oxides and sulfides also adsorb other metals in oxidized or 

reduced conditions, thereby controlling their bioavailability. When exposed to 

oxygen iron oxide complexes can release other elements back into the system. 

Iron also plays a significant role in the wetlands designed to remediate 

contaminated surface water in Alum Gulch and Flux Canyon. These sites are 

significant sinks for metals like arsenic and zinc in Alum and cadmium and 

copper in Flux. But they also appear to be sinks based on total metal 

concentrations. There is enough soil depth in the major valleys (Sonoita 

Creek, Harshaw Creek) to offer significant adsorption and absorption of 

metals by clays and other complexes. Sediments in these valleys can also act 

as buffers and change water pH, precipitating some metal compounds. But, 

as we have seen above, some metals do appear to be moving downstream. 
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  This research cannot answer all the questions on the debate of 

whether high and toxic metal values in soils and plants in the Patagonia 

Mountains study area are from mineralization being naturally exposed by 

erosion or from mining related activities. Certainly the highest values of 

metals in soils and plants are from areas with historic mining operations, 

especially directly below the World’s Fair mine tailings pile. Very high plant 

aerial values are also recorded near the Morning Glory mine in areas both 

naturally mineralized and downstream from mining activities. The exact 

reason for these concentrations is unknown. However, as cattle continue to 

graze in these mountains, and wildlife continues to depend on the ecosystems 

created by the Sonoita Creek drainage basin, the need for additional research 

and continued monitoring of this area is essential.  
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APPENDIX A: BACKGROUND AND SUMMARY OF ADEQ AND USGS 

REPORTS 

The Patagonia Mountains of southeastern Arizona are a highly 

mineralized region that has been mined for base and precious metals from 

the late 1600s – 1960s. This has resulted in a large number of abandoned 

mines throughout the area. Historically, metals present in the ores mined 

from various mining districts in the study area include copper, lead, zinc, 

silver, gold, manganese, antimony, and molybdenum (Chaffee et al., 1981).  

Deposits throughout the region are hosted in rhyolite, trachyandesite, 

granite, limestone, and silicic volcanic and sedimentary rocks with 

widespread dissemination of pyrite (Chatman, 1994; Gray et al., 2000; Vikre 

et al., 2009). The mineral pyrite (FeS₂) is an iron sulfide, often referred to as 

fool’s gold. When exposed to oxygen and water, pyrite oxidizes releasing Fe²⁺, 

SO₄²⁻, and H⁺ (Gray et a., 2000). The SO₄²⁻ (sulfuric acid) reduces pH causing 

Fe²⁺ to solubilize forming ferric iron (Fe³⁺) and releasing more hydrogen 

subsequently lowering pH (Watzlaf et al, 1990). This causes dissolution of 

heavy metals at the water-mineral interface, which then makes them 

bioavailable as they move downstream (Li et al., 2001; Persson et al., 2008).  

In 1996, 1998, 2002, and 2004, Alum Gulch, host to Trench Camp 

Mine, January Adit Mine, World’s Fair Mine, and others, was placed on the 

Environmental Protection Agency’s (EPA) “303 [d] List” in accordance with 

the CWA §303[d][1][A], due to excessive surface water levels of dissolved 
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cadmium (Cd), copper (Cu), and zinc (Zn), and low pH (ADEQ, 2007). A three 

mile reach in Harshaw Creek, referred to as Morning Glory, starting at the 

confluence of Morning Glory Mine tributary to below the intersection of 

Endless Chain tributary and Harshaw Creek was placed on the CWA [303] 

[d] list in 1996 and 1998 for surface water impairments resulting from 

elevated levels of Cu and Zn, and low pH levels (ADEQ, 2003). American 

Smelting and Refining Company (ASARCO) owned two of the identified 

mines along the listed reaches, Trench Camp Mine and January Adit, but 

many other mines that may have been contributing to the contamination of 

surface waters were abandoned and fell to the responsibility of the United 

States Forest Service (USFS).   

Alum Gulch, Flux Canyon and Harshaw Creek are tributaries of 

Sonoita Creek. Reservoirs of contaminants build up through these stream 

channels during periods of low precipitation, and are then flushed 

downstream and deposited in Sonoita Creek during heavy rain events (Floyd 

Gray, Personal Communication, 2008).  This process is referred to as stream-

load transfer (SLT) and is believed to be a major source of contamination 

throughout the region (Floyd Gray, Personal Communication, 2008). Sonoita 

Creek hosts critical, high-quality riparian habitat where over 280 bird species 

migrate to or reside year round (The Nature Conservancy, 2011). Alum 

Gulch, Flux Canyon, and Harshaw Creek are designated for use by humans, 
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livestock, and wildlife (ADEQ, 2003 & 2007), so interaction between these 

groups and metal laden water and sediments is likely. Two cow-calf 

operations, Bergier Ranch and Turner Ranch are based near the lower reach 

of Harshaw Creek. Cattle from the ranches have been known to graze on 

grasses growing in ephemeral and perennial reaches of Harshaw Creek 

(Appendix H, Floyd Gray, Personal Communication, 2009).  

Concerned about possible threats to human health, U.S. Geological 

Survey (2002) conducted preliminary assessments and site inspections in 

Alum Gulch, Flux Canyon, Harshaw Creek, Red Mountain, Sonoita Creek 

and Cox Gulch 3R Canyon from 1997 - 2006. Upon visual inspection, U.S. 

Geological Survey (2002), observed the presence of sulfide bearing minerals 

like pyrite and chalcopyrite, in sediments coming from mine adits at the 

World’s Fair Mine and January Adit. In addition, salt precipitates were 

accumulating on the surface of dry reaches (Floyd Gray, Personal 

Communication, 2008). Results from water analysis confirmed low pH, high 

sulfate (SO₄), and heavy metal loading in several reaches throughout the 

study area. 

Water data collected by U.S. Geological Survey (2002) are summarized 

in table 1a. Each value in table 1a indicates the percentage of samples that 

exceed the standard listed in the column heading divided by the total number 

of samples taken in the watershed. For example, 97% means 60 out of 61 
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samples in Alum Gulch had a pH level of < 6.5, the low end of the EPA pH 

standard for surface water. Overall, samples from Alum Gulch had the 

highest percentage of exceedances, however, Red Mountain had the highest 

concentration of SO₄ (5400 mg/L).  

Table 1a. Summary of water samples from Alum Gulch, Harshaw Creek, and 

Red Mountain. Parameters include pH, SO₄, Cd, Cu, Pb, and Zn. 

Site 

Total # 

of 

Samples 

pH 

< 6.5 

SO

₄ 
> 250 

mg/L2 

Cd 

> .005 

mg/L 

C

u 

>1.3 

mg/L 

Pb 

> .015 

mg/L 

Zn 

>5mg/L 

Alum 

Gulch 58 98% 

85

% 91% 60% 40% 54% 

Harshaw 

Creek 57 37% 

63

% 28% 10% 10% 9% 

Red 

Mountain 23 39% 

70

% 35% 4% n/a* 17% 

*n/a = no samples exceeded the standard 

 

The Arizona Department of Environmental Quality (ADEQ) has also 

conducted assessments and inspections of Alum Gulch and Harshaw Creek 

watersheds (table 2a) to determine the degree of environmental impairment 

caused by mining activity. In 2007, the (ADEQ) published a TMDL 

remediation plan designed to reduce pollutant loading in the listed reach of 

the Alum Gulch watershed (ADEQ, 2007). Water quality targets for the listed 

contaminants were modified by the State of Arizona based on designated uses 

of surface water and enforceability of those uses (ADEQ, 2007). Alum Gulch 

use designations are: Aquatic and Wildlife warm water (A&Ww) (below 5,000 

ft. elevation), Aquatic and Wildlife ephemeral (A&We), Agricultural 
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Livestock Watering (AgL), Full Body Contact (FBC), Partial Body Contact 

(PBC), and Fish Consumption (FC) (ADEQ, 2007). Numeric targets of 

dissolved Cd, Cu, and Zn are shown as ranges because the standards vary 

with hardness (ADEQ, 2007). 

Table 2a. Alum Gulch Surface Water Quality Standards for Designated Uses 

provided by ADEQ, 2007. 

Alum Gulch  pH Cadmium (µg/L*) 

 

Copper (µg/L) Zinc (µg/L) 

Designated 

Use 

 

Total 

Dissolv

ed Total 

 

Dissolv

ed Total 

Dissolv

ed 

A&Ww 

(Chronic) 

6.5 - 

9.0  
0.8 - 6.2 

 
2.7 - 29 

 
36 - 379 

A&Ww 

(Chronic) 

6.5 - 

9.0  

0.95 – 

19  
3.6 - 50 

 
37 - 379 

A&We 

(acute) 

6.5 - 

9.0  

14 – 

290  
6.3 - 86 

 

344 - 

3,599 

AgL 
6.5 - 

9.0 
50 

 
500 

 
25,000 

 

FBC/PBC 
6.5 - 

9.0 
700 

 
1,300 

 
420,000 

 

FC 
6.5 - 

9.0 
84 

   
69,000 

 

*µg/L = micrograms/Liter 

 

In 2003, ADEQ published a Total Maximum Daily Load (TMDL) report 

establishing maximum contamination loads (MCL) for Cu and 

recommendations for Zn and pH for the listed reach in Upper Harshaw Creek 

(ADEQ, 2003). Zn MCLs were not established because the samples showing 

exceedances were determined to be at background levels which fall under 

governance of the Arizona Administrative Code, Title 18, Chapter 11 
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(A.A.C.R18-11-119) (ADEQ, 2003). Table 3a summarizes Harshaw numeric 

water quality standards. Use designations in table 3a are Agricultural 

Livestock Watering (AgL), Aquatic and Wildlife ephemeral (A&We), and 

Partial Body Contact (PBC). The rigor of targets set for each water quality 

measurement was based upon designated uses and enforceability of surface 

quality standards for those uses (ADEQ, 2003).  

Table 3a. Upper Harshaw Creek surface water quality standards for 

designated use provided by ADEQ, 2003. 

 

Upper 

Harshaw 

Creek  

Designated 

Use pH Copper (µg/L) Zinc (µg/L) 

  

Total 

 

Dissolved Total 

 

Dissolved 

AgL* 
 

6.5 - 9.0 
500 

 
25,000 

 

A&We*

* 
6.5 - 9.0 

 
6.3 - 86 

 
344 – 3,599 

PBC*** 6.5 - 9.0 1,300 
 

420,00

0  

*AgL = Agricultural livestock watering 

**Ag & We = Agriculture and Wildlife ephemeral 

***PBC = Partial Body Contact 

 

Data from tables 2a and 3a are suggested targets for surface water 

quality in Alum Gulch, Flux Canyon and Harshaw Creek. Calculations used 

to devise numeric targets for water quality factored in natural background 

levels of Cd, Cu, and Zn, which were determined based on the location of 
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specific sample stations.  Background levels for Alum Gulch and Harshaw 

Creek are shown in Table 4a. 

Table 4a. Natural Background Levels for Alum Gulch and Harshaw Creek 

(modified from ADEQ, 2007). 

Natural Background 

Levels (µg/L) pH Cd Cu Zn 

Alum 3 0.14 5 28 

Harshaw 5.2 n/a* 13 20.6** 

*n/a = not applicable  

**The background value for Zn in Harshaw had not been calculated in either 

document. It was obtained by averaging values used by ADEQ (2003) from 

Gray et al. (2003) samples.  

 

U.S. Geological Survey (2002) and ADEQ (2003 & 2007) state that heavy 

metal contamination throughout Alum Gulch, Flux Canyon, and Harshaw 

Creek is a result of both background levels and anthropogenic disturbances 

from mining activities and that these areas differ in baseflow discharge and 

buffering capacity. The following points summarize the findings in those 

three studies: 

 Physical erosion of waste rock, low grade ore, and mill tailings that are 

located in or near stream drainages contributes to the high levels of 

metals found in surface waters. Many of the pilings include pyrite rich 

rocks that create AMD when exposed to oxygen and water (Gray et al., 

2001) thus creating increased dissolution of metals.  

 Evaporative metalliferous salts built up through all of the reaches 

create reservoirs of contaminants that are dissolved during heavy 
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precipitation events and deposited in sediments farther downstream 

(Gray et al., 2001; ADEQ, 2003). 

 Natural background contamination levels are elevated because of the 

geology of the region (Graybeal, 1984; Chatman, 1994; Gray et al., 

2001; Berger et al., 2003; ADEQ, 2003 & 2007; Norman et al., 2007). 

 Perennial base flow exceedances in Alum Gulch contain high 

concentrations of metals (Gray et al., 2001). Perennial spring 

discharges in Harshaw Creek do not contain high levels of metals 

(ADEQ, 2003) 

 Natural buffering capacity in Alum Gulch-Flux Canyon is limited 

because of a lack of carbonate-bearing rocks like limestone (Gray et al., 

2001). Mineral deposits present there are found in Triassic/Jurassic 

volcanic rocks (Berger et al., 2003).  

 Upper Harshaw Creek and Flux Canyon are on the southwest side of 

the Harshaw Creek Fault. Middle and Lower Harshaw are on the 

northeast side of the fault (Figure 3) (Berger et al., 2003). Mesozoic 

sedimentary and volcanic rocks, including limestones, are found on the 

northeast side of the fault (Berger et al., 2003). Gray (personal comm, 

2010) believes increased buffering occurs at points downstream from 

this junction. That is, as water from upper Harshaw crosses the 
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Harshaw Creek Fault, alkalinity drops due to the presence of Paleozoic 

and Cretaceous Bisbee Formation limestone. 

Prior to the USGS and ADEQ investigations (c. 1990), ASARCO 

remediated sediments in reaches of Alum Gulch and at January Adit. 

Sediments were sequestered by digging an open pit in solid rock west of the 

Trench Camp main shaft, and filling the pit with 900 cubic yards of sediment 

removed from the reach between Trench Camp Mine and Humboldt Canyon. 

They capped the pit with four feet of rock and soil (ADEQ, 2007; Floyd Gray, 

Personal Communication, 2008). ASARCO also replaced the sediment they 

removed from the reach with 270 cubic yards of limestone (ADEQ, 2007).  

To remediate January Adit, ASARCO rerouted the drainage to flow 

through a constructed wetlands below January Adit, then back to Alum 

Gulch (ADEQ, 2007). The discharge is regulated through a permit issued by 

Arizona Discharge Elimination System (ADEQ, 2007). Initially, the wetlands 

were not effective at reducing concentration limits. ASARCO improved the 

wetlands in hopes of better remediating the problem ADEQ (2007). They also 

remediated 4 waste rock piles, diverted water around them through a series 

of ditches, and revegetated them with trees thought to do well in remediation 

projects. The trees died, but the rest of the remediation effort is thought to be 

effective (ADEQ, 2007; Floyd Gray, Personal Communication, 2008). One of 

these piles, Trench Camp mining waste pile Number 3, partially drains into 
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the Harshaw Creek Basin, the rest drain into Alum Gulch. ASARCO also 

plugged the Trench mine shaft and removed abandoned structures from the 

area (ADEQ 2007; Floyd Gray, Personal Communication, 2008). 

The World’s Fair Mine was plugged in 2006 by USFS using CERCLA 

funds (ADEQ, 2007), but the plug was not effective. The U.S. Geological 

Survey (2002) and ADEQ (2003 & 2007) suggested the USFS remediate the 

rest of the listed reaches by removing tailings and waste rock from 

streambeds and stream banks, and recommended providing water treatment 

for all impacted discharges in the system. 
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APPENDIX B: UNPOLLUTED, POLLUTED, AND TOXIC LEVELS FOR 

METALS USED IN THIS STUDY 

Romero et al. (1986) quantifies sites as unpolluted or polluted (toxic) 

based on concentrations of metals in soils and plants without much 

explanation. In Romero et al. (1986) unpolluted plants are plants grown in a 

laboratory setting. Unpolluted soils are simply termed “rural”. For the 

purposes of this paper, unpolluted means either the lowest level found in the 

study area or a value found in the literature. Whether or not the unpolluted 

value is considered biologically sustainable (not at deficient levels) has not 

been considered here. The term unpolluted is used to describe a value that 

ranges between an extreme low and background values. Values above 

unpolluted are not considered polluted until they approach values defined as 

toxic or polluted. Rather, they are considered to be with the normal ranges of 

concentrations found for a particular metal.  

The Agency for Toxic Substances and Disease Registry in conjunction 

with the Environmental Protection Agency have developed a list of 

substances found at CERCLA National Priorities list sites and evaluated 

research pertaining to the potential toxicological effects on humans caused by 

these substances (ATSDR, 2012). Similar to the EPA’s Reference Dose (RfD) 

and Reference Concentration (RfC) system of developing guidelines for 

exposure, ATSDR  uses the no observed adverse effect level/uncertainty 

factor (NOAEL/UF) approach to develop the Minimal Risk Levels (MRLs) for 
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a particular substance (ATSDR, 2012). MRLs combined with research 

conducted by several authors are the resources I used to set many of the toxic 

levels for plants in this paper. In general, the term toxic level means the 

amount of contaminate necessary to have an adverse effect on an organism 

when exposed to the contaminant.  

Romero et al. (1986) provided unpolluted and polluted levels for soil 

concentrations of Cd, Co, Cr, Cu, Ni, Pb and Zn. Additionally, background 

ranges of metals found in various soil types (Batelle et al., 2002), average 

background levels of soil metals for the state of Arizona (EPA, 2003a), and 

Environmental Protection Agency Residential Risk-Based Concentrations (R-

RBC) of metals in soils where applicable (Beusse et al., 2011) were reviewed 

to provide acceptable ranges and contamination levels of metals in soils. The 

soil polluted or toxic levels set forth by Romero et al. (1986) for cadmium, 

cobalt, copper, nickel, and zinc were used as a starting point and verified 

through literature review. Further investigation was needed to determine soil 

toxic levels for antimony, arsenic, chromium, iron, manganese, molybdenum, 

and silver.  

Silver (Ag) 

Silver is a trace element found naturally occurring in the Earth’s crust 

at an abundance of about 0.1 ppm, and in soils at about 0.3 ppm (ATSDR, 

2011a). Occurring as a sulfide in conjunction with pyrite, galena, gold and 
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telluride, silver naturally makes its way into the environment through 

weathering and erosion. Anthropogenic sources of silver include mining, 

manufacturing of steel and cement, burning of fossil fuels, and cloud seeding. 

Silver has been one of the metals of interest to prospectors throughout 

the mining history of the Patagonia Mountains. Silver is often associated 

with copper, lead, and zinc mines (Subcommittee on Mineral Toxicology in 

Animals et al., 1980) and has been found in a variety of host rocks in the 

study area that are associated with such mines (Chaffee et al., 1981). Though 

permission has currently been withdrawn by the USDA Forest Service 

(2012), Wildcat Silver Corporation from Vancouver, Canada is currently 

interested in pursuing silver exploration on their Hermosa property, a 

replacement deposit that falls within the boundaries of the Harshaw Creek 

Drainage basin (Wildcat Silver Corporation, 2012).  

Finding toxic levels for silver in soils was difficult as silver is one of the 

inert metals, stable in air, and noncorrosive. It is not classified as a human 

carcinogen, but does cause argyria or bluing of the skin (ATSDR, 1990). It is 

not an element of abundance in soils except in mineralized zones where silver 

concentrations can reach 44 ppm (LennTech, 2011b). The mean background 

level of silver in Arizona soils was determined to be 0.5 ppm (EPA, 2003a; 

Beusse et al., 2011). Batelle et al., (2002) suggest that silver ranges between 

of 0.3 to 0.9 ppm over various soil types. Silver concentrations in soils 
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throughout the study area ranged from 0.2 to 9.9 ppm.  The unpolluted soil 

silver level was set at 0.2 ppm and the polluted soil silver concentration was 

set at the high end concentration of 44 ppm.  

Silver is not known as an essential trace element to plants or animals. 

Little information is available concerning the bioavailability of silver through 

soil-plant relationships, but bioconcentration through algae-mussel-clam 

relationships is evident (ATSDR, 2011a). In general, plant silver 

concentrations average 0.06 ppm (Subcommittee on Mineral Toxicology in 

Animals et al., 1980). Plant silver throughout the study area ranged from 0.1 

to 8.8 ppm in roots and from 0.1 to 1.9 ppm in aerial parts. Several animal 

studies have shown that mammals can tolerate varying concentrations of 

silver without effect. Studies conducted on poultry fed 10 to 100 ppm silver 

showed no adverse effect (Subcommittee on Mineral Toxicology in Animals et 

al., 1980). Turkeys fed 300 to 900 ppm began to show symptoms like enlarged 

hearts and depressed weight gains (Subcommittee on Mineral Toxicology in 

Animals et al., 1980). Rats fed up to 1000 ppm in drinking water showed 

discoloration of tissue (Subcommittee on Mineral Toxicology in Animals et al., 

1980). Therefore, unpolluted plant silver values were set at .01 which round 

to zero in the data shown in chapter 4.2 and 4.3, and polluted plant silver 

values were set to 300 ppm, which made silver concentrations in plants 



123 
 

 
 

negligible. Since silver is not used to calculate pollution indices no further 

research was conducted to determine if lower levels could have been used.   

Arsenic (As) 

Arsenic is a solid, metallic-white to steel-gray, nonmetal found in 

concentrations averaging 3.4 ppm throughout the Earth’s crust (ATSDR, 

2011b; Subcommittee on Mineral Toxicology in Animals et al., 1980). Arsenic 

trioxide (As2O3) is the most common form of inorganic arsenic in the 

environment, but arsenic exists in pentavalent states as well (Subcommittee 

on Mineral Toxicology in Animals et al., 1980). Arsenic is usually found in 

arsenolite, arsenopyrite, cobaltite, and niccolite and commonly found as a 

byproduct of smelting Cu-Pb-Co-Au ores (ATSDR, 2011b; Subcommittee on 

Mineral Toxicology in Animals et al., 1980). According to Graybeal (1984), 

arsenic occurs in rocks like enargite, tetrahedrite-tennantie, pearceite, and 

pyrargyrite from the north end of the Patagonia study area, and in 

arsenopyrite from the south end. The average concentration of arsenic in 

Arizona soils was 9.6 ppm as compared to the average of all 48 states of 6.8 

ppm (EPA, 2003a). Beusse et al. (2011) R-RBC for arsenic was 22 ppm. 

Background ranges of arsenic from various soil types were averaged resulting 

in a high-end value of 32 ppm (Batelle et al., 2002). The soil arsenic range 

from the study area was 15.3 to 920 ppm. The suggested toxic level for soil 
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arsenic is 22 ppm (Batelle et al., 2002) and the unpolluted level of soil arsenic 

is from the EPA (2003a) background level for Arizona of 9.6 ppm. 

Evidence suggests that organic arsenic, arsanilic acid, is an essential 

element to animals (Subcommittee on Mineral Toxicology in Animals et al., 

1980). The lethal dose of the more soluble form of arsenic, arsenite, ranges 

from 1 – 25 mg/kg depending on species (Merck Veterinary Manual, 2011). 

Chou et al., (2003) site an incident of arsenic contamination that occurred in 

Japan in 1956, where 220 people suffered side effects from ingesting an 

estimated 3 mg/day of soy sauce contaminated with arsenic probably in the 

form of calcium arsenate (Chou et al., 2003). ATSDR (2011b) estimate the 

inorganic ingestion of arsenic in humans to range from 1 – 20 ug/day. The 

root plant arsenic range from the study area was 2 to 133 ppm and the aerial 

arsenic range was 1 to 18 ppm. The MRL set by ATSDR (2012) for humans 

ranges from 0.0003 mg/kg/day to 0.005 mg/kg/day.  A 1000 pound cow 

consumes about 2.5% of its body weight (25 pounds, 11.3 kg) in dried grass 

per day. To reach the upper limit of human MRL (0.005 mg/kg/day), that cow 

would have to consume grass containing 2.27 mg of arsenic. This would 

require the concentration of arsenic in dry grass to be (2.27 mg/11.3 kg) 0.20 

ppm. Because of some problems in the data explained below I have chosen to 

conservatively estimate arsenic toxicity in plants at 2 ppm. 
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During the analysis phase of this project, discrepancies in plant 

arsenic values were discovered. Arsenic is a metal found throughout the 

study area. The soil average from sites 7 – 21 was 38 ppm. The grass average 

from sites 7 – 21, across all plant parts, roots, shoots, leaves, and flowers, was 

8 ppm. This equates to an average ratio of 38:8 or 4.75. However, the 

numbers that came back from Alum Gulch-Flux Canyon were different. Soil 

arsenic concentrations were as follows: site 1 – 920 ppm; site 2 = 90.8 ppm; 

site 3 = 67.4 ppm; site 4 = 111 ppm; and site 5 = 52.2 ppm for an overall 

average of 248 ppm with site 4 and 283 ppm without Site 4. Table 5a shows 

grass concentrations from sites 1 – 5. The average plant concentration for 

sites 1 – 5, including site 4, was 7.5 ppm and without site 4 was 0.05 ppm. 

The equivalent ratios were 248:7.5 or 33.6 including site 4, and 283:0.5 or 

5660 without site 4. 
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Table 5a. Grass concentrations of arsenic from sites 1 to 5. 

Site ID As ppb 

As 

ppm 

08Alum-1-Gr1Rother 63 0.063 

08Alum-1-Gr1Sother 53 0.053 

08Alum-1-Gr1Lother 59 0.059 

08Alum-1-Gr1Fother 53 0.053 

08Alum-1-Gr1xother 48 0.048 

08Alum-2-Gr1Rcrab 56 0.056 

08Alum-2-Gr1Scrab 48 0.048 

08Alum-2-Gr1Lcrab 57 0.057 

08Alum-2-Gr2Rother 56 0.056 

08Alum-2-Gr2Sother 54 0.054 

08Alum-2-Gr2Lother 56 0.056 

08Alum-4-Gr1Rother 133000 133 

08Alum-4-Gr1Sother 3000 3 

08Alum-4-Gr1Lother 8000 8 

08Alum-4-Gr1Fother 5000 5 

08Flux-1-Gr2Rother 45 0.045 

08Flux-1-Gr2Sother 53 0.053 

08Flux-1-Gr2Lother 58 0.058 

08Flux-1-Gr1Fcrab 55 0.055 

08Flux-1-Gr1SLcrab 56 0.056 

 

Considering the arsenic concentrations and ratios throughout the 

study area, the low arsenic values from sites 1, 2, and 5 did not make sense. 

Investigation into the numbers revealed that all of the grass samples from 

Alum Gulch-Flux Canyon were analyzed in one batch except site 4. Sites 1, 2, 

and 5 were analyzed at the same time, and those results were reported in 

parts per billion. Included in the lab report were the results from a quality 

control study the lab runs to ensure accurate data reporting. Arsenic was not 

used as part of the quality control report for this batch of samples.   
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The lab results for site 4 came back in parts per million: site 4 roots = 

133 ppm; site 4 shoots = 3 ppm; site 4 leaves = 8 ppm; and site 4 flowers = 5 

ppm. Included in the lab results were the results from the quality control run 

on this batch of samples. The quality control included arsenic and the units 

were in parts per million. Additionally, site 4 shoots were used as original 

and duplicate samples in the quality control. Standards were also used to 

verify the results. Both the original and duplicate shoot samples contained 3 

ppm As, which was consistent with the batch analysis.  

Furthermore, the results from a cattail sample from site 1 were 

included in the report with the grasses from sites 1, 2, and 5. The cattail 

results for arsenic were: roots = 0.083 ppm; shoots = 0.076 ppm; and leaves = 

0.067 ppm. The results from another cattail sample from site 1 were included 

in the report with the grass sample from site 4. Those cattail results were: 

roots = 156 ppm; shoots = 16 ppm; and leaves = 34 ppm. The discrepancy in 

the numbers did not make sense as cattails are known bioaccumulators of 

arsenic (Adhikari, et al., 2010).  

At the time this discrepancy was identified, time and money prevented 

additional analysis from being conducted. Arsenic information is extremely 

important to all of the stakeholders concerned about this study area, so I 

concluded to include the data with modifications. The arsenic values from 

sites 1, 2, and 5 were off by a factor of 100 when compared to the rest of the 
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results. Therefore, I modified the conversion from ppb to ppm by dividing by 

10 instead of 1000. Future plant studies should include careful investigation 

into current arsenic concentrations from samples in Alum Gulch. 

Cadmium (Cd) 

 Cadmium is a silvery-white trace metal occurring in the Earth’s crust 

at a rate of 0.1 – 0.5 ppm and is usually associated with zinc minerals like 

sphalerite at a zinc to cadmium ratio of 200:1 – 400:1 (Subcommittee on 

Mineral Toxicology in Animals et al., 1980; ATSDR; 2011c; United States 

Geological Survey, 2012). The average cadmium level in Arizona soils is 0.4 

ppm (EPA, 2003a). In the environment, cadmium exists as Cd2+ and does not 

undergo redox reactions (ATSDR, 2011c).  Cadmium and zinc act chemically 

similar through metabolic pathways, however, cadmium is a nonessential 

element that interferes chemically with zinc and other elements causing 

cadmium toxicity (Subcommittee on Mineral Toxicology in Animals et al., 

1980). Any cadmium toxicity in the environment is considered potentially 

hazardous to man (Subcommittee on Mineral Toxicology in Animals et al., 

1980). 

A reach in Alum Gulch was placed on the §303[d][1][A] list for 

dissolved cadmium. The ADEQ and USGS were both concerned about 

pollutant loading in Alum Gulch and its ultimate effect on Sonoita Creek 

(ADEQ, 2003 & 2007), therefore quantifying recent levels is important to 
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stakeholders.  The soil cadmium range for the study area was 0.3 to 47.1 

ppm, the plant root cadmium range was 0.2 to 6 ppm, and the aerial 

cadmium range was 0.2 to 4 ppm. Romero et al. (1986) state the unpolluted 

level of soil cadmium is 1 ppm and the polluted level is 5 ppm. Romero does 

not specify the unpolluted level in plants but does provide a polluted level of 5 

ppm which is also verified by Prankel et al. (2004).  Page et al., (1987) state 

the uncontaminated range in plants is 0.01 – 1 mg/kg dry wt. Therefore, the 

unpolluted plant cadmium level was chosen to be 0.5 ppm.  

Cobalt (Co) 

Co is a naturally-occurring element found in both stable (59Co) and 

radioactive (60Co) forms. In elemental form, Co is hard and silvery grey with 

properties similar to iron and nickel. Co in the form of cyanocobalamin or 

vitamin B12 is biochemically important to proper plant and animal function 

(Subcommittee on Mineral Toxicology in Animals et al., 1980). It is found in 

both plants and animals, and can bioaccumulate from plants to animals 

(Lenntech 2011a). Cobalt deficiency manifests as wasting disease which 

includes loss of appetite and general emaciation (Subcommittee on Mineral 

Toxicology in Animals et al., 1980). Animals are known to consume vitamin 

B12 via coprophagy in order to prevent deficiency (Subcommittee on Mineral 

Toxicology in Animals et al., 1980).  
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Soil concentrations of cobalt range from 1 – 40 ppm with an average of 7 ppm. 

Soils with a cobalt concentration of less than 3 ppm are considered deficient 

as they do not contain enough cobalt to adequately enrich the plants growing 

in them to meet the dietary requirements of cattle and sheep (Mineral 

Tolerance of Animals, 1980).  

Cobalt occurs as a minor component of copper, nickel, and silver ores 

(Empire State Ventures LLC, 2008; Cheminova, n.d.).  Cobalt minerals like 

cobaltite, carrollite, and linnaeite often occur with iron sulphides like pyrite 

(Cheminova, n.d.).  The average soil concentration of cobalt in Arizona is 9.9 

ppm (EPA, 2003a). Soil cobalt levels in the study area range from 5.2 ppm to 

99.1 ppm, plant root cobalt levels range from 0.5 to 20 ppm, and plant aerial 

cobalt levels range from 0.2 to 10 ppm. According to Romero et al., (1986) the 

unpolluted levels in soils and plants are 5 and 0.25 ppm respectively, and the 

suggested toxic level of cobalt in soils is 50 ppm and in plants is 5 ppm. 

Chromium (Cr) 

 Chromium derived its name from the Greek word chroma as a result 

of the various colors and metallic sheen it produces when polished 

(Subcommittee on Mineral Toxicology in Animals et al., 1980; Wikipedia, 

2012b). When electroplated, it produces chrome, a noncorrosive metal 

considered highly desirable to the auto industry (Subcommittee on Mineral 

Toxicology in Animals et al., 1980). Chromium is considered an essential 
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element in animal nutrition that aids in the utilization of glucose 

(Subcommittee on Mineral Toxicology in Animals et al., 1980). The most 

common form of chromium is Cr3+, but Cr VI compounds are known to be 

present in conditions with lower pH (Wikipedia, 2012b). Chromium and 

ferrochromium (FeCr) are produced from the ore chromite (FeOCr2O3) 

(Subcommittee on Mineral Toxicology in Animals et al., 1980).  

Romero et al., (1986) state that all of their metal toxic levels except for 

Cr were obtained from Cottenie (1977).  For soils, they state in section 3.3 

Soil Metal Contents, that the chromium toxic level was estimated at 10 ppm. 

However, in table III, they list the toxic level for soil chromium at 100 ppm 

(Romero et al., 1986). ATSDR (2011e) states that soil concentrations of 

chromium range from 1 ppm – 2,000 ppm, with an average of 37ppm. In a 

report conducted by Envirocon for the state of California, Department of 

Toxic Substances, a cleanup level of 89 kg/mg or ppm was established for a 

remediation project (Department of Toxic Substances, 2003). McLean et al., 

(1982) show chromium averages on U.S. soils as ranging from 14 – 70 ppm, 

and EPA (2003a) list the chromium concentration average in Arizona state 

soils as 37.3 ppm. Shanker et al. (2004) give a U.S. mean range of soil 

chromium of 37 - 57 mg/kg-1. Batelle et al. (2002) give ranges for various soil 

types of 5 – 1500, with an average of 52 ppm. Soil chromium values in the 

study area range from 2 to 29 ppm, plant root chromium levels range from 
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1.0 to 102 ppm, and plant aerial chromium levels range from 2 to 29 ppm. 

Therefore, I opted to use the Romero et al., (1986) listed value of 100 ppm in 

soils (in table III, Romero et al., 1986) rather than their stated (in the text) 

value of 10 ppm. The suggested toxic level of chromium in plants is 10 ppm 

(Romero et al., 1986).  The unpolluted concentration of chromium in soils is 

20 ppm (Romero et al., 1986), but the unpolluted level of chromium in plants 

is not given. When no low end range for a metal is provided by Romero et al., 

(1986) minimums for plant concentrations in pollution indices are set to zero.    

Copper (Cu) 

Historically, copper was valued by man for its decorative, redish-

orange color, and in modern times for its thermal and electrical conductivity 

(Subcommittee on Mineral Toxicology in Animals et al., 1980).  Copper exists 

in the +1, +2, +3, and +4, oxidation states with the most common being +2 

(Dayah, 1997). In low concentrations, copper is an essential trace element, 

(Subcommittee on Mineral Toxicology in Animals et al., 1980;  AESL Plant 

Analysis Handbook, unknown), however plant levels lower than 5 ppm may 

cause deficiency in plants and animals, and levels greater than 20 ppm may 

cause toxicity (Plank et al., 1989).   

Copper is a mineral of importance in the Patagonia Mountains. It is 

associated with most of the mineralizing events between 74 – 59 Ma (Vikre, 

2009) and was mined extensively throughout the study area. Currently, there 
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is renewed interest in the porphyry copper resources contained within the 

Patagonia Mountains. Regal Resources of Vancouver, Canada reports to have 

to have made a deal with Minequest of Reno, Nevada, to purchase all mine 

claims associated with the Sunnyside Copper porphyry (Regal Resources Inc., 

2011). Their proposed target would be the rich copper, molybdenum, gold, 

silver, lead, zinc, bismuth, cerium, and lanthanum resources reportedly 

contained within the porphyry system (Regal Resources Inc., 2011). OZ 

Minerals from Australia will commence exploratory drilling for copper in the 

Guajolote Flat area of the Patagonia Mountains if approval for their Plan of 

Operation is granted from the United States Forest Service (OZ Minerals 

Exploration, 2012). Eurasian Minerals, headquartered in Vancouver, 

Canada, doing business as Bronco Creek Exploration Inc. out of Tucson, 

Arizona, owns the Hardshell Skarn deposit near the Hermosa deposit and is 

pursuing exploration for copper-gold-silver (Eurasian Minerals, n.d.; Bronco 

Creek Exploration Inc., n.d.).  

The Arizona state average soil concentration of copper is 23 ppm (EPA, 

2003a). The average soil concentration of copper in the Patagonia Mountain 

range is 70 – 100 ppm (Chaffee et al., 1981). The soil copper levels from the 

study area ranged from 17 to 415 ppm, the plant root copper levels ranged 

from 9 to 172 ppm, and the aerial copper levels ranged from 5 to 110 ppm. 

Therefore, the unpolluted level of copper in soils is 25 ppm and in plants is 
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12.5 ppm (Romero et al., 1986).The suggested toxic level for copper in soils is 

100 ppm and in plants is 40 ppm (Romero et al., 1986).  

Iron (Fe) 

Iron is the fourth most abundant element in the earth’s crust (Royal 

Society of Chemistry, 2012), but is the most abundant element in terms of the 

Earth as a whole planet (Wikipedia, 2012c). It is an essential element to 

virtually all organisms and is magnetic at room temperature (Wikipedia, 

2012c; Mineral Tolerance of Domestic Animals). Oxidation states of iron 

range from -2 to +8, though the most common forms are ferrous iron (Fe2+) 

and ferric iron (Fe3+).  Iron exists in many sulfide forms, but the most 

prevalent and potentially threatening to environmental systems is pyrite 

(Rickard et al., 2007). Pyritic oxidation is one of the main culprits for causing 

AMD. (For a full description of AMD chemistry see section 2.1). Numerous 

wetland plants use root and microorganism oxidizing activities to oxidize 

ferric iron (Fe³+) to ferrous iron (Fe²+) thereby creating an iron root plaque 

that aides in their ability to survive in metal contaminated soils (Ye et al., 

2012 ). Forage plant iron content typically ranges from 18 to 1,000 ppm (dry 

weight), and grazing animals typically require 50 to 100 ppm (dry weight) of 

iron from their feed (EPA, 2003b). Iron (Fe2+) deficiency occurs in plants 

when iron leaf content is less than 20 ppm (Lindsay et al., 1982; Plank, 1989; 
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Shulte, 2004a) and plants with concentrations greater than 1,200 ppm are 

considered toxic (Romero et al., 1986).   

Iron bearing minerals are prevalent throughout the Patagonia 

Mountains. Using AVIRIS data, Berger et al., (2003) showed the distribution 

of disseminated pyrite throughout the Red Mountain area thus, 

demonstrating its prevalence. Batelle et al., (2002) provide information about 

iron concentrations in soils over granites and gneisses (1.4 – 2.7%) and soils 

over limestones and calcareous rocks (0.4-1%). Shulte (2004a) states that iron 

concentrations in soils range between 1 to 5%. The EPA (2003a) average iron 

concentration from forty-eight states was 24,135 ppm, and iron 

concentrations in Arizona soils averaged 20,787 ppm.  Soil iron 

concentrations from the study area ranged from 21,500 to 377,000 ppm, plant 

root iron ranged from 928 to 51,800 ppm and plant aerial iron ranged from 

314 to 16,700 ppm.  

Iron is not known to be toxic in soils, but it is significant to ecosystems 

because of its interactions with other toxic metals. Under aerobic to not 

strongly reducing conditions, iron oxides adsorb trace and heavy metals in 

tight complexes that attenuate the concentrations of toxic metals in soils and 

sediments (EPA, 2003b).  In acidic or reducing conditions, oxides might 

dissolve, and release the metals back into solution (EPA, 2003b).   Because it 

is not considered toxic, unpolluted and polluted soil iron concentrations will 
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be referred to as unpolluted and high values.  Using the normal distribution 

of 1 – 5 % soil iron, the unpolluted level was set at 10,000 ppm and high value 

was set at 50,000 ppm. Because plants react differently to iron than soils, the 

terms unpolluted and polluted are appropriate descriptors of plant iron 

concentrations. Plant iron unpolluted values were set at 250 ppm and 

polluted values were 1,200 ppm (EPA, 2003b; Romero et al., 1980).  

Manganese (Mn) 

Manganese is a lustrous gray metal that is chemically similar to iron, 

and is the twelfth most abundant element in the earth, encompassing 1% of 

the earth’s crust (ATSDR, 2011g). It is an essential element to both plants 

and animals. The oxidation states of manganese range from +7 - -3, but the 

most common states are +4 and +2. It occurs naturally in the elemental stage 

or in mineral forms such as pyrolusite (MnO2) and romanechite 

((Ba,H2O)2(Mn+4, Mn+3)5O10), both oxide minerals that occur in association 

with Mn minerals (manganite, hollandite, hausmannite, braunite, and 

chalcophanite) and Fe minerals (goethite, and hematite)(Wikipedia, 2012c).  

Chaffee et al. (1981) describe the pattern of manganese distribution in 

the study area as negatively anomalous, meaning that the concentrations are 

lower than expected. They associate manganese with Flux and Trench mines 

and with Hardshell mine, a mine that drains into Harshaw Creek (Vikre, 

2009; Chaffee et al., 1981). They also state that manganese is present in 
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many of the ores mined and found in sediments dumped in stream channels 

(Chaffee et al., 1981). The background range of manganese in the study area 

is 1,000 – 2,000 ppm (Chaffee et al., 1981). Batelle et al. (2002) provided 

average soil concentrations ranging from 20 – 3,000 ppm, with an average 

high of 1,750 ppm. ATSDR (2011g) stated that soil manganese ranges from 

40 – 900 mg/kg, EPA (2003a) stated that the Arizona state range was 447 

ppm, and Beusse et al. (2011) R-RBC was set at 1,800 ppm. Soil manganese 

concentrations from the study area ranged from 426 to 4,000 ppm, plant root 

manganese ranged from 118 to 6,130 ppm, and plant aerial manganese 

ranged from 52 to 5,375 ppm.  

Manganese is an essential element for plants and animals. Plant 

concentrations range from 15 to over 1,000 ppm, however, toxicity levels vary 

between plant species (Subcommittee on Mineral Toxicology in Animals et 

al., 1980). The estimated daily requirement of manganese for a calf is 40 ppm 

(Subcommittee on Mineral Toxicology in Animals et al., 1980). 

Concentrations found across a variety of grass species range from 60 to 800 

ppm dry weight (Subcommittee on Mineral Toxicology in Animals et al., 

1980). In studies conducted on rats, calves, cows, poultry, and pigs, animals 

fed up to 1,000 ppm showed metabolic deviations from control groups 

(Subcommittee on Mineral Toxicology in Animals et al., 1980). Adequate 
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human intake for babies to lactating females ranges from 0.003 mg/day to 2.6 

mg/day (ATSDR, 2011g).  

Unpolluted plant concentrations are set at the mean of the “low” range 

for manganese in agricultural plants (Schulte, 1992), 15 ppm. Unpolluted soil 

concentrations are set at 20 ppm, the bottom of the range of manganese in 

agricultural soils (Schulte, 1992). The suggested soil toxic level of manganese 

is 2,000 ppm (Batelle et al., 2002) and the suggested plant toxic level is 1,000 

ppm (Subcommittee on Mineral Toxicology in Animals et al., 1980).   

Molybdenum (Mo) 

Molybdenum is a lustrous silvery metal that does not occur as a free 

element, rather it is found in minerals like molyebdenite and in oxidation 

states ranging from +6 – -2 (Wikipedia, 2012f). It is bioavailable to plants only 

in the +6 state (Shulte, 2004c). Molybdenum is an essential element to both 

plants and animals and is necessary for nitrogen fixation (Subcommittee on 

Mineral Toxicology in Animals et al., 1980). Most plants require 1 ppm in the 

soil (Shulte, 2004c) and animals such as cattle and sheep require a specific 

copper:molybdenum ratio of 6:1 (Merck Veterinary Manual, 2011). 

Molybdenum deficiencies in animals occur when plant concentrations are less 

than 0.10 ppm, and toxicosis occurs when animals consume plants containing 

≥15 ppm (Kubota, 1975; Plank et al., 1989; Mahler, 1982). Concentrations 

greater than 10 ppm are unlikely to harm plants, but ruminants grazing on 
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those plants are likely to develop molybdenosis or molybdenum toxicity 

regardless of copper intake (Kubota, 1975; Shulte, 2004c; Merck Veterinary 

Manual, 2011). Cattle foraging on grasses with molybdenum concentrations 

of 6.8 ppm needed copper injections in order to counter the effects of 

molybdenosis (Kubota, 1975). 

Average soil concentration ranges for molybdenum were reported at 

.25 – 5 ppm (Shulte, 2004c), < 3 – 15 ppm for the conterminous United States 

(Shacklette et al., 1984), and extreme ranges at 0.1 – 80 ppm (A&L Canada 

Laboratories (2006). Kubota (1975) evaluates the western states of 

Washington, Idaho, Montana, Wyoming, and Colorado for forage plants with 

molybdenum concentrations between 10 – 20 ppm, the values attributed to 

causing molybdenosis in cattle. Within his study, the overall soil mean for the 

five states was 5.8 ppm, with an individual high mean of 17.8 ppm from the 

state of Washington (Kubota, 1975). Soil molybdenum concentrations from 

the study area ranged from 0.9 to 21.7 ppm, plant root molybdenum ranged 

from 0.2 to 13 ppm, and plant aerial molybdenum ranged from 0.1 to 10 ppm.  

Geological studies conducted by Graybeal (1984) and Chaffee et al. 

(1981) indicate molybdenum as anomalous in the study area. Molybdenum is 

associated with Red Mountain porphyry copper system (Chaffee et al., 1981; 

Graybeal, 1984) and two deposits, the 65 – 64 Ma Ventura Mo-Cu breccia and 

the 61 – 58 Ma Red Hill Mo-Cu breccia, that are outside the study area 
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(Graybeal, 1984; Vikre, 2009). Chaffee et al. (1981) give a background range 

for molybdenum of trace to 5 ppm. Samples analyzed by Chaffee et al. (1981) 

included molybdenum levels as high as 70 ppm. The unpolluted level of soil 

molybdenum used is 0.25 ppm (Shulte, 2004c). The lower end of “sufficient 

molybdenum” in corn is used for the unpolluted concentration of plant 

molybdenum, 0.1 ppm (Shulte, 2004c). The suggested toxic level of soil 

molybdenum is 17 ppm (Shulte, 2004c) and the plant toxic level is 5 ppm 

(Kubota, 1975; EPA, 1993; Shulte, 2004c; Reis, 2010; Merck Veterinary 

Manual, 2011).  

Nickel (Ni) 

Nickel is silvery-white, hard, ductile metal used in electroplating, in 

alloys to give them a lustrous polish, and in batteries (ATSDR, 2011h; 

Wikipedia, 2012g). Nickel has five oxidation states, +4 to -1 and is magnetic at 

room temperature (Wikipedia, 2012g). Nickel ores include chalcopyrite, 

pyrrhotite, pentlandite, garnierite, niccolite, and millerite (Subcommittee on 

Mineral Toxicology in Animals et al., 1980).  

Nickel is an essential trace element to plants (Lui et al., 2011), and not 

known to bioaccumulate in animals, but does accumulate in some plants 

(ATSDR, 2011h). Nickel is not a metal indicated in the Patagonia Mountains, 

but it is needed for the imicro component of the Pollution Index equation 

(Romero et al., 1986).  Nickel concentrations in soils varies considerably, from 
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4 – 80 ppm, with concentrations as high as 5,000 ppm (ATSDR, 2011h). The 

average soil concentration of nickel in the state of Arizona is 23 ppm (EPA, 

2003a). Soil nickel concentrations from the study area ranged from 10 to 92 

ppm, plant root nickel ranged from 2 to 106 ppm, and plant aerial nickel 

ranged from 1 to 84 ppm. The unpolluted level of soil nickel is 10 ppm 

(Romero et al., 1986) and plant nickel is 0.5 ppm (Lui et al., 2011). The 

suggested toxic level for nickel is 100 ppm in soils and 40 ppm in plants 

(Romero et al., 1986).  

Lead (Pb) 

 Lead is a naturally occurring bluish colored heavy metal that tarnishes 

to a dull gray and is usually found in the Earth’s crust at concentrations of 15 

– 20 ppm (ATSDR, 2011i).  There are two oxidation states for lead, +4 and +2, 

but it occurs most often occurs in its +2 oxidized state (ATSDR, 2011i). Lead 

has an atomic number of 82 making it the highest number of all the stable 

elements and therefore it does not degrade (ATSDR, 2011i; Wikipedia, 

2012d). The most common form of lead in the environment is the widely 

distributed sulfide mineral galena (PbS), but it can also be found in the 

highly insoluble forms of cerussite, anglesite, and pyromorphite 

(Subcommittee on Mineral Toxicology in Animals et al., 1980). The number 

one use of lead is in car batteries, but it is also used as an alloy, for x-ray 

protection, and in the building industry (ATSDR, 2011i).  
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 Lead is a major source of contamination in the environment and is 

toxic to plants and animals. More accidental poisonings are attributed to lead 

than any other substance (Subcommittee on Mineral Toxicology in Animals et 

al., 1980). Even so, some research suggests that low concentrations of lead (1 

ppm) can increase growth rates in rats (Subcommittee on Mineral Toxicology 

in Animals et al., 1980). Additionally, while cattle appear to be able to 

tolerate higher concentrations of consumed lead (0 – 100 ppm), horses 

succumbed to lead poisoning when they grazed on pasture contaminated with 

80 ppm lead (Subcommittee on Mineral Toxicology in Animals et al., 1980).  

Lead ores are common in the Patagonia Mountains and found at some 

of the more important mines from the region including 3-R, Flux, Trench, 

Morning Glory, and Red Mountain (Chaffee et al., 1981; Berger et al., 2003; 

Mindat.org, 2011f). Chaffee et al. (1981) further characterize the study area 

as having contained considerable quantities of the lead-silver ore galena, and 

as anomalously high in the Red Mountain Area. The background range for 

lead in the study area is 50 – 100 ppm (Chaffee et al., 1981) and throughout 

the state is 16 ppm (EPA, 2003a). Soil lead concentrations from the study 

area ranged from 28.4 to 1,360 ppm, plant root lead ranged from 5 to an 

extreme outlier of 2,280 ppm, and plant aerial lead ranged from 3 to 63 ppm. 

The unpolluted level of soil lead is 25 ppm (Romero et al., 1986) and plant 

lead is 10 ppm (Shehu et al., 2010). The suggested toxic level for soil lead is 
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100 ppm and for plant lead is 150 ppm (Romero et al., 1986). I considered 

lowering the plant lead toxic value to 100 ppm based on research from 

Mineral Tolerance of Domestic Animals (1980), but the only site that would 

be affected by the change was site 15. Since I do not have accurate aerial 

plant data from that location, I opted to stay with the Romero et al., (1986) 

suggested value of 150 ppm. 

Antimony (Sb) 

Antimony is a toxic, gray metalloid found most commonly as the 

sulfide mineral stibnite (Sb2S3) which contains 71 – 75 % antimony 

(Wikipedia, 2012a; Subcommittee on Mineral Toxicology in Animals et al., 

1980). Antimony has three oxidation states, +5, +3, and -3 with antimony III 

being considered more toxic than antimony V (Tschan et al., 2009). It is used 

as an alloy for lead and tin, in lead-acid batteries, and for microelectronics in 

semiconductors (Subcommittee on Mineral Toxicology in Animals et al., 1980; 

Tschan et al., 2009; Wikipedia, 2012a).  

Graybeal (1984) suggests antimony and arsenic occur together in the 

Patagonia Mountains in enargite, tetrahedrite-tennantite, pearceite, 

pyrargyrite, and arsenopyrite. Chaffee et al. (1981) describe the distribution 

of antimony as terrestrially anomalous with streambed loading from 

upstream sources (Chaffee et al., 1981).  
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As the third lowest occurring mineral in the earth’s crust, 

concentrations of soil antimony range from 1 – 8.8 ppm with a mean of 0.48 

ppm (ATSDR, 2011j). The average concentration of antimony in Arizona soils 

is 1.4 ppm (EPA, 2003a). Soil antimony concentrations from the study area 

ranged from 1.7 to 32 ppm, plant root antimony ranged from 0.03 to 9 ppm, 

and plant aerial antimony ranged from 0.02 to 3.86 ppm.  

Antimony in a nonessential element, but has been used 

pharmaceutically for the treatment of schistosomiasis, a parasitic infection 

(Subcommittee on Mineral Toxicology in Animals et al., 1980). In general, 

plants uptake antimony in amounts proportional to the soluble antimony 

concentrations in the soil (Tschan et al., 2009). Apoplastic transport of 

antimony is regulated by Casparian Bands which is why plant concentrations 

of antimony tend to be proportional to soil concentrations (Tschan, 2009). Li 

et al. (1993) report that antimony concentrations in herbage from a 

contaminated site ranged from 0.02 to 0.45 mg/kg-1. 

Soil toxic values of antimony were calculated by averaging antimony 

levels from 5 EPA Superfund Sites in Maryland and Virginia (Beusse et al., 

2011) and four contaminated mine sites in England (Li et al., 1993). Averaged 

values from the two data sets equaled 38 ppm. Beusse et al. (2011) R-RBC for 

antimony was 31 ppm. The study area for this research is not residential; 

therefore 38 ppm was used for toxic concentrations of antimony in the soil. 
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The average background level of Arizona soils of 1.4 ppm was used as the 

unpolluted level of soil antimony. Unpolluted plant antimony levels of 0.02 

ppm were taken from Li et al. (1993) and the polluted level of 2.2 was from 

the high end value for food crops of 2.2 ppm (Hammel et al., 2000).  

Zinc (Zn) 

 Zinc is a transitional metal with an atomic number of 30. It has three 

oxidation states +2, +1 and 0, and is found in the Earth’s crust at 

concentrations of 20 – 200 ppm (ATSDR, 2011k). Zinc concentrations in soils 

throughout the United States range from >5 to 2,900 ppm with a mean of 60 

ppm (ATSDR, 2011k).  Soil zinc concentrations from the study area ranged 

from 116 to 7.460 ppm. The most common zinc ores are sphalerite and 

wurtzite both with a chemical structure of ((Zn,Fe)S) (Subcommittee on 

Mineral Toxicology in Animals et al., 1980). It is used as an alloy, in 

batteries, castings, and printing plates (Subcommittee on Mineral Toxicology 

in Animals et al., 1980).  

Zinc is an essential element for plants and animals. Plant values 

normally range from about 20 to 100 ppm, with pasture forage ranging from 

17 to 60 ppm dry weight (Plank et al., 1989). Plant root zinc values 

throughout the study area ranged from 55 to 2,930 ppm, and plant aerial zinc 

ranged from 57 to 3,200 ppm. Toxicity occurs at about 200 ppm for most 

plants (Plank et al., 1989). Dietary requirements of zinc for most animals 
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range from 40 to 100 ppm (Subcommittee on Mineral Toxicology in Animals 

et al., 1980). Sensitivity to excessive amounts of zinc varies between animal 

species, but at concentrations of 1,000 ppm or more adverse reactions 

occurred in animals (Subcommittee on Mineral Toxicology in Animals et al., 

1980). Romero et al., (1986) provide polluted and unpolluted values for zinc in 

both soils and plants. Unpolluted soil zinc and plant zinc levels are 65 ppm 

and 60 ppm respectively (Romero et al., 1986). Polluted soil zinc and plant 

zinc levels are 300 ppm and 400 ppm respectively (Romero et al., 1986). 
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APPENDIX C: POLLUTION INDICES 

Romero et al. (1986), provide a relationship to determine the degree of 

pollution in areas of potential contamination called the pollution index 

(PIndex) which quantifies plant and soil concentrations of heavy metals as 

unpolluted or polluted. Plant PIndex (PPI) is expressed as PIndex = ((Imicro - 

0.1130)/(0.3765 - 0.1130)) x 100 (Romero et al., 1986).  Ionic Impulsion, I, has 

two possible components, Imicro calculated using Cd, Co, Cr, Cu, Fe, Ni, Pb and 

Zn which tend to be accumulated in plant roots, and Imacro calculated using  

Na, K, Mg, Ca, and Mn which are favored by plant tops (Romero et al., 1986).   

Pollution indices as used by Romero et al. (1986) use Imicro based on heavy 

metals and are therefore appropriate for this study.  Ionic Impulsion is 

calculated by Imicro = Ʃi(ci
1/n) where ci equals dry weight of sample material in 

mmol g⁻¹ ((ppm/atomic weight)/1000) and n refers to the oxidation number of 

metals used in the calculation (Romero et al., 1986). In the calculation of PPI, 

0.1130 equals unpolluted Imicro which is calculated based on background plant 

concentrations of the heavy, more toxic, metals while 0.3765 equals polluted 

Imicro and is based on toxic plant concentrations of the heavy metals. Samples 

with an Imicro value of 0.1130 have a PPI of zero, thus setting the lower 

boundary of the PPI unpolluted range to zero. Samples with an Imicro of 0.3765 

or greater have a PPI of 100 or greater and are considered toxic (Romero et 

al., 1986).    
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Soil PIndices (SPI) are calculated in a similar way to PPI, however, 

Romero et al., (1986) state that Fe is a macroconstituent of soil and is 

therefore not included when calculating soil Imicro values. Soil unpolluted and 

polluted Imicro values are set at 0.160 and 0.330 respectively with the final 

equation being Soil PIndex = ((Imicro – 0.160)/(0.330 – 0.160)) x 100 (Romero et 

al., 1986).  SPI values between zero and a hundred range from unpolluted to 

polluted, and values greater than a hundred are toxic (Romero et al., 1986).   

Upon careful review of the PPI equation, several questions arose. First, 

Romero et al. (1986) state that plants have a propensity for concentrating Na, 

K, Mg, Ca, and Mn in aerial parts and Cd, Co, Cr, Cu, Fe, Ni, Pb and Zn in 

roots. However, they do not distinguish whether plant tops are comprised of 

shoots alone, of shoots and leaves combined, or of shoots, leaves, and 

flowering parts combined. A recent study regarding heavy metal 

accumulation in plants (Malik et al., 2010) defines plant tops as shoots and 

leaves combined. PPI calculated for this analysis are therefore based on 

shoots and leaves combined.  

Second, an important parameter for calculating PIndex is ionic 

impulsion, expressed as I = Ʃ(c{i}^1/n). Two ionic impulsion values are 

derived, Imicro and Imacro.  Romero et al., (1986) state that Imicro refers to the 

calculation based on heavy metals that are pollutants in soils and are 

preferentially accumulated by roots (Cd, Co, Cr, Cu, Fe, Ni, Pb, Zn) and Imacro 
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refers to the calculation based on light metals preferentially accumulated by 

plant tops (Ca, Na, K, Mg, and Mn). For plant PPI, they then compare Imicro 

and Imacro values and determine that Imicro is relatively stable between plant 

types, while Imacro varies across species. As a result, they use Imicro to calculate 

plant PIndices. They also use Imicro to calculate soil PIndices. This makes 

sense since the heavy metals are also the pollutants of interest in most cases. 

But, Romero et al., (1986) are unclear as to whether they are using plant 

roots or plant tops in their calculation. Since roots tend to accumulate the 

metals used in the Imicro calculation, the values can differ dramatically. In 

Table II in the Discussion section of their paper, Romero et al. (1986) list 

metal concentrations in plant tops, so it is assumed that they calculate Imicro 

from plant tops. In this study I will calculate PPI values based on both plant 

root and plant top Imicro values because being able to compare PPI roots to 

PPI aerials helps quantify the concentrations of heavy metals from soils to 

roots to areal parts. This tiered approach provides a more complete soil plant 

relationship which portrays a more accurate picture of whether or not plants 

are accumulating metals in aerial structures. It also helps to characterize the 

environmental impact mining has had throughout the study area.  

Third, geological studies conducted by Graybeal (1984) and Chaffee et 

al. (1981) indicate antimony (Sb) and molybdenum (Mo) as anomalous metals 

in the study area. These metals could be of concern to stakeholders, but they 
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were not included in the PIndex equations proposed by Romero et al., (1986). 

Thus, I proposed to expand the Romero et al., (1986) plant PIndex soil PIndex 

to include antimony and molybdenum.  

In order to include antimony and molybdenum in pollution index 

equations, adjustments needed to be made to the PPI and SPI equation 

background and toxic Imicro values. However, since no federal or state 

standards for plant or soil toxic values could be found for these metals, plant 

and soil toxic levels were estimated based on studies conducted by several 

authors. Plant background and toxic values for antimony were derived based 

on concentration ranges given by Li et al. (1993) for herbage found growing 

on various mine sites (<0.02 – 0.45 ppm),  Hammel et al., (2000) for food crops 

(<0.02 – 2.20 ppm) and herbage (<0.02 – 0.08 ppm), Jung et al., (2002) for 

food crops (<0.01 – 0.05 ppm) and the EPA  (2007b) for meat, vegetables, and 

seafood (0.0002 – .0011 ppm). Feng et al., state that antimony ranges of 5 – 

10 ppm are phytotoxic. The EPA (2007b) low end value of 0.002 ppm was 

used to recalculate the new background Imicro value for antimony in plants 

and the Li et al. (1993) high end value for food crops of 2.2 ppm was used to 

recalculate the new toxic Imicro value for antimony in plants and 3+ was the 

oxidation number used to calculate mmols.  

Molybdenum is an essential plant and animal nutrient, with most 

plants requiring 1 ppm in the soil (Shulte, 2004c) and animals such as cattle 
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and sheep requiring a specific copper:molybdenum ratio of 6:1 (Merck 

Veterinary Manual, 2011). Plants uptake molybdenum as molybdate (MoO4
2-) 

(Shulte, 2004c) which means the oxidation number used to calculate mmols is 

6+.  Concentrations greater than 10 ppm are unlikely to harm plants, but 

ruminants grazing on those plants are likely to develop molybdenosis or 

molybdenum toxicity regardless of copper intake (Kubota, 1975; Shulte, 

2004c; Merck Veterinary Manual, 2011). Cattle foraging on grasses with 

molybdenum concentrations of 6.8 ppm needed copper injections in order to 

counter the effects of molybdenosis (Kubota, 1975). The low end value of 

molybdenum found in grasses in the study area (0.1 ppm) and the EPA (1993) 

Lowest Observed Adverse Effect Level (LOAEL) of 10 ppm were used to 

recalculate the new unpolluted and toxic Imicro values. Therefore, the new 

plant Pollution Index calculation including antimony and molybdenum, is 

PPI = ((Imicro - 0.113287)/(0.596166 - 0.113287)) x 100. 

New Imicro values for soils needed to be calculated as well. Background 

antimony values in soil were based on mean background levels reported by 

the state of Arizona at 1.4 ppm (U.S. Environmental Protection Agency, 

2003). Average background soil concentrations of antimony range from 0.3 – 

8.6 mg kg-1 (Hammel et al., 2000; U.S. Environmental Protection Agency, 

2003; Tschan et al., 2009) with concentrations above 8.6 mg kg-1 generally 

attributed to anthropogenic sources (Tschan, 2009).  Soil toxic values were 
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calculated by averaging antimony levels from 5 EPA Superfund Sites in 

Maryland and Virginia (Beusse et al., 2011) and four contaminated mine 

sites in England (Li et al., 1993). Averaged values from the two data sets 

equaled 38 ppm.  

Average soil concentration ranges for molybdenum were reported at 

.25 – 5 ppm (Shulte, 2004c), < 3 – 15 ppm for the conterminous United States 

(USGS, 1984), and extreme ranges at 0.1 – 80 ppm (A&L Canada 

Laboratories (2006). Kubota (1975) evaluated the western states of 

Washington, Idaho, Montana, Wyoming, and Colorado for forage plants with 

molybdenum concentrations between 10 – 20 ppm, the values attributed to 

causing molybdenosis in cattle. Within his study, the overall soil mean for the 

five states was 5.8 ppm, with an individual high mean of 17.8 ppm from the 

state of Washington (Kubota, 1975). Using Kubota’s (1975) high mean of 17.8 

ppm, the toxic level of molybdenum was set at 17 ppm. Therefore, the new 

soil PIndex, including antimony and molybdenum, is SPI = ((Imicro - 

0.32843)/(0.63581 – 0.32843)) x 100. 

 

 

 

 



153 
 

 
 

APPENDIX D: BIOCONCENTRATION FACTOR, TRANSLOCATION 

FACTOR, AND BIOCONCENTRATION COEFFICIENT 

The Patagonia Mountains are a richly mineralized zone with 

concentrations of metals being determined by parent materials and distinct 

mineralizing events (see geology section). The varying degrees of metal 

concentrations in the soil samples reflect the complex geology found 

throughout the study area. Raw soil data is shown in chapter 6, table 2.  

The bioavailability of heavy metals from soils to plants is dependent on 

a variety of factors including soil composition, pH and Eh values, and plant 

responses like release of oxygen, protons, and organic acids (Ernst, 1996). 

Plants growing in highly mineralized soils cannot restrict metal uptake, 

rather they tolerate enriched zones using one of three adaptive strategies: 

exclusion, indication, and accumulation (Baker, 1981; Rajakaruna, 2004). 

Excluders maintain low shoot concentrations of metals over soil 

concentrations that range from unpolluted to polluted (Baker, 1981). 

Indicators keep internal metal concentrations that are reflective of external 

conditions (Baker, 1981). Accumulators concentrate metals in aerial parts in 

soils with either high or low metal concentrations (Baker, 1981). Three 

mathematical relationships have been devised to help identify plants that 1) 

sequester metals in roots, 2) achieve equilibrium between soil and shoot 

metal concentrations, and 3) accumulate heavy metals in aerial parts, 

(Baker, 1981; Wantanabe, 1997; Yoon et al, 2006; Malik et al., 2010). The 
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first relationship is the Biconcentration Factor (BCF), the concentration of a 

metal contained in the roots of a plant divided by the concentration of that 

metal contained in the soils that the roots inhabit: 

(1) BCF = [Metals] roots / [Metals] soil (where [Metals] is the 

concentration of a specific metal in ppm) 

The second relationship is the Translocation Factor (TF), the concentration of 

a metal contained in a plant’s shoots divided by the concentration of that 

metal contained in the plant’s roots: 

(2) TF = [Metals] shoot / [Metals] roots 

The third relationship is the Biological Accumulation Coefficient (BAC), or 

the concentration of a metal contained in a plant’s shoots divided by the 

concentration of that metal contained in the soil that the roots inhabit: 

(3) BAC = [Metals] shoot / [Metals] soil 

The BCF helps determine the ratio of soil contamination to root uptake 

of a particular toxin.  BCF values greater than 1 (>1) show that a plant 

accumulates a metal in its roots at higher concentrations than does the soil in 

which it resides. Plants that are effective at root uptake, but do not 

accumulate metals in aerial structures, are considered excluders (Baker, 

1981). Researchers select excluders, particularly native species, as possible 

candidates for phytostabilization, a process whereby plants are used to 

sequester metals in below ground structures in order to prevent 
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redistribution of the metals through above ground vectors (Baker, 1981; 

Wantanabe, 1997; Yoon et al, 2006; Mendez et al., 2007; Malik et al., 2010). 

Table 6a shows Bioconcentration Factors (BCF) for grass samples from 

16/21 locations in the study area. Grass samples throughout the study area 

have BCF values greater than one, with seven exceedances for cadmium, five 

exceedances for molybdenum, and four each for nickel and zinc. Ag, Cr, Cu, 

Mn, and Pb had between 1-3 exceedances. Cadmium BCF values ranged from 

1.02 to 3.30 in Alum Gulch to 1.00 at the Alum Gulch/ Sonoita Creek 

confluence. Morning Glory mine area had similar results. Molybdenum 

concentrations ranged from 1.34 to 2.1 in the Morning Glory mine area and 

continued with ranges between 1.36 and 1.59 into Lower Harshaw creek.    

From table 6a shows that root sequestration of cadmium is apparent 

from the Alum Gulch wetlands through the Alum Gulch/Sonoita Creek 

confluence with BCFs ranging from 1.1 to 7.3. The highest value, 7.3, comes 

from the Morning Glory sample outside of the alteration zone. Cadmium soil 

concentration from this location is 0.3 ppm, root concentration is 2.1 ppm. 

While the concentrations are low, this species has potential to uptake low 

levels of cadmium and concentrate them in roots.  Roots from the 08Alum4 

plant sample accumulate Ag, As, Cd, Co,  Cr, Cu, Fe, Mn, Ni, Pb and Zn. The 

highest soil:root ratios are Ni (14:106 ppm), Cr (10:51 ppm), Cd (1:6 ppm), 

and Zn (458:1800 ppm). BCFs from samples growing in the Morning Glory 
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mine area show plants are concentrating Cd, Co, Cu, Mn, Ni, Pb, and Zn in 

roots. The highest soil:root ratios are found in Cd at site 11 (0.3:2 ppm) and 

Zn at sites 10, 11, and 12 (116:1040 ppm; 193:1070 ppm; and 677:2930 ppm 

respectively.) Zinc had the highest overall BCF values ranging from 1.4 to 9.0 

and Cd has the second highest overall BCF values ranging from 1.1 to 7.3. 

These plants are potential candidates as phytostabilizers as they prevent 

metal migration from wind and water erosion, reduce vertical migration via 

hydraulic properties, and fix contaminants through root exudates of organic 

acids and protons (Ernst, 1996) and sorption (Prasad et al., 2003). 
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Table 6a. Bioconcentration Factors (BCF) of contaminants from soils to grass 

roots. Values greater than 1.00 mean root concentrations are greater than 

soil concentrations of a particular metal. 

BCF 

Site 

ID 

Ag As Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Zn 

1 6.8 0.0 1.0 3.0 1.8 0.8 0.0 2.2 0.1 0.3 0.2 0.0 0.2 

2a 0.0 0.1 1.1 0.1 0.1 0.1 0.0 0.4 0.0 0.0 0.0 0.0 0.9 

2b 0.2 0.1 1.9 0.2 0.1 0.2 0.1 0.4 0.0 0.1 0.0 0.0 0.9 

4 1.4 1.2 4.6 1.6 5.2 1.5 1.3 2.0 0.4 7.4 1.7 0.0 3.9 

5a 0.2 0.1 0.1 0.1 0.5 0.0 0.0 0.4 0.0 0.2 0.0 0.1 0.3 

5b 0.9 0.1 0.1 0.2 1.6 0.1 0.1 0.8 0.1 0.5 0.1 0.2 0.3 

9 0.2 0.0 0.3 0.0 0.2 0.2 0.2 0.1 1.2 0.2 0.0 0.1 0.3 

10 0.5 0.7 2.6 2.3 0.6 1.2 0.6 1.7 0.9 1.6 1.6 0.0 9.0 

11 0.6 0.7 7.3 1.4 0.5 1.1 0.4 1.5 0.8 1.2 0.6 0.0 5.5 

12 0.8 1.0 3.1 1.0 0.6 1.4 0.6 1.1 1.3 1.4 1.3 0.0 4.3 

13a 0.5 0.3 0.9 0.2 0.3 0.4 0.2 0.3 3.2 0.3 0.2 0.2 0.9 

13b 0.1 0.1 0.3 0.0 0.1 0.2 0.0 0.1 1.5 0.1 0.0 0.0 0.3 

14a 0.2 0.2 0.3 0.1 0.2 0.2 0.1 0.2 0.9 0.2 0.2 0.2 0.4 

14b 0.2 0.1 0.2 0.1 0.2 0.2 0.1 0.1 1.5 0.1 0.1 0.1 0.2 

15 0.6 1.0 1.9 0.4 0.3 0.5 0.3 0.7 1.3 0.3 0.4 0.8 1.4 

16 0.5 0.1 0.4 0.1 0.1 0.2 0.0 0.1 1.8 0.1 0.1 0.1 0.3 

17 0.3 0.1 0.2 0.0 0.1 0.1 0.1 0.0 0.6 0.1 0.1 0.1 0.3 

18 0.3 0.1 1.1 0.1 0.1 0.1 0.0 0.1 0.3 0.1 0.1 0.1 0.5 

19 0.7 0.3 0.8 0.2 0.2 0.4 0.1 0.2 0.5 0.2 0.1 0.2 0.5 

20 0.5 0.1 0.4 0.1 0.2 0.4 0.1 0.1 0.5 0.2 0.1 0.1 0.3 

21 0.3 0.1 0.3 0.1 0.1 0.3 0.0 0.1 0.6 0.1 0.1 0.1 0.2 

 

 

Plants that move (translocate) metals from roots to shoots have a TF 

greater than 1 (table 7a).  Plants with TF values greater than 1 are capable of 

concentrating contaminants from soils to roots (BCF), then translocating 

them to shoots (Malik et al., 2010; Wantanabe, 1997; Yoon et al.,  2006). 

Accumulation of a metal occurs in shoots when the element is not rapidly 

degraded (Yoon, et al., 2006). Comparing BCF and TF, plants can be 
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evaluated as potential candidates for phytoextraction (Yoon et al., 2006). 

Plants that sequester metals in roots or tolerate toxic conditions have low TF 

(Prasad et al., 2003; Yoon et al., 2006).  

The number of plants with TF greater than one drops considerably 

when compared to the number of grasses with BCF greater than one. There 

are only seven examples of grasses that have both BCF and TF greater than 

one. One sample from site 1 had BCF and TF for chromium greater than 1 

(BCF = 1.8 and TF = 1.1). However, total soil concentrations of chromium at 

site 1 were below toxic levels (chapter 6, table 2; tables 6a & 7a). Morning 

Glory mine site 12 had similar results for copper (BCF and TF greater than 

one), but had copper soil concentrations (33.9 ppm) below toxic levels, and 

plant root (48.4 ppm) and shoot (60.5 ppm) copper concentrations above toxic 

levels (chapter 6, table 2; tables 6a & 7a). Three samples had manganese 

BCF and TF greater than 1, with two of the samples concentrating metals 

above toxic levels (site 4 soil = 1,840 ppm, roots = 3,630 ppm, and aerial = 

5,375 ppm; site 10 soil = 426 ppm, roots = 717 ppm, and aerial = 797 ppm; 

site 11 soil = 778 ppm, roots = 1,180 ppm, and aerial = 1,225 ppm) (chapter 6, 

table 2; tables 6a & 7a). In two cases, molybdenum BCFs and TFs were 

greater than one. Both samples accumulated root and aerial concentrations of 

molybdenum above toxic levels (site 12 soil = 4.8 ppm, roots = 6.2 ppm, and 

aerial = 17.9 ppm; site 14 soil = 5.8 ppm, roots = 6.9 ppm, and aerial = 8.9 
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ppm). Other cases of TF greater than 1 that were above toxic levels were site 

11 chromium aerial = 24.5 ppm, site 12 chromium aerial = 14.5 ppm, site 21 

arsenic aerial = 2.1 ppm, and site 21 copper aerial = 41.6 ppm. All other TF 

values greater than one were below toxic levels.  

Table 7a. Translocation Factor (TF) of contaminants from roots to shoots. 

Values greater than 1.00 mean shoot concentrations are greater than root 

concentrations of a particular metal. 

TF    

Sit

e 

ID 

Ag As Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Zn 

1 0.2 0.9 0.4 0.2 1.1 0.4 0.3 0.3 0.4 0.4 0.2 0.3 0.3 

2a 0.7 1.0 0.9 0.3 1.1 0.8 0.3 0.4 0.6 0.7 0.8 0.4 0.7 

2b 0.2 0.9 0.5 0.4 0.9 0.5 0.2 1.2 0.7 0.9 0.2 0.2 0.6 

4 0.2 0.0 0.7 0.4 0.6 0.4 0.0 1.5 0.7 0.8 0.0 0.0 1.8 

5a 0.6 1.2 0.8 0.8 1.5 0.8 0.8 1.4 1.0 0.9 0.6 0.8 1.0 

5b 0.3 1.0 0.7 0.5 0.9 0.5 0.5 0.7 0.6 0.8 0.4 0.4 1.0 

9 0.6 0.7 2.9 0.8 0.8 0.9 0.8 1.5 0.3 0.9 1.4 0.8 2.4 

10 3.0 0.8 0.7 0.4 0.7 0.8 0.5 1.1 1.4 0.8 0.6 0.5 0.9 

11 0.9 0.8 0.5 0.5 1.0 1.0 0.8 0.9 1.2 0.9 1.3 0.7 0.7 

12 3.8 0.5 0.5 0.4 1.1 1.0 0.5 0.8 1.6 0.8 0.6 0.5 0.6 

13a 0.3 0.2 0.4 0.2 0.4 0.4 0.1 0.3 0.5 0.4 0.2 0.2 0.4 

13b 0.8 0.7 1.0 0.7 0.9 0.9 0.7 0.7 0.7 0.8 0.7 0.8 1.0 

14a 0.4 0.4 0.6 0.4 0.7 0.5 0.4 0.6 1.9 0.6 0.4 0.4 0.7 

14b 0.8 0.8 1.0 0.9 1.0 1.0 0.9 1.0 0.9 1.0 0.8 0.9 1.3 

16 0.3 0.2 0.5 0.2 0.3 0.3 0.2 0.4 0.8 0.3 0.3 0.2 0.5 

17 0.6 0.4 0.7 0.5 0.6 0.7 0.4 0.7 0.8 0.6 0.6 0.5 1.1 

18 0.4 0.3 0.8 0.4 0.5 0.4 0.3 0.6 0.5 0.5 0.3 0.3 0.6 

19 0.5 0.4 0.6 0.3 0.6 0.6 0.3 0.4 0.8 0.5 0.4 0.4 0.8 

20 0.5 0.4 0.7 0.4 0.7 0.6 0.4 0.7 1.0 0.7 0.3 0.4 0.8 

21 0.8 1.3 1.0 1.2 0.8 1.0 1.4 2.4 1.0 0.9 0.6 1.0 1.5 

 

Biological accumulation coefficient is used to show if plants are 

accumulating metals from the soil into aerial structures.  BACs greater than 

one with metal concentrations above toxic levels and in descending order are 
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Zn > Mo > Mn > Cu > Ni > Cr (table 8a). Zinc exceedances occurred at site 4 

(3,200 ppm), and sites 10 (952 ppm), 11 (712 ppm), and 12 (2,300 ppm). 

Molybdenum is second with toxic exceedances ranging from 5.4 – 17.9 ppm 

through sites 12, 13 and 14, and at 10 ppm in site 10. Manganese had two 

BAC values that were also above toxic levels, site 4 (5,375 ppm) and site 11 

(1,225 ppm). Site 10 and site 12 had toxic levels of copper (50.3 ppm and 60.5 

ppm respectively) and BACs greater than one. Nickel and chromium both had 

one BAC that reached toxic levels at site 4 (Ni = 83.5 ppm and Cr = 28.5 

ppm).  
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Table 8a. Biological Accumulation Coefficient (BAC) of contaminants from 

soils to grass aerial parts. Values greater than 1.00 mean aerial 

concentrations are greater than soil concentrations of a particular metal. 

BAC 

Site 

ID 

Ag As Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Zn 

1 1.4 0.0 0.4 0.6 2.0 0.3 0.0 0.7 0.0 0.1 0.0 0.0 0.1 

2a 0.0 0.1 1.0 0.0 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.6 

2b 0.0 0.1 0.9 0.1 0.1 0.1 0.0 0.5 0.0 0.0 0.0 0.0 0.5 

4 0.3 0.0 3.3 0.7 2.9 0.7 0.1 2.9 0.3 5.8 0.0 0.0 7.0 

5a 0.1 0.1 0.0 0.1 0.7 0.0 0.0 0.5 0.0 0.2 0.0 0.0 0.3 

5b 0.3 0.1 0.1 0.1 1.5 0.0 0.1 0.6 0.1 0.4 0.1 0.1 0.3 

9 0.2 0.0 1.0 0.0 0.1 0.2 0.2 0.1 0.4 0.1 0.0 0.0 0.8 

10 1.6 0.5 1.9 1.0 0.4 0.9 0.3 1.8 1.3 1.4 1.0 0.0 7.6 

11 0.5 0.6 3.9 0.7 0.5 1.1 0.3 1.4 1.0 1.1 0.8 0.0 3.7 

12 3.1 0.5 1.4 0.4 0.6 1.4 0.3 0.9 2.1 1.1 0.8 0.0 2.8 

13a 0.1 0.1 0.3 0.0 0.1 0.1 0.0 0.1 1.6 0.1 0.0 0.0 0.4 

13b 0.1 0.1 0.2 0.0 0.1 0.1 0.0 0.1 1.1 0.1 0.0 0.0 0.3 

14a 0.1 0.1 0.2 0.1 0.1 0.1 0.0 0.1 1.7 0.1 0.1 0.1 0.3 

14b 0.1 0.1 0.2 0.1 0.2 0.2 0.1 0.1 1.3 0.1 0.1 0.1 0.3 

16 0.1 0.0 0.8 0.0 0.0 0.2 0.0 0.0 0.4 0.0 0.0 0.0 0.4 

17 0.1 0.0 0.1 0.1 0.0 0.0 0.0 0.1 0.7 0.0 0.0 0.0 0.1 

18 0.2 0.0 0.4 0.0 0.1 0.1 0.0 0.0 0.2 0.0 0.0 0.0 0.4 

19 0.2 0.0 1.0 0.0 0.1 0.2 0.0 0.1 0.4 0.0 0.0 0.1 0.6 

20 0.2 0.1 0.3 0.0 0.1 0.2 0.0 0.1 0.5 0.1 0.0 0.0 0.3 

21 0.3 0.1 1.1 0.1 0.1 0.4 0.0 0.5 0.7 0.2 0.1 0.1 0.7 
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APPENDIX E: WORLD’S FAIR REMEDIATION PROJECT, FEBRUARY, 

2010 

 During a field work expedition in February, 2010, Justin Bell, Logan 

Matti, Jessica Gwinn, and I observed remediation efforts being conducted at 

the World’s Fair Mine site. Using CERCLA funds the USFS contracted with 

Tetra Tech to remediation seepage coming from the mine. This seepage 

contained high levels of cadmium, copper, iron, lead, manganese, nickel, and 

zinc, and low pH. Tetra Tech reported in 2011 that the remediation efforts 

were 100% effective (Kirk et al., 2011). 

 
Figure 23. Ditch dug to divert acidic water from World’s Fair adit to 
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catchment basin during the implementation phase of Tetra Tech’s 

remediation plan. 

Photo Credit: Jessica Gwinn, September 25, 2010.  

Figure 24. Catchment basin receiving drainage from World's Fair Mine adit 

during the implementation phase of Tetra Tech's remediation plan. 

Photo Credit: Jessica Gwinn, September 25, 2010.  
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APPENDIX F: SAMPLE LOCATIONS 

 
Figure 25. Site 1 - Alum Gulch Wetlands. 

 
Figure 26. Site 2 - Alum Gulch, baseflow below World's Fair Mine. 
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Figure 27. Site 3 - 80 yards below site 2. 

 

 
Figure 28. Site 4 - Tailings pile below World's Fair Mine. 
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Figure 29. Site 5 - Flux Canyon Wetlands. 

 

 
Figure 30. Site 6 - 200 yards below site 5. 
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Figure 31: Site 7 - Below Sonoita Creek Alum Gulch Confluence 

 

 
Figure 32. Site 8 - Above Sonoita Creek Alum Gulch Confluence. 

 



168 
 

 
 

 
Figure 33. Site 9 - In the confluence of Sonoita Creek Alum Gulch. 
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Figure 34. Site 10 - Morning Glory Mine Shaft. 

 

 
Figure 35. Site 11 - Mineralized zone above the disturbed piles at Morning 

Glory. 
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Figure 36. Site 12 - 300 yards below Morning Glory Mine tailings. 

 

 
Figure 37. Site 13 - Cottonwood Stand in Harshaw Creek. 
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Figure 38. Site 14 - Harshaw Creek at the intersection of Harshaw Rd and 

Harshaw Creek Rd. 

 

 
Figure 39. Site 15 - Harshaw Creek 100 yards below the Spring. 
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Figure 40. Site 17 - Red Mountain in propylitic zone. 

 

 
Figure 41. Site 17 - Red Mountain in reach with ferricrete. 
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Figure 42. Site 18 - 40 yards  upstream from site 17. 

 

 
Figure 43. Site 19 - Cox 3R drainage 200 yards above Sonoita Creek. 
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Figure 44. Site 20 - Confluence of Sonoita Creek Cox 3R. 

 

 
Figure 45. Site 21 - Sonoita Creek 250 yards below site 20. 
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APPENDIX G: HEAVY METAL CONCENTRATION IN SEDIMENTS 

COMPARED TO SOILS 

Using Microsoft Excel to run Pearson’s correlation (Qishlaqi et al, 

2007) to analyze the heavy metal concentrations in sediments compared to 

soils, I was able to determine significance of the correlation between the 

relationships. Figure G-1 shows the eleven elements tested and the 

magnitude of their respective r coefficients. Best r values between sediments 

and soils are Al, 0.89; Cd, 0.76; Cu, 0.83; Ni, 0.90; and Pb, 0 .72. Results for 

As (0.64) and Co (0.47) were moderately significant. Values for Cr (0.15), Fe 

(0.18), Mn (0.20), and Zn (0.14) show there is little association between the 

two variables. 

Figure G-1- Concentration of specific elements between sediments and soils 

from Lower Harshaw, Sonoita/Alum,  Sonoita/Cox3R, and Red Mountain 

were tested for correlation strength using Pearson r Correlation.  
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Table 9a. Summary of statistical data on sediment and soil samples from 

Lower Harshaw Creek, Upper Harshaw, Sonoita-Alum, Sonoita-Cox3R, and 

Red Mountain.  

Element Pearson 

Correlation 

Coefficient 

Mean 

(Sediment) 

Standard 

Deviation 

(Sediment) 

Mean 

(Soil) 

Standard 

Deviation 

(Soil) 

Al 0.8936473 
 

17393 5710 19768 6056 

As 0.6427128 42 20 39 24 

Cd 0.7605257 2 1 2 2 

Co 0.4748886 34 28 33 25 

Cr 0.15013 55 26 53 23 

Cu 0.831849 115 34 123 37 

Fe 0.1807104 62790 21699 52818 11307 

Mn 0.2036783 1861 544 2136 1026 

Ni 0.9049625 40 17 42 23 

Pb 0.7204507 225 129 252 243 

Zn 0.1436708 507 297 564 481 
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APPENDIX H: EVIDENCE OF CATTLE IN THE STUDY AREA 

The following pictures are photographs I took with a camera or cell 

phone to document the presence of cattle near sample locations.  

 

 
Figure 46. Brangus bull headed away from site 7 Sonoita Creek walking 

towards site 9 Cox 3R drainage. 
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Figure 47. Herford cows grazing on grasses above site 13 Harshaw Creek 

cottonwood stand. 

 
Figure 48. Herford calf with brand on left hip on road near site 13. 
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Figure 49. Charolais cow and calf near the confluence of Sonoita Creek and 

Lake Patagonia. 

 
Figure 60. Black dots are Angus cattle grazing on mountain slopes above 

Alum Gulch near World’s Fair Mine.  

Photo Credit: Mark Bultman 
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