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Abstract!

! Mine tailings pollute surrounding waterways with high levels of heavy metals 

leftover from mining and milling processes.  In arid climates like Arizona, these 

pollutants are transported to surrounding environments and downstream via aeolian 

transport (wind), and via precipitation from seasonal storms like Arizona’s monsoon 

season.  Elemental analyses for invertebrates were conducted twice per year at 8 sites 

throughout 3 locations in Patagonia, Arizona.  The sites were all downstream of a mine, 

and drained into Patagonia Lake.  Elemental analyses for fish were conducted at 

Patagonia Lake with the same frequency.  These were done for 12 heavy metals.  

Sufficient data was collected only for Dysticidae invertebrates at Alum Gulch, and as 

expected, our results showed higher levels of heavy metals at our sites post-monsoon 

season (with the exception of mercury and manganese).  This increase in heavy metal 

concentrations can be attributed to transport by precipitation from monsoonal storms.  

Increases in heavy metal concentrations were also found for all 12 elements in fish of 

Patagonia Lake. 



Statement of Purpose!

! For this honors thesis, I wanted to learn about the effects of mine pollution on 

aquatic environments.  Mine tailings are well studied in temperate climates, but in an 

arid climate like Arizona, such research is limited.  Pollution from mine tailings, even in 

Arizona’s dry climate, negatively affect surrounding aquatic environments by increasing 

trace metal concentrations in freshwater and its inhabitants.!

!
Statement of Relevance!

! Environmental effects from mines have been well-studied for decades, but most 

research conducted occurs in climates with moderate to high amounts of precipitation.  

Despite previously published beliefs, pollution from mines in arid climates still pose an 

environmental problem.  They enter waterways, contaminating freshwater and the 

organisms that live in it.  Freshwater is a precious resource, and its conservation is a 

priority.!

!
Methodology!

! Dr. Peter Reinthal, my thesis advisor, collected data on the invertebrates and fish 

found in streams in Alum Gulch, Harshaw Creek, and Humboldt, Arizona.  He sampled 8 

different sites found across these three locations biannually: once in the spring (pre-

monsoon), and once in the fall (post-monsoon).  The samples were assigned a lab 

code, and then subjected to elemental analysis for 59 different elements.  In addition to 

the elemental analysis, data for each sample included site number, latitude and 



longitude, order, family, genus, life stage, sample type (powdered insects or whole 

insects), and additional notes.!

! As Dr. Reinthal had previously collected this data, I took this large data set and 

completed the data analysis.  I chose to study 12 of the 59 elemental concentrations in 

the samples.  These were chosen based on their common association with mining 

activities.  These elements were silver (Ag), arsenic (As), cadmium (Cd), chromium (Cr), 

copper (Cu), iron (Fe), mercury (Hg), manganese (Mn), nickel (Ni), lead (Pb), selenium 

(Se), and zinc (Zn).  Each element in the analysis had a different detection limit 

(minimum concentration it could be accurately detected).  The detection limits were as 

follows: 1 ppb for silver, 5 ppb for arsenic, 0.1 ppb for cadmium, 10 ppb for chromium, 

20 ppb for copper, 0.5 ppm for iron, 5 ppb for mercury, 10 ppb for manganese, 0.1 ppm 

for nickel, 10 ppb for lead, 0.2 ppm for selenium, and 0.2 ppm for zinc.!

! The data was originally organized into 5 different excel files, with 2 containing all 

the sample codes, location/site data, and sample type information.  The remaining 3 

excel files contained the elemental analyses for all the samples.  I consolidated all of 

these into one excel file, with 2 sheets per location (Alum, Harshaw, Humboldt): one for 

pre-monsoon data, and the other for post-monsoon data.  The samples in each sheet 

were organized by family.  For each family, the average value and standard deviation 

was calculated for each of the 12 elements. Data at each location for pre and post-

monsoon analyses for each element was graphed as averages with standard error bars.!

!
Literature Review!

Background on Mine Tailings & their Impacts!



! Mining was active in the American West from the mid-1800’s all the way through 

the mid-1950’s (Greene 1975 cited in Sims et al. 2013).  Historically, the whole process 

includes both excavating the ore containing the desired precious metals, and removing 

these metals from the ore to become more concentrated (milling).  Milling was usually 

done near the mine, upon which the wastes were released as tailings into the 

surrounding environment.  These tailings have high concentrations of trace elements 

(metals) and other contaminants (Besser & Leib 2000; Berger et al. 2000; Blowes et al. 

1994 cited in Sims et al. 2013), which are toxic and potentially lethal to most living 

organisms, and have long residence times in the environment (Khalid et al. 1981; 

Frignana & Bellucci 2004; Hutchinson & Ellison 1992 cited in Sims et al. 2013; 

Antonovics et al. 1971).!

! Most research on the effects of mining pollution over the past 20 years have 

been concentrated on sites in semiarid to wet regions in the US, south pacific, and 

Europe (Sims et al. 2013).  These sites experience higher levels of precipitation than 

arid to hyperarid climates (such as Arizona).  Because of the lack of precipitation that 

could transport pollutants, it has previously been suggested that mine sites in arid 

regions aren’t of immediate environmental concern (Ross 2008 cited in Sims et al. 

2013).  Contrary to this, aeolian transport (wind) and seasonal storms (monsoons) 

(Reheis 2006 cited in Sims et al. 2013) in arid climates are still able to distribute 

contaminants throughout the surrounding environment kilometers away from the mine 

(Davis & White 1981; Camm et al. 2003; 2004; Petaloti et al. 2006 cited in Sims et al. 

2013).!



! Tailings, essentially residues of waste from the mining and milling process are 

the source of pollution from mines.  Mine tailings include both geogenic (naturally-

occurring) and anthropogenic (from humans) elements.  Geogenic metals are and 

metalloids are the trace elements in rock, ore, and other sediments (Sims et al. 2013).  

Anthropogenic metals, on the other hand, are contaminants added to slurries to 

facilitate precious metal removal (Sims et al. 2013).  Both geogenic and anthropogenic 

metals become concentrated in mine tailings after the removal of precious metals in the 

milling process, and are then released for disposal.  Most of the elements in this study 

are geogenic, with the exception of mercury, which is both geogenic and anthropogenic 

(Sims et al. 2013).  After cyanides are added to floating slurries to separate precious 

metals from water and ore, mercury is used to form an amalgam of the precious metals 

for removal (Sims et al. 2013).!

! There are two means of transport in arid climates that allow mine tailings to 

contaminate areas away from the mine (Sims et al. 2013).  One of these is aeolian 

transport (wind transport of contaminated dust particles).  Particulates between 2 μm 

and 2mm in size can be blown several kilometers from the source (Davis & White 1981 

cited in Sims et al. 2013).  In addition to contaminating the soils downwind from the 

source, particulate matter poses a health threat to humans and animals via inhalation 

and/or ingestion of heavy metals (Davis & White 1981; Camm et al. 2003 cited in Sims 

et al. 2013).  Studies show that smaller particles travel further significantly further than 

larger particles, and the portions of smaller particles contained 10 times more metals 

than the larger particles (Horowitz 2008; Callendar 1988; Lu et al. 2012 cited in Sims et 

al. 2013).  Previously conducted research has focused on aeolian distribution near 



industrial areas, rather than in arid and hyperarid regions because of their close 

proximity to populated areas (Sims et al. 2013).  Further studies of directional dispersion 

on aeolian-transported particulate matter could be used to assess contamination levels 

from mine tailings (Sims et al. 2013).!

! The other means of transport of mine tailings in arid and hyperarid climates is via 

seasonal storms.  These seasonal storms, such as Arizona’s summer monsoon season, 

create conditions in which mine tailings can move absorbed and dissolved heavy metals 

to nearby waterways, which then further transport them downstream (Sims et al. 2013).  

These excess metals from mine tailings have also been found to contaminate 

overbanks and low-lying areas next to waterways (Hudson-Edwards et al. 1997 cited in 

Sims et al. 2013).  Finally, seasonal storms move pollutants to downstream secondary 

locations where they are deposited.  The amount of contaminants decreases at each 

location as you move further away from the source of the tailings (Meijer et al. 2002; 

Coulthard & Macklin 2003 cited in Sims et al. 2013).  Hence, mine tailings in arid and 

hyperarid climates have great capacity to contaminate and damage aquatic ecosystems 

despite the lack of precipitation.!

! The contamination of sediments and waterways by geogenic and anthropogenic 

heavy metals from mine tailings has negative impacts on aquatic ecosystems, which 

ultimately affects organisms higher in the food chain due to bioaccumulation (Sims et al. 

2013).  Plants uptake the water and nutrients found in their sediments, and hence (at 

mining sites and contaminated areas) will have levels of these trace metals that 

correspond with those in their sediments (Sims et al. 2013).  It has been shown that in 

soils with lead and arsenic levels 100 times their normal concentration, leafy plants in 



those soils have concentrations that are 3 times as high as their normal concentrations 

(Reglero et al. 2008 cited in Sims et al. 2013).  In waterways, high levels of trace 

elements contaminate insect larvae, bivalve mollusks, and microorganisms (Wright & 

Zamuda 1987; Qiu et al. 2007 cited in Sims et al. 2013).  Ingestion of these plants, 

invertebrates, microorganisms, and contaminated water sources allow for 

bioaccumulation of these toxic trace metals up in animals higher up the food chain, 

including in humans.  Hence, pollution of waterways and sediments from mine tailings 

may lead to health problems in all levels of the food chain, and even lethality in extreme 

cases.!

! Such bioaccumulation from mine pollution has been recorded in Arizona at 

Tavasci Marsh: the largest freshwater marsh in the state that is not connected to the 

Colorado River.  This marsh was subject to mine tailings for 50 years, and was under 

consideration for restoration (Beisner et al. 2014).  Scientists studied the water, 

sediments, plants, dragonfly larvae, and fish in the marsh for the concentrations of nine 

trace metals, and found that bioaccumulation was occurring for a few of them (Beisner 

et al. 2014).  These elements included arsenic, cadmium, chromium, copper, mercury, 

nickel, lead, selenium, and zinc.  While the surface sediments still had the greatest 

concentrations for most of the elements, levels of arsenic were higher in cattail roots, 

mercury levels were comparable to the sediments, and mercury concentrations in fish 

were significantly greater than in the sediments, as were methyl mercury levels (Beisner 

et al. 2014).  The cattail roots overall had the greatest amount of trace elements after 

surface sediments (Beisner et al. 2014).  As for the water in the marsh itself, arsenic 



concentrations were 4.8-15μg/L higher than the safe amount as designated by the US 

Environmental Protection Agency Beisner et al. 2014).!

!
Ecological & Evolutionary Response to Metal Contaminants!

! In addition to damaging the nearby aquatic ecosystems, mine pollution also 

drives evolution for those communities, as demonstrated by Antonovics & Bradshaw 

1968.  Plant ecology around mines is greatly centered around the evolution of metal 

tolerance.  Antonovics & Bradshaw studied Anthoxanthum odoratum L. (sweet 

vernalgrass) along the boundary between a lead/zinc mine and pasture, to determine 

the relationships between morphology and metal tolerance in terms of natural selection.  

For their study, they took 10 plants from 8 different sites on a 100 m transect along the 

mine boundary and replanted them in an experimental garden.  They measured the zinc 

tolerance, flowering time (based on stigma emergence), self-fertility, height, average 

culm length, flag leaf length and width, and total tiller number (in addition to flowering 

and vegetative tiller numbers) (Antonovics & Bradshaw 1968).  Some of these 

characters showed a strong cline over the boundary, some showed a gradual cline, and 

some exhibited no clinal pattern at all (Antonovics & Bradshaw 1968).  These differing 

patterns were determined to be the result of differing amounts of selection on the 

characters with equal flow between mine and pasture populations (Antonovics & 

Bradshaw 1968).  This shows that the selection different characters is independent of 

that for metal tolerance, and the intensities of selection vary for each character 

(Antonovics & Bradshaw 1968).!



! Antonovics & Bradshaw also studied the morphological characters with respect 

to correlation with one another.  The strong selection for tolerance they subjected the 

mine plants to in the experimental garden simulates the strong selection they undergo in 

the wild, and it is expected that resulting changes in morphology incite other changes in 

morphology (Mather and Harrison, 1949; Cooper 1960 cited in Antonovics & Bradshaw 

1968).  Contrary to this hypothesis, correlations between changes in characters were 

found only within the same site, not across multiple sites on the boundary.  This 

indicates that there was no longer any linkage (both physiological and genetic) between 

these characters (Antonovics & Bradshaw 1968).  Finally, Antonovics & Bradshaw 

considered variability between and within populations to determine if variance is 

increasing as a result of selection acting on the characters, or if variance is increasing 

as a result of colonization of a new habitat.  No differences in variability were found 

between the populations (Antonovics & Bradshaw 1968).!

! Overall, the results of Antonovics and Bradshaw’s study demonstrate that 

selection resulting from the increased metal concentrations in the mine population was 

both complex and very strong (Antonovics & Bradshaw 1968).  This strong disruptive 

selection created differences in character variability (clinal patterns) within and between 

populations, and acted on each character independently with varying intensity.  The 

plants that survive in the mine boundary, subject to such strong disruptive selection, 

must be very specially adapted in order to survive (Antonovics & Bradshaw 1968).!

! Metal tolerance in plants as a whole involves either external mechanisms that 

block the uptake of trace metal pollutants, or mechanisms that prevent such pollutants 

from reaching within the plant that make it susceptible to metal toxicity (Antonovics et al. 



1971).  External mechanisms are not necessarily conducted by the plant itself, but 

rather include certain conditions that prevent uptake, including insolubility, rapid dilution 

of ions in water, lack of freely diffusing ions or inability to be taken in by the plant 

(Antonovics et al. 1971).  Of all the plants reviewed in Antonovics et al. 1971, none 

possessed inherent tolerance to metals (Antonovics et al. 1971).  Rather, all of the 

mechanisms studied allow the plant to deal with abundant metal ions.  There were 

notable examples of chelation, bonding to metal ions, in the cell walls of some plants, 

which is then deters the excess metal ions from the active sites of metabolism 

(Antonovics et al. 1971), such as in Agrostis for zinc and copper.  Further, yeasts 

exhibited entirely altered metabolisms to combat excess copper ions in their cells.  In 

some biological systems, production of certain enzymes that bind with excess metals 

have been shown, but this means of tolerance has not evolved in plants, possibly 

because certain trace metals like lead and mercury aren’t at all found in metabolism 

(Antonovics et al. 1971).  High specialization of mechanisms is required for metal 

tolerance in plants and other organisms, which may explain the lack of inherent metal 

tolerance in plants as a whole, nevertheless the cell wall plays an important role in plant 

coping mechanisms for excess metal ions (Antonovics et al. 1971).!

!
Of this Thesis!

! The town of Patagonia is home to many mines, tributaries, streams, and 

Patagonia Lake.  Alum Gulch, Harshaw Creek, and Humboldt are all sites waterways 

downstream from mines that drain into Patagonia Lake (Fig. 1).  We collected 

invertebrates from 6 sites within Alum Gulch, and 1 site each from Harshaw Creek and 



Humboldt for our elemental analyses.  This was done twice a year, once in the spring 

before monsoon season, and once in the fall after monsoon season.!

!
Results!

! Most of the data collected was of the invertebrate family Dytiscidae (diving 

beetles) in Alum Gulch, hence only this data was transformed into graphs (Figures 2A-

M).  All other locations had incomplete pre and post-monsoon data sets for invertebrate 

families (pre-monsoon data was available, but post-monsoon was missing or vice 

versa).  In many cases, there was only one sample (cells labeled #DIV/0! in Figures 4A-

F) to be analyzed, and a standard deviation couldn’t be calculated.  With the exceptions 

of mercury and manganese, all post-monsoon trace metal levels for Dytiscidae in Alum 

Gulch were larger than pre-monsoon concentrations.  All trace metal levels in the fish 

studied from Patagonia Lake were higher after monsoon season.!

!
Conclusions!

! As mentioned in the literature review, we could expect trace metal concentrations 

to be higher after monsoon season at our study sites.  This is because the one of the 

main modes of transport for mine tailings in arid climates, such as Arizona, is seasonal 

storms.  This was reflected in our results of average elemental concentrations of both 

Dytiscidae in Alum Gulch and fish in Patagonia Lake, which is most strongly 

demonstrated in copper and selenium analyses for Dytiscidae.  The smallest difference 

between pre-monsoon and post-monsoon average elemental levels was for arsenic and 

iron.  Harsh selection occurs at sites affected by mine tailings because aquatic 



communities are not often inherently tolerant to excess levels of heavy metals.  This 

strong disruptive selection results in morphological changes in plant species, and acts 

with different intensities on different morphological characters.  Ultimately, to survive in 

an environment polluted with mine tailings, an organism must be highly specialized.  

Because of high selection pressures with toxicity from heavy metals, aquatic 

communities are negatively affected by mine tailings polluting waterways.  For 

organisms that survive in environments with high heavy metal concentrations, 

bioaccumulation leads to harmful health effects for organisms higher up in the food 

chain.  Future studies may look at comparisons of the source mine tailing heavy metal 

concentrations, combined with tracing them through each study site, and finally to 

Patagonia Lake. 



Figures!

!
Figure 1. Topographical Map of Patagonia Lake and Study Sites!

!
!

Figure 2A. Silver Levels in Dytiscidae in Alum Gulch!
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Figure 2B. Arsenic Levels in Dytiscidae in Alum Gulch!
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!
Figure 2C. Cadmium Levels in Dytiscidae in Alum Gulch!
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Figure 2D. Chromium Levels in Dytiscidae in Alum Gulch!
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Figure 2E. Copper Levels in Dytiscidae in Alum Gulch!
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Figure 2F. Iron Levels in Dytiscidae in Alum Gulch!
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!
Figure 2G. Mercury Levels in Dytiscidae in Alum Gulch!
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Figure 2H. Manganese Levels in Dytiscidae in Alum Gulch!
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!
Figure 2J. Nickel Levels in Dytiscidae in Alum Gulch!
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Figure 2K. Lead Levels in Dytiscidae in Alum Gulch!
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Figure 2L. Selenium Levels in Dytiscidae in Alum Gulch!
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Figure 2M. Zinc Levels in Dytiscidae in Alum Gulch  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Figure 3 Pre and Post-Monsoon Elemental Analyses for Fish in Patagonia Lake (Averages and Standard Deviations)!

!
!

Figure 4A. Alum Gulch Pre-Monsoon Elemental Analyses for Invertebrate Families!

!
!

Figure 4B. Alum Gulch Post-Monsoon Elemental Analyses for Invertebrate Families 



Figure 4C. Humboldt Pre-Monsoon Elemental Analyses for Invertebrate Families!

!
Figure 4D. Humboldt Post-Monsoon Elemental Analyses for Invertebrate Families!

!
Figure 4E. Harshaw Creek Pre-Monsoon Elemental Analyses for Invertebrate Families!

!
Figure 4F. Harshaw Creek Post-Monsoon Elemental Analyses for Invertebrate Families
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