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ABSTRACT 

 Historic mine tailings pose a significant health risk to surrounding ecosystems and 

communities because of high residual concentrations of contaminant metals.  The initial 

tailings mineral assemblage, metal sulfides, silicates, and carbonates are unstable at earth 

surface conditions and undergo oxidative and proton-promoted weathering.  The 

weathering of metal sulfides generally produces acid that, if not balanced by proton-

consuming dissolution of silicates and carbonates, leads to progressive acidification. The 

Klondyke State Superfund Site in Graham County, Arizona contains high concentrations 

of Pb (up to 13 g kg-1) and Zn (up to 6 g kg-1), and remains unvegetated 50 years after 

mining cessation.  Field-scale investigation revealed a wide range of pH (2.5-8.0) and 

plant-available (DTPA-extractable) metals in the near surface of the tailings pile.  Four 

samples were chosen for in-depth characterization ranging in pH, as denoted by subscript, 

from 2.6 to 5.4.  The mineral transformations occurring in these four samples were 

investigated using a variety of techniques and the data indicated an increase in tailings 

weathering extent with increasing acidification (decreasing pH).  Lead speciation, studied 

by a combination of chemical sequential extraction and X-ray absorption fine structure 

(XAFS) spectroscopy, was found to vary with tailings depth.  The principle lead-bearing 

mineral was plumbojarosite (PbFe6(SO4)4(OH)12), with smaller amounts of anglesite 

(PbSO4) and lead-sorbed iron-oxide.  Anglesite, the most bioavailable mineral form of Pb 

in the tailings, was found to accumulate at the tailings surface, which has important 

implications for health risks.  Total Zn content decreased by an order of magnitude (from 

6 to 0.4 g kg-1) and showed a change in molecular speciation with decreasing pH.  Zinc-
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rich phyllosilicates and Zn-containing manganese oxides predominate at high pH, 

whereas low pH samples contained principally Zn-sorbed iron oxides.   

One of the overarching goals of the project is to remediate the Klondyke site 

using phytostabilization to keep contaminant metals from eroding offsite either by wind 

or water transport mechanisms.  However, the impacts of plant growth on metal bonding 

environment are unknown.  To address that gap in knowledge, we have developed a 

technique for the study of root-microbe-mineral-metal interactions that occur in the 

rhizosphere, the volume of soil surrounding, and affected by, plant roots.  This technique 

involves the conjunctive use of fluorescence in-situ hybridization, X-ray fluorescence 

elemental mapping, XAFS and Raman micro-spectroscopies, and electron microscopy on 

single roots.  Manganese and iron root plaques collocalized with elevated Pb, Zn, and Cr 

demonstrate that the rhizosphere can affect metal speciation.  Metal speciation is an 

important factor in determining metal bioavailability, and thus is critical for 

understanding the health risk associated with mine tailings.  The results of this research 

provides site-specific information about Pb and Zn speciation, which will be used to 

evaluate the effectiveness of site remediation within the context of metal toxicity. 
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CHAPTER 1 

INTRODUCTION 

 

1. EXPLANATION  OF DISSERTATION FORMAT  

This dissertation is comprised of three chapters and four appendices.  Chapter one 

provides an introduction to the research problem and a current literature review.  Chapter 

two provides a summary and describes the specific research aims addressed in 

Appendices A through D.  Chapter three discusses the research described in the 

appendices within the context of the broader research field. 

Appendices A through D are all related to studies of the biogeochemistry of mine 

tailings from the Klondyke site, an Arizona State Superfund Site, located in Graham 

County, Arizona, location indicated in Figure 1.  Appendix A is a manuscript published 

in Applied Geochemistry.  Appendices B and C are in late stage preparation for 

submission to Environmental Chemistry and Environmental Science and Technology, 

respectively.   Appendix D is in preparation for submission to Soil Biology and 

Biochemistry. 

Several people, including Dr. Jon Chorover, my advisor, have contributed significant 

insight and guidance to work presented in this dissertation and in the co-authored 

manuscripts.  However, the research is my own original work, with the following 

exceptions.  Appendix A, Scott White (a field specialist at University of Arizona, 

Department of Soil, Water and Environmental Science) performed the initial sampling at 



 
 

 
 

the Klondyke site, and Mary Kay Amistadi (the Chorover Laboratory manager) analyzed 

these samples for DTPA extractable metals.  Various people have pe

sampling for the tailings I have analyzed for these experiments, including Scott White 

and University of Arizona graduate students Monica Mendez, Chris Grandlic, Sadie 

Iverson and Francis Michael Steward.  Sadie Iverson was also responsible for 

samples for fluorescence 

 

 

Figure 1: The Klondyke site

the Klondyke site, and Mary Kay Amistadi (the Chorover Laboratory manager) analyzed 

these samples for DTPA extractable metals.  Various people have performed field 

I have analyzed for these experiments, including Scott White 

and University of Arizona graduate students Monica Mendez, Chris Grandlic, Sadie 

Iverson and Francis Michael Steward.  Sadie Iverson was also responsible for 

fluorescence in-situ hybridization analysis of root tips shown in Appendix D.

 

: The Klondyke site.
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the Klondyke site, and Mary Kay Amistadi (the Chorover Laboratory manager) analyzed 

formed field 

I have analyzed for these experiments, including Scott White 

and University of Arizona graduate students Monica Mendez, Chris Grandlic, Sadie 

Iverson and Francis Michael Steward.  Sadie Iverson was also responsible for fixing root 

situ hybridization analysis of root tips shown in Appendix D. 



 
 

21 

 
 

2. EXPLANATION  OF PROBLEM  

The human health impacts of mine tailings have come under increasing scrutiny 

in recent decades. Most research and remediation efforts have focused on humid, 

temperate climates where high precipitation results in formation of acid mine drainage, 

which often contains elevated concentrations of metal contaminants (Fields, 2003).  More 

recently, studies of mine tailings in arid climates are beginning to reveal the additional 

importance of direct human exposure to metal-containing tailings particles that can be 

dispersed by wind.  Historic mine tailings, represent a particularly large health hazard 

because they contain higher concentrations of residual metals relative to modern mine 

wastes.  However, most of the abandoned tailings no longer have financially viable 

responsible parties, and environmental responsibility has defaulted to state and federal 

governmental entities.  Understanding the environmental impact of mine tailings starts 

with understanding the biogeochemical weathering that occurs in tailings over time and 

space. 

The weathering of mine tailings in an arid environment differs from that in more 

temperate regions because of reduced precipitation and water throughput.  Arid systems 

are characterized by low (< 50 cm) precipitation and high evapotranspiration rates, which  

can promote the persistence of soluble sulfate phases (such as surficial efflorescent salts) 

formed in part by the upward migration of metal-rich pore waters via capillary action 

(Dold and Fontbote, 2001; Hayes et al., 2009; Meza-Figueroa et al., 2009).  Several 

studies have focused on sulfide mineral weathering in arid environments (Wray, 1998; 

Dold and Fontbote, 2001; Navarro et al., 2004; Meza-Figueroa et al., 2009).    
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2.1 Geochemical weathering of metal sulfide mine tailings 

The mining process involves bringing metal-rich ore, typically metal sulfides, to 

the surface for processing and metal extraction.  The ore is first ground to a fine particle 

size, and then separated by flotation into a metal-rich concentrate, and a byproduct that is 

of insufficient grade to warrant further processing.  The byproduct, deposited on the 

landscape as a slurry waste, is referred to as mine tailings. 

Historic mine tailings contain significant residual sulfides and gangue minerals, 

the latter being economically unimportant minerals, such as silicates and carbonates, that 

were removed from the subsurface with the ore, (Jambor, 1994; Blowes et al., 2005).  

Minerals formed at high pressure and temperature in the earth’s mantle are 

thermodynamically unstable in the oxidizing surface environment and increased surface 

area, from grinding during the mining process, speeds their dissolution kinetics.  

Biogeochemical weathering of sulfide minerals, such as pyrite (FeS2), produces protons 

FeS2 (s) + 8H2O (l)  � Fe2+
(aq) + 2SO4

2-
(aq) + 16 H+

(aq) 

that are partly consumed by the dissolution of gangue silicate minerals, such as orthoclase 

(KAlSi 3O8):  

KAlSi 3O8 (s) + 2H2O (l) + 4H+ � K+
(aq) + Al3+

(aq) + 3Si(OH)4 (aq) 

But the rate of proton consumption in silicate dissolution is generally insufficient to 

balance the acidification resulting from sulfide oxidation.  When present in high 

concentrations, carbonate minerals, such as calcite (CaCO3), can also buffer the pH 

changes resulting from sulfide dissolution and maintain a neutral pH in the tailings. 

CaCO3(s) + 2H2O(l)  �H2CO3 (aq) + Ca2+
(aq)  + 2OH-

(aq) 
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The dissolution of primary minerals leads to the supersaturation of pore waters 

with respect to secondary minerals stable at environmental conditions.  These secondary 

minerals form from the incongruent weathering of primary minerals to form sulfates, 

silicates, carbonates, oxides, and phosphates (Hudson-Edwards et al., 1996).  The 

formation of these secondary minerals can also release protons to solution, further 

decreasing the pore water pH.  Jarosite (KFe(III)3(SO4)2(OH)6), for example, is a 

common secondary mineral product formed in sulfide mine tailings (Jambor, 1994; 

Blowes et al., 2005). 

K+
(aq) + 3Fe3+

(aq) + 2SO4
2-

(aq) + 6H2O(l) � KFe(III)3(SO4)2(OH)6 (s) + 6H+
(aq) 

Further weathering, promoted by solution phase undersaturation with respect to these 

metastable solids, results in the dissolution of some secondary minerals, shown as jarosite 

and hetaerolite (ZnMn2O4) and the formation of iron and manganese oxides, such as 

goethite (FeOOH) and birnessite (δ-MnO2), respectively.   

KFe(III)3(SO4)2(OH)6 (s)   � 3FeOOH (s) + K+
(aq) + 2SO4

2-
(aq) + 3H+

(aq) 

ZnMn2O4(s)   � 2δ-MnO2 (s) + Zn2+
(aq) 

McKenzie (1980) studied the relative sorption of metal cations to hematite, goethite, and 

birnessite as a function of pH at a constant loading of 20 µmol g-1 for iron oxides, and 

2mmol g-1 for birnessite.  In all cases, the adsorption edge of Pb is at a lower pH than Zn 

(e.g. for goethite 4.7 and 5.5, respectively), indicating Pb is less mobile than Zn in the 

environment. 
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Many mine tailings contain significant amounts of residual metals, which are 

affected by the weathering of the parent mineral assemblage.  The toxicity, sequestration 

or release, and mobility of the contaminant metals are all determined by the bulk 

weathering reactions and rates. 

 

2.2 Investigation of geochemical weathering on trace metal release and toxicity 

Base minerals, such as Pb and Zn, are commonly associated with mine tailings as 

sulfide minerals, galena (PbS) and sphalerite (ZnS), which are readily weathered at 

surface conditions.  These minerals are the primary contaminant metals of concern at the 

Klondyke field site, and this literature review will focus on the research relevant to these 

metals.  

One common method of studying trace metal mobility in mine tailings and other 

geomedia is though the targeted dissolution of specific phases using chemical extractions.  

Chemical sequential extractions have been criticized because they are operationally 

defined and plagued by reports of incomplete dissolution of the target phase, dissolution 

of a nontarget species, re-adsorption or precipitation of analyte ( Hall et al., 1996; 

McCarty et al., 1998; Calmano et al., 2001; Scheinost et al., 2002; Hayes et al., 2009;).  

While still commonly used to characterize complex samples, additional complementary 

techniques, such as X-ray diffraction (e.g. Dold, 2003) and X-ray absorption fine 

structure (XAFS) spectroscopy (e.g. Scheinost et al., 2002) have been used to confirm the 

dissolution of target phases. 
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XAFS is an element specific technique that probes the local bonding environment 

(< 5 Å) of the absorbing atom with a typical detection level of ca. 100 ppm for the 

element of interest.  XAFS data are collected by scanning the energy of a high intensity 

monochromatic X-ray source across an element-specific absorption edge, corresponding 

to the energy at which an inner-shell electron is emitted from the atom, and monitoring 

the absorption coefficient (Teo, 1986).  The absorption spectrum can be divided into the 

near-edge, X-ray absorption near edge spectra (XANES) and post edge regions, extended 

X-ray absorption fine structure (EXAFS).  The XANES region, up to 120 eV above the 

absorption edge, arises from a complex combination of multiple scattering, many body 

effects, and band structures.  At this time, fundamental XANES theory is not advanced 

enough to calculate most spectra from first principles.  Thus the XANES region is useful 

in comparison to reference spectra, particularly in indicating oxidation state.  The EXAFS 

region, 120 eV above the absorption edge and beyond, exhibits variation in the 

absorption coefficient that result from interactions with the ejected photoelectron and 

near neighbor atoms.  This interference pattern results in oscillations in the absorption 

coefficient which can be Fourier transformed to determine pseudo-radial distribution 

function, from which coordination numbers, neighboring atom identities, disorder 

parameters, and bond distances can be determined (Sayers et al., 1971).  Element 

specificity and low detection limits make this a particularly powerful method for 

determining metal speciation in complex matrices.  In a number of studies, XAFS has 

been successfully combined with sequential extractions in order to confirm dissolution of 

metal-containing target phases.   
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2.3 Lead in mine tailings 

Lead is often first introduced to tailings piles as galena (PbS) during sulfide waste 

deposition. Geochemical weathering under oxic conditions can then result in the 

formation of various secondary products including cerrusite (PbCO3), anglesite (PbSO4), 

and plumbojarosite (PbFe6(SO4)4(OH)12) (Davis et al., 1993).  In subhumid climates, Pb 

has been shown to be co-associated with the iron (III) sulfate, jarosite, and iron oxides 

(Ostergren et al., 1999; Ramos Arroyo and Siebe, 2007; Romero et al., 2007).  Detailed 

mineralogical investigation of Pb in desert mine tailings has received less attention (Dold 

and Fontbote, 2001; Hudson-Edwards et al., 1999).  

The bioavailability of Pb has been extensively studied because of toxic effects on 

the neural, renal, and hepatic systems.  The CDC regulatory limit for blood Pb is 10 µg 

dL-1 (CDC, 2005), but statistically lower IQ has been reported in children with blood Pb 

levels of 10 µg dL-1 compared to children with blood levels of 1 µg dL-1 (Canfield et al., 

2003).  Pb levels of several mining-impacted communities have been studied, but 

correlations between total dust Pb and blood Pb concentrations are weak (Davis et al., 

1992; Gulson et al., 1994; Malcoe et al., 2002), supporting the concept that Pb speciation 

controls bioavailability.  A swine model, used to predict child uptake and relative 

bioavailability of Pb in 19 mining impacted soils, slag, and tailings concluded that 

plumbojarosite and anglesite have low and medium bioavailability, respectively (Casteel 

et al., 2006).  Rabbit studies indicated that 10% of Pb in anglesite-dominated mine 

tailings was solubilized in the stomach and available for absorption in the intestine (Davis 
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et al., 1994).  Investigation of wild birds exposed to mine tailings found statistically 

elevated levels of Pb in tissue and Zn accumulation in organs relative to control birds 

(Beyer et al., 2005). 

Several studies have also explored the use of in vitro simulations of stomach 

conditions to predict Pb bioavailability (Davis et al., 1992; Ruby et al., 1996).  Ruby et. 

al. (1992) found a maximum of 4% of Pb from ingested mine tailings was solubilized 

during gastrointestinal residence time, pointing to kinetic limitations on toxicity (Ruby et 

al., 1992).  Blood Pb levels in children from mining communities are significantly lower 

than those presented for smelter-impacted and urban communities (Davis et al., 1994).  

Schraider et al. (2007) showed the bioavailable fraction of Pb was related to water and 

ammonium oxalate extractable fractions of mine tailings (Schaider et al., 2007).  

However, direct evidence linking the bioavailable fraction with various operational 

extractions and specific mineral phases is lacking, particularly for arid tailings.  

Nonetheless, it is clear that Pb speciation plays an important role in bioavailability.   

Lead speciation is readily examined using XAFS but, despite the importance of 

speciation to health risks, few studies have focused on Pb speciation in mine tailings 

(Ostergren et al., 1999; O'Day et al., 1998; Brown et al., 1999; Morin et al., 1999).  Most 

of the tailings studied were carbonate rich, and the Pb was principally found in carbonate 

phases, in addition to sorbed forms (Ostergren et al., 1999; O'Day et al., 1998).  One 

paper highlights the particular importance of sorbed species in mine and smelter impacted 

soils (Morin et al., 1999).  Ostergren et al. (1999) studied tailings piles with low pH (2.7) 

from sub-humid Leadville, CO.  Tailings mineralogy was dominated by sulfides and best 
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described using plumbojarosite (~ 50 %, PbFe6(SO4)4(OH)12), plumboferrite (Pb2Fe11O19-

δ), and vanadinite (Pb5(VO4)3Cl).  Although the authors were able to fit a manufactured 

sample spectrum with reference spectra using linear combination fitting, no other grain-

scale confirmation of their linear fits was employed.  The following research represents 

the first direct measurements of Pb speciation in arid mine tailings using several 

complementary techniques. 

 

2.4 Zinc in mine tailings 

Zinc poses a significant concern with respect to phytostabilization because it is 

phytotoxic at high soil concentrations (Brady and Weil, 2004).  Zn speciation has 

previously been investigated in several systems, including dredged sediments prior to and 

during phytostabilization (Isaure et al., 2002; Panfili et al., 2005), soils contaminated by 

galvanized power line tower runoff (Jacquat et al., 2008; Jacquat et al., 2009), smelting 

impacted soils (Scheinost et al., 2002; Manceau et al., 2000; Roberts et al., 2002), and 

mine tailings (O'Day et al., 1998; Schuwirth et al., 2007).    O’Day et al. (1998) studied 

Zn speciation in carbonate-rich mine tailings and found that Zn occurs as small (< 1 µm) 

sphalerite particles that weather to Zn hydroxide or Zn-sorbed iron oxide, depending on 

the amount of Fe in the system (O'Day et al., 1998).  Schuwirth et al. (2007) examined 

Zn speciation as a function of collection depth using a combination of sequential 

extraction and XAFS in temperate sulfide mine tailings found in the northern Rhineland 

of Germany.  Zn-rich clays were evident in both the oxidized surface (pH = 5.5) and 

reduced subsurface (pH = 7.2) tailings, along with adsorbed species, Zn coprecipitated 
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with goethite, and sphalerite in the subsurface samples.   Zn-rich phyllosilicates have 

been reported in several previous studies (eg. Panfili et al., 2005; Manceau et al., 2000).  

Zinc substitution in the phyllosilicate occurs in the octahedral sheets of 2:1 layer type 

clays, such as talc, and the degree of substitution depends on Zn concentration in the 

solution phase.  It has been shown to form from oversaturated pore waters in the 

laboratory, and has a distinctive EXAFS peak at 5.2 Å-1 that results from  silicon and 

aluminum backscatterers in the surrounding tetrahedral sheets (Schlegel et al., 2001).  

Iron oxide minerals have also been shown to sequester Zn in natural systems (O'Day et 

al., 1998; Panfili et al., 2005; Schuwirth et al., 2007).  Laboratory studies of Zn sorption 

to ferrihydrite, for example, indicated that Zn can sorbs to the solid via formation of an 

inner-sphere tetrahedral surface complex (Waychunas et al., 2002).  

 

2.6 Transportation of trace metals and remediation 

Mine tailings remain unvegetated for decades after deposition because of low pH, 

high soluble salts and toxic metals, and poor soil structure, leaving them extremely 

vulnerable to erosion (Ye et al., 2002; Mendez and Maier, 2008).   Wind erosion is often 

the dominant mechanism of metal dispersion in arid environments (Schaider et al., 2007; 

Larney et al., 1999; Breshears et al., 2003), and it is capable of transporting small, metal-

rich particles from the surfaces of tailings piles over local to regional and even global 

distances (Derry and Chadwick, 2007).  Several studies have focused on the water 

transport of mine tailings and the subsequent metal contamination of stream sediments 

(Wray, 1998; Ostergren et al., 1999; O'Day et al., 1998), and eolian distribution of trace 
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metals from point sources (Benin et al., 1999) in arid systems.  Because the dispersion of 

metal contamination from mine tailings represents a health risk to surrounding 

ecosystems and communities, the development of a cost effective remediation strategy is 

necessary. 

Phytostabilization is a cost effective and low input method of reducing erosion 

that has recently gained popularity (Mendez and Maier, 2008; Pilon-Smits, 2005; 

Watanabe, 1997).  Panfili et al. (2005) reported successful phytostabilization of metal-

contaminated dredged sediments in France (Panfili et al., 2005).  However, reestablishing 

plant growth in arid mine tailings is especially challenging because of the harsh 

environment and persistence of soluble salts (Mendez and Maier, 2008).  

Previous research by our collaborators at the Klondyke site has focused on 

minimizing the necessary inputs in order to establish plant growth in mine tailings.  

Several studies have demonstrated that revegetation of the tailings using native plant 

species is possible with compost amendment (Mendez et al., 2007; Steward, 2007).  

Mendez et al. (2007) determined a 15% by mass addition of compost was necessary to 

achieve plant growth similar to the growth in offsite controls.  Establishing plant growth 

greatly increased the heterotrophic microbial community (106) to “normal” levels and 

decreased the Fe and S oxidizing microbial community to undetectable levels.  This work 

was continued by examining the microbial communities of the tailings for plant growth 

promoting bacteria that could be used to reduce the necessary compost amendment 

(Grandlic et al., 2008; Grandlic et al., 2009).  Several microbial isolates were found to 

significantly increase plant germination and growth, reducing the compost requirement to 
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10%.  Fluorescence in situ hybridization (FISH) has been used to examine the microbial 

colonization of root tips as a function of compost amendment.  Increased compost 

amendment was determined to increase the root colonization by heterotrophic bacteria 

(Iverson, 2007).  FISH has also been combined with synchrotron-based spectroscopy to 

study root-microbe-mineral-metal interactions. 

 

2.7 Conclusion 

 Mine tailings represent a risk to human health because wind and water erosion 

transports metal-rich particles offsite for inhalation or ingestion.  In arid systems, wind 

erosion can be the dominant dispersive mechanism, but it has received relatively little 

attention.  Arid mine tailings weather somewhat differently than tailings in more 

temperate climates as a result of low precipitation and the persistence of soluble sulfate 

salts.  Total contaminant metal content has a low correlation to the amount of metal 

absorbed into the body, indicating that speciation determines bioavailability, and is an 

important factor in assessing health risk from tailings.  However, direct determinations of 

metal speciation are lacking for mine tailings, particularly in arid systems.  The research 

presented in this dissertation includes an extensive characterization of tailings weathering 

at the Klondyke site and the first spectroscopic studies of Pb and Zn speciation in arid 

mine tailings.  Additionally, we have developed a technique to probe root-microbe-

mineral-metal interactions in the rhizosphere, which indicates the effects of plant growth 

on metal speciation in the tailings, and will ultimately determine the extent to which 

phytostabilization keeps metals in situ and out of the food chain. 
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CHAPTER 2 

PRESENT STUDY 

 

Appendices attached to this dissertation contain the detailed presentation of 

methodology, results, and conclusions of research summarized in this section. 

 

1. SUMMARY 

The overarching aim of this research was to understand the effects of mineral 

weathering, including the role of plant introduction during phytostabilization, on the 

mobility and speciation of contaminant metals, specifically Pb and Zn, in the Klondyke 

mine tailings.  The tailings were characterized using several complementary techniques 

that provide information from the field to atomic scale.  Characterization of the field site 

was performed using chemical extractions, revealing a wide range of pH and plant-

available metals.  Four representative tailings samples (pH 2.6-5.4, denoted by TpH 

throughout) were selected for in-depth study.  Bulk mineralogy and extractable metals 

were analyzed using X-ray diffraction (XRD) and chemical methods.  Grain scale 

elemental distribution and mineral identification were performed using micro-focused X-

ray fluorescence (XRF) mapping and Raman spectromicroscopy.  Bulk and micro-

focused (2.5 µm beam) solid phase metal speciation was measured using X-ray 

absorption spectroscopy (XAS).  These techniques were used in combination to achieve 

the specific objectives outlined in the following sections. 
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Table 1: Mineral phases identified in the Klondyke tailings.  Primary phases are in bold 

and secondary phases are in italics. 

Phases Formula Detection methoda 
andradite Ca3Fe(III)2(SiO4)3 B-XRD, Raman 

axinite Ca2(Fe(II),Mn(II))Al 2BSi4O15(OH) B-XRD, Raman 
hedenbergite CaFe(II)Si2O6 B-XRD, Raman 
hemimorphite Zn4Si2O7(OH)2·(H2O) µ-XAS 
johannsenite CaMn(II)Si2O6 B-XRD, Raman, µ-XAS 
orthoclase K(AlSi 3)O8 B-XRD, Raman 

quartz SiO2 B-XRD, Raman 
sphalerite ZnS µ-XAS 

   
anglesite PbSO4 XAS 
birnessite δ-MnO2 Raman, µ-XAS 

chalcophanite (Zn,Fe(II),Mn(II))Mn(IV)3O7·3H2O Raman 
goethite FeO(OH) Raman 
gypsum CaSO4·2H2O B-XRD, Raman 
hematite Fe(III)2O3 C-XRD, Raman 

hetaerolite ZnMn2O4 XAS, µ-XAS 
jarosite KFe(III)3(SO4)2(OH)6 B-XRD, Raman 
kaolinite Al 2Si2O5(OH)4 O-XRD 

lead sorbed iron 
oxides 

 XAS, XRF, EMPA 

lead sorbed 
manganese oxides 

 µ-XAS, XRF, EMPA 

manjiroite (K,Na)(Mn(II),Mn(IV))8O16·nH2O Raman 
plumbojarosite Pb(Fe(III)3(SO4)2(OH)6)2 Raman, XAS, µ-XAS, 

EMPA 
zinc sorbed iron 

oxides 
 XAS, XRF, EMPA 

zinc sorbed 
manganese oxides 

 XRF 

zinc-talc (Zn0.8Mg0.2)3Si4O10(OH)2 B-XRD, O-XRD, XAS, µ-
XAS 

a Detection methods: bulk X-ray diffraction (B-XRD), oriented clay XRD (O-XRD), clay 
size fraction XRD (C-XRD), X-ray absorption spectroscopy (XAS), micro-focused XAS 
(µ-XAS), micro-focused Raman spectroscopy (Raman), X-ray fluorescence (XRF), and 
electron microprobe analysis (EMPA). 
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1.1 Objective 1:  Weathering processes in the Klondyke tailings 

The objective of the paper presented in Appendix A was to assess the overall 

weathering processes and trajectory of the Klondyke tailings prior to remediation.  Field 

scale sampling revealed a wide range of tailings pH (2.5-8.0) and DTPA-extractable, 

plant-available metals.  Four representative samples were chosen ranging in pH from 5.4 

to 2.6 for in-depth study using a combination of sequential chemical extraction, XRD, 

XRF mapping, and Raman spectromicroscopy.   

Minerals in the tailings were identified using a combination of XRD collected from 

the solid residuals of the sequential extraction and Raman spectromicroscopy.  Several 

primary minerals, listed in Table 1, were identified in the tailings: quartz (SiO2), K-rich 

feldspar (orthoclase, K(AlSi3)O8),  pyroxenes (hedenbergite, CaFe(II)Si2O6 and 

johannsenite, CaMn(II)Si2O6), garnet (andradite, Ca3Fe(III)2(SiO4)3), and a borosilicate 

(axinite, Ca2(Fe(II),Mn(II))Al 2BSi4O15(OH)). Although primary sulfides were not 

detected in the mineral assemblage using bulk techniques, galena (PbS), sphalerite (ZnS), 

pyrite (FeS2), and chalcopyrite (CuFeS2) were reported in the original orebody (Simons, 

1964).  Weathering reactions involving the oxidation and hydrolysis of sulfides, such as 

pyrite, produce protons and result in the progressive acidification of the mine tailings.  

The simultaneous dissolution of carbonates and silicates buffer this proton production, 

but dissolution kinetics are often too slow to prevent tailings acidification, particularly in 

arid systems where water through-flux is limited (Jambor, 1994; Blowes et al., 2005). 



 
 

35 

 
 

Weathering of primary minerals results in supersaturated pore waters favoring 

incongruency and the formation of secondary minerals.  Secondary minerals identified in 

the tailings, listed in Table 1, include: manganese oxides (chalcophanite, 

Zn,Fe(II),Mn(II))Mn(IV)3O7·3H2O and manjiroite, (K,Na)(Mn(II),Mn(IV))8O16·nH2O, 

iron (oxyhydr)oxides (goethite, Fe(III)O(OH) and hematite, Fe(III)2O3), sulfate salts 

(gypsum, CaSO4·2H2O, hydroxyl sulfates including jarosite (KFe(III)3(SO4)2(OH)6) and 

plumbojarosite (Pb(Fe(III)3(SO4)2(OH)6)2), and phyllosilicate clays (kaolinite, 

Al 2Si2O5(OH)4 and Zn-rich talc, (Zn0.8Mg0.2)3Si4O10(OH)2).  These secondary minerals 

are consistent with weathering products reported in other tailings (Jambor, 1994; Hudson-

Edwards et al., 1996). 

The relative abundance of primary and secondary minerals in the tailings indicate 

that the wide range in sample pH represents a weathering progression.  Higher pH 

tailings, which contain a larger fraction of the more labile primary silicates (axinite and 

andradite) have undergone less weathering than the lower pH tailings, which contain a 

higher fraction of Fe oxides and more crystalline jarosite group minerals.  These 

observations are consistent with the weathering of low carbonate tailings and progressive 

acidification. 

This process has important implications for the Pb and Zn lability in the tailings.  

Micro-focused XRF mapping indicates strong correlations between Pb and both Fe and S.  

Raman spectromicroscopy, used to identify minerals in the Pb-bearing region probed by 

XRF, indicated dominantly plumbojarosite and Pb-sorbed to iron (oxyhydr)oxides.  
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Along the acidification gradient, weathering appears to move Pb from primary galena to 

plumbojarosite to Pb-sorbed iron (oxyhydr)oxides. 

Zinc is strongly correlated spatially with Mn in the higher pH tailings, and they 

both decrease in prevalence concurrently with tailings acidification.  In lower pH tailings, 

Zn is associated with iron oxides, such as goethite.  Detailed analyses indicate that Zn 

initially weathers from sphalerite to co-precipitate in mixed valence Mn oxides (e.g., 

hetaerolite) and Zn-rich phyllosilicates that were also identified in the tailings.  These 

minerals are destabilized by progressive acidification of the tailings, resulting in their 

dissolution.  Zinc is then partially sequestered by sorption to iron (oxyhydr)oxides, but 

much is lost to translocation.   

The mine tailings investigated span a pH range from 5.4 to 2.6, and represent a 

weathering series.  The weathering of primary minerals and formation of secondary 

minerals has important implications for the lability, and thus mobility and toxicity, of 

contaminant metals such as Pb and Zn.  Further investigation of Pb and Zn speciation in 

these samples are detailed in Appendices B and C, and described in further detail by 

Objectives 2 and 3. 

 

1.2 Objective 2:  Lead molecular speciation in the Klondyke tailings 

Appendix B has the objective of investigating in further detail the molecular speciation of 

Pb in the Klondyke tailings in order to better understand associated health risks.  In arid 

environments, eolian transport is often the principle mechanism of dispersing small 

particles (circa 35 µm) regionally (Breshears et al., 2003; Derry and Chadwick, 2007).  
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Wind can transport metal-rich tailings particles off site into surrounding ecosystems and 

communities for inhalation or direct ingestion.  There has been significant recent research 

demonstrating that toxicity is strongly impacted by metal speciation, and that this 

parameter is at least of comparable importance to total concentration (Brown et al., 

1999).  In this study, we examined the total Pb concentration and speciation in size 

fractions of the four samples previously characterized in Appendix A.   

Lead content was studied by microwave-assisted acid digestion (EPA 3051) of 

size fractions separated via the sedimentation method.  The clay size fraction (>2 µm), 

which can reach alveoli upon inhalation, was found to be 2-3 times enriched in Pb 

relative to the sand and silt size fractions; measured concentrations approached 50 g Pb 

kg-1 the tailings clay fractions.  This colloidal Pb pool is small enough to be readily 

transported by wind to communities and either inhaled directly or deposited as dust and 

ingested (Breshears et al., 2003).   

 Speciation of Pb in the Klondyke tailings was examined using sequential 

extraction, XRF, and XAS.  Overall, Pb was found principally in association with 

plumbojarosite (Pb(Fe(III)3(SO4)2(OH)6)2).  However, other important lead-bearing 

phases, anglesite (PbSO4) and lead-sorbed iron (oxyhydr)oxides, are also present.  Bulk 

and micro-focused XAS indicate that the fraction of Pb in anglesite is significantly higher 

in the surficial, as opposed to deeper, tailings materials.  Anglesite, is the most 

bioavailable form of Pb found in these tailings and its accumulation at the tailings pile 

surface is likely a result of upward migration of saturated pore waters via capillary action 

(Meza-Figueroa et al., 2009).   
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 Lead is an acute neurotoxin, particularly for children, who are also the most likely 

part of the human population to be exposed via the hand-to-mouth dust ingestion pathway 

(CDC, 2005; Plumlee and Ziegler, 2005).  Anglesite, the most toxic form of Pb in these 

tailings, has been found to solubilize under stomach conditions (Schaider et al., 2007).  

The combination of anglesite accumulation at the surface and the enrichment of Pb in the 

clay (>2 µm) size fraction highlights the health risks posed by these, and likely other arid 

mine tailings, and points to the need for remediation to mitigate potential health risks to 

nearby communities. 

 

1.3 Objective 3:  Zinc molecular speciation in the Klondyke tailings 

The third paper, Appendix C, has the objective of determining how the weathering 

series in the Klondyke tailings impacts Zn molecular speciation.  As noted above, data 

presented in Appendix A demonstrate a significant decrease in total Zn and Mn content 

with decreasing pH, but the residual (non-exctractable) fraction was found to increase 

over the same pH range.  A strong Zn-Mn correlation is demonstrated in the higher pH 

tailings (e.g., T4.2) but becomes increasingly sorbed to iron (oxyhydr)oxides with further 

acidification (e.g., T2.6).  

A combination of bulk and micro-focused XAS were used to probe Zn bonding 

environment in the tailings.  Principle components analysis (PCA) indicated that all XAS 

spectra can be explained by three theoretical components.  Target transform analysis of 

our Zn reference library determined the three principle phases to be hetaerolite 

(ZnMn2O4), Zn-sorbed iron oxide (Zn-hematite), and Zn-substituted talc (Zn0.8talc, 
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(Zn0.8Mg0.2)3Si4O10(OH)2).  These three phases were used to fit the bulk tailings and solid 

residuals of a sequential chemical extraction.  Two additional Zn-bearing phases were 

identified using micro-focused XAS: hemimorphite was identified in T4.2 and sphalerite 

was identified in T2.6.  However, neither of these phases was required for the bulk XAS 

data fits.   

Hetaerolite, dissolved in the room temperature ammonium oxalate (AAO 1) step 

of the sequential extraction, was found to decrease in prevalence with tailings 

acidification.  Zn0.8talc, not detectably extracted in the sequential extraction, was also 

observed to decrease in relative predominance during tailings acidification, but at a 

slower rate.  Evidently, Zn0.8talc, while not thermodynamically stable at low pH (Panfili 

et al., 2005), is nonetheless more resistant to dissolution than hetaerolite both in the 

sequential extraction and in the field.  The Zn-sorbed iron oxide fraction increases with 

decreasing pH, indicating that iron oxides, formed by progressive tailings weathering, 

sorb a fraction of the Zn solubilized by the dissolution of other phases.  However, as 

indicated by the fact that total Zn mass dramatically decreases with tailings acidification, 

sequestration a large fraction of the total is apparently translocated deeper into the 

tailings. 

 

1.4 Objective 4:  Conjunctive use of micro-focused methods to probe rhizosphere 

effects on metal speciation 

Like many mine tailings sites in the arid southwestern US, the Klondyke State 

Superfund Site was selected as a potential location for phytostabilization as a remediation 
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approach.  Therefore, the objective of Appendix D was to establish techniques that would 

permit us to make conjunctive use of micro-focused geochemical and microbiological 

methods to assess whether plant root growth and associated microbial colonization had 

detectable impacts on metal speciation at the grain scale.  Establishing a native ecosystem 

in the mine tailings would significantly reduce the erosion from the site, mitigating the 

risks to adjacent surface waters (Aravaipa Creek), surrounding ecosystems, and 

communities.  Plant establishment is problematic because the tailings have low pH, high 

soluble salts, high toxic metal concentrations, little soil structure, and a highly stressed 

heterotrophic microbial community (Ye et al., 2002; Mendez and Maier, 2008).  Previous 

research has demonstrated that a 15% compost amendment by mass is required to achieve 

normal plant growth in the Klondyke tailings (Mendez et al., 2007).  However, the effects 

of plant growth on metal molecular speciation in the tailings are unclear.   

We hypothesized that the largest plant effect on metal speciation occurs in close 

proximity to plant roots.  The volume of soil surrounding a root and that is affected by its 

presence – i.e., the rhizosphere – is a region where increased heterotrophic microbial 

activity, rhizodeposits, and microbial exudates interact with the growth media, which in 

this case are composted mine tailings.  In this collaboration with Prof. Raina Maier’s 

group, we studied the root-microbe-mineral-metal interactions in the rhizosphere though 

conjunctive use of fluorescence in-situ hybridization (FISH), XRF, XAS, scanning 

electron microscopy (SEM), and Raman spectromicroscopy.   

FISH indicated that rhizosphere bacteria are prominent in colonies and diffusely 

spread over the root surface as well as in the rhizodeposits surrounding the root tips.  
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Using XRF, metal-rich particles and regions of Fe and Mn accumulation, presumably 

metal oxide plaques, were observed at the root surface, as has been previously reported 

(e.g. Hansel et al., 2001; Lanson et al., 2008).  These plaques were co-located with 

contaminant metals, potentially indicating a sequestration mechanism of toxic metals in 

the rhizosphere.  Of particular interest was a birnessite plaque enriched in Pb, Zn and Cr 

that apparently had formed on a mesquite root.  Birnessite is generally considered 

biogenic (Tebo et al., 2004) and has been shown to act as a strong sorbent for toxic 

transition metals (Manceau et al., 2002). 

Root-bound, metal-rich particles, localized using XRF were investigated further with 

XAS.  A Zn-rich particle attached to a root node was determined to be a Zn-rich 

phyllosilicate previously identified in the tailings, described in Appendix C.  A lead-rich 

particle co-localized with significant bacterial colonization, was identified as a mixture of 

74% plumbojarosite and 36% anglesite (Appendix B).   

Although the results of this study did not indicate conclusively large scale changes in 

metal speciation in the root zone, it provides a framework for assessing microbial 

mediation of such changes in future research.  We combined, for the first time, FISH 

techniques that image bacterial colonization, with micro-focused XRF, XAS and Raman 

spectroscopy methods to assess metal distribution and speciation in the rhizosphere.  The 

combination of these techniques is essential for addressing questions of root-microbe-

mineral-metal interactions which have implications for the bioavailability of metals and 

the feasibility of remediation methods using plants in metal contaminated sites. 
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CHAPTER 3 

CONCLUSIONS 

 

This dissertation work was motivated by the need to understand the factors 

controlling the bioavailability of Pb and Zn arid mine tailings.  A significant disconnect 

exists between total metal content and metal absorbed into the body, pointing to the 

importance of metal speciation in determining bioavailability and health risk (Brown et 

al., 1999).  Bioavailability of metals is determined by the mineral phase metals are 

associated with and it is clearly linked to the health impacts of inhalation and direct 

ingestion of metal-containing particles.  The goal of this research was to understand the 

effects of mineral weathering on contaminant metal (Pb and Zn) speciation.  

Additionally, we sought to understand the effects of plant growth, a promising 

remediation method, on contaminant metal speciation.  This work has important 

implications, not just for the Klondyke site, but for other mine tailings in arid systems as 

well.   

Minimal research has focused on metal speciation in arid mine tailings, despite 

widespread mining in the arid environments of southern Africa, southwestern United 

States, northern Mexico, Southeastern Spain, Australia, and portions of South America.  

Thus the health risk to surrounding communities is poorly resolved.  In the case of the 

Klondyke site, Pb speciation primarily depended on depth of collection, with anglesite, 

the most bioavailable lead-bearing mineral present, accumulating in the surficial layers. 

The weathering gradient at the Klondyke site is consistent with those reported at other 



 
 

43 

 
 

sites, with progressive acidification indicating a greater extent of weathering (Hudson-

Edwards et al., 1996).  This acidification process strongly effected Zn speciation, which 

is dominated by Zn-Mn oxides and secondary silicates at higher pH.  These phases are 

destabilized and dissolve at lower pH.  Much of the Zn released is lost to translocation, 

and the remainder is sequestered by sorption to iron oxides (consistent with O'Day et al., 

1998; Panfili et al., 2005; Schuwirth et al., 2007). 

Further, the effects of reestablishing plant growth on the tailings, in an effort to 

minimize erosion, on metal speciation and bioavailability are completely unknown.  This 

research represents the first direct measurements of metal speciation in the root zone of 

phytostabilized mine tailings, and introduces a novel technique for directly studying root-

microbe-mineral-metal interactions in the rhizosphere.  Additional research into the 

effects of plant growth on metal speciation is necessary before determining if 

reestablishing the native ecosystem is a feasible remediation strategy for long term 

sequestration of metals at this and other arid mine sites.  These studies could include 

geochemically well-constrained greenhouse studies coupled with bulk measurements of 

metal speciation in rhizosphere soils.  Additional studies making conjunctive use of 

FISH, XRF, XAS, and SEM could also yield important results regarding the effects of the 

rhizosphere on metal speciation. 
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ABSTRACT 

 Desert mine tailings may accumulate toxic metals in the near surface 

centimeters because of low water through-flux rates.  Along with other constraints, metal 

toxicity precludes natural plant colonization even over decadal time scales.  Since 

unconsolidated particles can be subjected to transport by wind and water erosion, 

potentially resulting in direct human and ecosystem exposure, we need to know how the 

lability and form of metals change in the tailings weathering environment.  

 We employed a combination of chemical extractions, X-ray diffraction, micro-X-

ray fluorescence spectroscopy, and micro-Raman spectroscopy to study Pb and Zn 

contamination in surficial arid mine tailings from the Arizona Klondyke State Superfund 

Site.  Initial site characterization indicated a wide range in pH (2.5 to 8.0) in the surficial 

tailings pile.  Ligand-promoted (DTPA) extractions, used to assess plant-available metal 

pools, showed decreased available Zn and Mn with progressive tailings acidification.  

Aluminum shows the inverse trend, and Pb and Fe show more complex pH dependence.  

Since the tailings derive from a common source and parent mineralogy, we presume that 

variations in pH and “bioavailable” metal concentrations result from associated variation 

in particle-scale geochemistry.  Four sub-samples, ranging in pH from 2.6 to 5.4, were 

subjected to further characterization to elucidate micro-scale controls on metal mobility. 

With acidification, total Pb (ranging from 5 – 13 g kg-1) was increasingly associated with 

Fe and S in plumbojarosite aggregates.  For Zn, both total (0.4 - 6 g kg-1) and labile 

fractions decreased with decreasing pH.  Zinc was found to be primarily associated with 

the secondary Mn phases manjiroite and chalcophanite.  The results suggest that 
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progressive tailings acidification diminishes the overall lability of the total Pb and Zn 

pools.    
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1.  INTRODUCTION 

Because of low water through-flux combined with episodic wetting and drying, 

desert sulfide mine tailings may accumulate toxic metals in weathering products, such as 

sulfate salts and mixed valence hydrous oxides (Jambor, 1994).  During rainwater 

infiltration, solid phase dissolution releases metals to solution along a reaction path that 

depends on mineral solubility dynamics (Blowes et al., 2005).  Sulfide mineral oxidation 

results in formation of sulfate solids, including gypsum and jarosite, early in diagenesis, 

and this incongruent dissolution controls dissolved sulfate concentration (McGregor et 

al., 1998; Johnson et al., 2000; Romero et al., 2007).  As shown by Jambor and co-

workers, protons released from sulfide oxidation are consumed through a consecutive 

series of gangue mineral dissolution reactions (first calcite, then silicates, then oxides), 

which, as a result of the relative rates of sulfide and gangue mineral weathering reactions, 

leads to a progressive tailings acidification (Jambor, 1994; Blowes et al., 2005).   

In humid climates, soluble sulfate minerals (e.g., gypsum) and poorly-crystalline 

oxides may not accumulate because of extensive leaching (eg. Davis et al., 1993; O'Day 

et al., 1998; Jeong and Lee, 2003; Schuwirth et al., 2007).  However, in arid or semi-arid 

regions, soluble minerals and acidity persist near the weathering front because of a lack 

of fresh water, as has been shown for copper-containing pyrite tailings in the Rio Tinto 

region of Spain (Hudson-Edwards et al., 1999), in arid regions of Chile (Dold and 

Fontbote, 2001) and southeastern Spain (Wray, 1998; Navarro et al., 2004).  Associated 

weathering reactions can potentially sequester metals into neo-formed clay minerals, 
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sulfate solids, and (oxyhydr)oxides of Fe, Mn and Al (Jambor, 1994; Hudson-Edwards et 

al., 1996). 

 As a result of the co-occurrence of high bio-available metal concentrations and 

low water availability (as well as low pH, high dissolved salts, and poor soil structure), 

many desert mine tailings are inhospitable for colonization by plants, which could 

physically stabilize tailings (Mendez and Maier, 2008).  This is mirrored by the resident 

microbial communities that tend to be depleted in heterotrophic relative to autotrophic 

biomass (Mendez et al., 2008).  Activities of the S and Fe oxidizing organisms promote 

acidification of tailings piles, which further hinders plant establishment.  The lack of 

plant colonization has human health implications because metal-containing tailings 

particles, which are then extremely vulnerable to wind and water erosion, can be 

mobilized to expose nearby communities and ecosystems (Plumlee and Ziegler, 2005).   

 Since surficial tailings may contain high concentrations of toxic metals (e.g., Pb, 

Cd, Zn), we need to know how “labile” these particulate metal pools are, including the 

ease with which they are transferred between the solid and solution phases (Schaider et 

al., 2007).  This is particularly important since links between metal lability and toxicity 

have been clearly established (Maiz et al., 2000; Plumlee and Ziegler, 2005; Finzgar et 

al., 2007; Alvarenga et al., 2008).  Selective chemical extractions of geological samples, 

including tailings, provide quantitative indices of contaminant lability (Tessier et al., 

1979; Sondag, 1981; Ribet et al., 1995; Dold, 2003b).  But they have also been criticized 

for non-specificity, incomplete dissolution of target phases, and potential for artifacts 

(Hall et al., 1996; McCarty et al., 1998; Calmano et al., 2001).  This is because it is 
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difficult to interpret quantitative indices of element mobility, such as those provided by 

chemical extractions, without having additional micro- and/or molecular-scale 

information on the metal-containing particles themselves (Schulze, 1994; Dold, 2003a; 

Choi et al., 2005).   

 Therefore, in the present work, we sought to combine chemical extractions of 

bulk tailings media with bulk and micro-focused spectroscopy of particles within the 

mineral assemblage in order to better understand the specific phases controlling metal 

sequestration and release.  The lability of metals was assessed quantitatively using 

chemical extractions.  For the purposes of the current work, we define the “labile 

fraction” as that portion of total solid-phase metal concentration that is extracted by 

diethylenetriaminepentaacetic acid (DTPA) in a single extraction step or, alternatively, by 

the water soluble plus exchangeable fractions removed in the first two steps of a 

sequential extraction scheme described more fully below.  While such extractions 

tentatively assign metals to target phases undergoing solubilization, we employed 

additional analytical methods to the residual solids for direct confirmation.  Grain-scale, 

mineral-metal associations were detected directly using differential X-ray diffraction 

(Schulze, 1994), and micro-focused methods, including micro-X-ray fluorescence 

spectroscopy (Manceau et al., 2002; Bernaus et al., 2006; Chorover et al., 2008) and 

micro-Raman spectroscopy (Skoog et al., 1998).  Micro-Raman spectroscopy can detect 

micrometer sized particles of both crystalline and poorly-crystalline forms, even when the 

latter are amorphous to X-ray diffraction (XRD) (Filippi et al., 2007; Courtin-Nomade et 
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al., 2008).  Despite its potential utility, there have been few prior applications of micro-

Raman spectroscopy to mineral identification in mine tailings (Stefaniak et al., 2006).  

The objective of the current study is to relate particle composition to contaminant 

(Pb and Zn) lability in surficial mine tailings of the Arizona Department of 

Environmental Quality (DEQ) Klondyke State Superfund Site in southeastern Arizona.  

The Klondyke tailings were selected for study because they have been weathering in a 

semi-arid desert environment since their deposition more than 50 years ago.  The 

microbial community composition of these tailings has been well studied (Mendez et al., 

2008); and it shows a predominance of S and Fe oxidizers and very low heterotrophic 

bacterial counts.  The latter is due, in part, to the fact that the tailings remain uncolonized 

by plants.  Since natural plant colonization is rare in desert mine tailings, our group is 

researching economical, biogeochemical strategies for phytostabilization of these systems 

(Grandlic et al., 2008).  High concentrations of metals – up to 15 g kg-1 Pb and 5 g kg-1 

Zn – remain in surficial tailings in a wide range of pH environments (2.3 to 8.0), thereby 

serving as a principal source of contamination to an adjacent riparian ecosystem.  

 

2.  SITE DESCRIPTION 

The Klondyke Superfund Site (ID# 1236) is located in Graham County, Arizona 

(N32 50.990 W110 20.552) within the Aravaipa Creek watershed.  Lead and Zn sulfide 

ore was mined in the region from the 1870s to the mid 1900s. A flotation mill, capable of 

concentrating up to 100 tons of ore per day, was built in 1942, and served the Head 
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Center and Iron Cap mines until closure in 1958.  Klondyke tailings derive from its 

operation from 1948 to 1958 (Simons, 1964).  

The ore bodies of both mines are low temperature hydrothermal deposits 

containing quartz, johannsenite, calcite and sulfides found in low angle faults either 

between bedding plains of the Horquilla limestone or between the Horquilla limestone 

and an overlying volcanic layer (Simons, 1964).  The Head Center and Iron Cap ores 

contained up to (in g kg-1) 380 Pb and 60 Zn, and 190 Pb and 350 Zn, respectively.  The 

sulfide mineral composition of the deposited material, after metal extraction, was 

sphalerite (ZnS), galena (PbS), pyrite (FeS2), and chalcopyrite (CuFeS2) (Scott, 1988; 

Goodwin, 2000).  From preliminary assessments (Tummala and Humble, 1998; 

Goodwin, 2000), the Arizona DEQ determined that the tailings exceed acceptable soil 

concentration levels for several toxic metals, including Pb, and therefore require 

remediation.  The current project was motivated, in part, by a need to assess the potential 

for phytostabilization as a means for remediation. 

 

3,  MATERIALS AND METHODS  

3.1  Field-Scale Variation in DTPA Extractable Metals 

In a pre-screening of bio-available metal pools, the approximately 11,000 m2 pile 

was sampled with precise locations documented by GPS in three transects, each 

comprising 4 or 5 sampling points ca. 30 m apart over the entire top of the tailings pile to 

obtain 13 samples from each of two depths (0-30 cm and 30-60 cm). Each sample was 

air-dried, sieved to obtain the fine earth (< 2 mm) fraction and then subjected to (i) 
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measurement of pH and electrical conductivity (by electrode on aqueous solutions 

obtained from 1:1 mass ratio of tailings to 18 MΩ deionized water reacted for 1 h).  The 

diethylenetriaminepentaacetic acid (DTPA) extraction, which provides a quantitative 

measure of plant-available metals (Amacher, 1996), was performed in triplicate for each 

sampling location. For each replicate, 10.0 g tailings and 20.0 g DTPA solution were 

combined, shaken vigorously for 2 h then centrifuged at 43,870 relative centrifugal force 

(RCF) and filtered (0.2 µm) prior to solution phase analysis by inductively coupled 

plasma mass spectrometry (ICP-MS, Perkin Elmer SCIEX Elan DRC II, Shelton, CT).   

Following the initial screening, four samples (T2.6, T3.9, T4.2, and T5.4 with 

subscripts denoting the saturated paste pH values) were selected for further detailed study 

using the methods discussed below.  These samples have been referred to in previous 

publications as K4, T1, K6, and T2, respectively (Grandlic et al., 2008; Mendez et al., 

2007; Vazquez-Ortega et al., 2009), and were collected from depths of 28-53 cm, 0-30 

cm, 21-42 cm, and 0-30 cm.  As with the screening samples, upon return to the lab, the 

four tailings were sieved to obtain the < 2 mm fraction, which was air dried for a period 

of two weeks, and then stored in covered, five-gallon containers at room temperature. 

 

3.2.  Bulk Physical, Mineralogical and Chemical Characterizations 

3.2.1.  Particle size separation and analysis 

Particle size separation was performed in triplicate using the pipette sedimentation 

method (Burt, 2004).  The tailings were dispersed in 50 mL of 0.058 M sodium 

hexametaphosphate (NaPO3)6 and 0.075 M sodium carbonate (Na2CO3) solution at low 
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speed on a reciprocal shaker for 24 h prior to removal of the sand fraction by sieving.  

The silt and clay were transferred into a 1 L graduated cylinder for sedimentation, and the 

clay content was sampled after 3 h 38 min at 23ºC.  After further settling, clays were 

decanted and the silt fraction was washed in pH 9.5, 1.0 mM Na2CO3 solution, and then 

pelleted by centrifugation.  The clay-containing supernatant suspension was added to the 

decanted clays and flocculated using NaCl.  The clay suspension was then desalted by 

dialysis (VWR, Spectrapor MWCO 12-14k, 25225-260).  A portion of the clay 

suspension was used for creating oriented clay slides for XRD analysis, the remainder 

was freeze-dried. 

3.2.2.  Particle digestion and total elemental analysis 

 Duplicate composite samples (11 g) of each tailing material were subjected to 

total elemental analysis (Activation Laboratories, Ontario, Canada).  Methods included 

neutron activation analysis, and total HF-HNO3-HCl-HClO4 digestion, lithium 

metaborate/tetraborate fusion followed by HNO3 digestion, prior to solution phase 

analysis by ICP-MS.  Triplicate measurements of total and inorganic carbon and total 

nitrogen were measured on the solid phase using a Shimadzu TOC-VCSH analyzer 

(Columbia, MD) with a solid state module (SSM-5000A).   

3.2.3.  Bulk and clay mineral composition 

Crystalline mineral composition of the tailings was analyzed by a combination of 

synchrotron-radiation (SR) and laboratory-based X-ray diffraction (XRD).  SR-XRD was 

conducted at the Stanford Synchrotron Radiation Laboratory (SSRL) on Beamline 11-3, 

operating at ~12,700 eV, using a Mar detector with a 345 mm radius with 100 µm pixels.  
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Ring potential at SSRL was 2 GeV, and current varied from 100 to ~40 mA during data 

collection.  Random powder diffraction patterns of bulk tailings were collected in 

transmission mode with the sample encased in Scotch Magic matte finish tape and placed 

150 mm from the detector, corresponding to a d-spacing range of 1.47 to 48 Å.  The 

sample was scanned over a 1 mm2 section normal to the beam in 64 points (8 x 8 grid).  

Five or more scans were collected for each sample for subsequent addition to avoid 

detector saturation from the quartz peaks.  Data were reduced using the Area Diffraction 

Machine software with a mask covering the beamstop (Lande et al., 2007).  The patterns 

were added, reduced, converted to Cu Kα scale, and analyzed using X’Pert software 

(X'Pert Highscore Plus, version 2.1b).  Spectra were aligned to the quartz peak at 39.50 

°2θ, and normalized to 50,000 counts for the same peak, assuming that all samples have 

roughly the same mass fraction of quartz.  To image the peaks lost during the sequential 

extraction steps, the diffractograms were analyzed using the differential pattern analysis 

method (Dold, 2003b).  Diffractograms were aligned in X’Pert Pro by slightly adjusting 

the peak heights and position.  Following pre- minus post- pattern subtraction, difference 

patterns were analyzed.    

 The tailings clay (< 2 µm) fraction was analyzed using lab-based XRD 

(Panalytical X’Pert PRO).  The clay suspension from the particle size separation was 

used to create oriented clay slides (Jackson, 1985). Magnesium saturated clays were 

analyzed first, then again after their saturation with glycerol, and with formamide.  

Potassium saturated clays were analyzed at room temperature and after 1 h heat treatment 
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at 100, 300, and 550 °C.  Diffraction intensities were collected from 2 to 30 °2θ with a 

stepsize of 0.01 °2θ, and a dwell time of 2 s per step. 

3.2.4.  Aqueous extraction 

The four tailings were extracted in triplicate in 50 mL PPCO centrifuge tubes at 

unit solid/solution mass ratio in ultrapure (18 MΩ) water.  Samples were reacted for 24 h 

on an end-over-end mixer (10 rpm).  The solution phase was separated by centrifugation 

at 43,870 RCF for 20 min and filtered (Acrodisk, 0.2 µm) before chemical analysis.  

Solution pH and EC were measured by electrode.  Dissolved organic carbon and nitrogen 

were measured using a Shimadzu Total Carbon Analyzer (TOC-VCSH).  Anions were 

measured by ion chromatography (Dionex Ion Chromatograph DX-500, Sunnyvale, CA) 

with an AS-11 column and a NaOH mobile phase.  Metal(loid)s were measured by ICP-

MS.  

3.2.5. Sequential chemical extraction 

A six step method developed for copper mine tailings (Dold, 2003b) was used to 

measure the quantity of metals extracted into operationally-defined pools targeting 

specific phases.  The procedure involved addition of 1.0 g of air-dried tailings to 50 mL 

Teflon centrifuge tubes in triplicate followed by the following reaction sequence:  (i) 

18MΩ water extraction (25°C,  1 h) that targets soluble salts such as gypsum, (ii) 1.0 M 

ammonium acetate (pH 4.5, 25°C, 2 h) that targets sorbed species, and calcite, (iii) 0.2 M 

ammonium oxalate (pH 3.0, 25°C, 2 h) that targets short-range-order Fe, Al and Mn 

(oxy)hydroxides and poorly-crystallized jarosites (referred to hereafter as “AAO 25°C”), 

(iv) 0.2 M ammonium oxalate (pH 3.0, 80°C, 2 h) that targets long-range-order Fe, Al, 
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and Mn (oxy)hydroxides and well-crystallized jarosites (referred to hereafter as “AAO 

80°C”), (v) 30-35% H2O2 in 1.0 M ammonium acetate (pH 4.5, 60°C, 2 h) that oxidizes 

organic matter and secondary supergene sulfides, (vi) 750 mg of KClO3 and l5 mL 12 M 

HCl (25°C, 30 min) with 10 mL of 18 MΩ water added for dilution before centrifugation 

and decanting the supernatant prior to reacting pellets with 25mL of 4 M HNO3 (90°C, 

20 min) that targets primary sulfides.  Triplicate samples of the residual solids were 

harvested after rinsing three times with ethanol, followed by freeze-drying and XRD and 

X-ray absorption spectroscopy analysis. After each step, the pellets were rinsed with 30 

mL of 18 MΩ water, the combined supernatant and wash solutions were collected by 

centrifugation, filtered using a 0.2 µm Acrodisk filter, acidified to pH 2, and analyzed by 

ICP-MS for metal concentrations.    

3.2.6.  X-ray absorption spectroscopy 

The freeze-dried solid phase harvested at each step during the sequential extraction was 

analyzed by Pb LIII  edge extended X-ray absorption fine structure (EXAFS) spectroscopy 

at GSE-CARS beamline 13-BM at the Advanced Photon Source (Argonne National 

Laboratory, IL).  Measurements were made at room temperature using a 13-element 

germanium detector.  Further investigation of the unextracted and post-AAO80°C 

extracted pellets were performed using a Oxford cryostat operating at 4K on beamline 

11-2 at SSRL with the Si 220 Φ=0 monochromator crystal with a 32-element germanium 

detector.  A minimum of 3 scans were collected in transmission for references and 10-15 

scans were collected in fluorescence mode for samples.  The spectra were analyzed using 

Sixpack (Webb, 2005) as described elsewhere (Hayes et al., 2009).  Briefly, the spectra 
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were calibrated to the Pb LIII  edge (E0=13,035 eV), averaged, and the EXAFS portions of 

the spectra were extracted prior to analysis by principle component analysis (PCA), and 

target transform analysis (TTA) (e.g., Scheinost et al., 2005).  Simple two-component 

linear combination of reference standards were used to fit both the XANES and EXAFS 

regions for the data discussed here. 

 

3.3 Grain Phase Identification and Elemental Associations 

3.3.1.  Preparation of thin sections 

 Thin sections were prepared using an epoxy impregnation procedure (Arai et al., 

2003).  Tailings were placed into a 50 mL beaker that was then gradually filled with 

EPOTEC 301-2FL epoxy while under vacuum to remove air bubbles.  Embedded 

samples were cured for three days under vacuum before being sent to Spectrum 

Petrographics (Vancouver, WA), where they were thin sectioned to 30 µm, polished on 

both sides, and mounted on quartz slides.     

3.3.2.  X-ray fluorescence spectroscopy 

X-ray fluorescence elemental mapping was performed on beamline 2-3 at SSRL 

using a Si220 Φ = 0 monochromator crystal and a single element vortex detector.  The 

scans were collected with 2.5 µm stepsize and a dwell time of 250 ms.  The thin sections 

were placed directly in front of the X-ray beam (13050 eV), just above the Pb LIII  

absorption edge.  The XRF maps were analyzed using SMATK (Webb, 2006).  Each map 

is linearly scaled from lowest counts (black) to highest counts (white).   
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3.3.3.  Micro-Raman spectroscopy  

Micro-Raman spectroscopy was employed using a benchtop Nicolet Almega XR 

dispersive Raman instrument with either a 10x or 50x focusing objective for phase 

identification of the same particles mapped with XRF.  Using the 10x objective, the 532 

nm laser probes a 1 µm spot size. Spectra were collected using Omnic software (Thermo 

Scientific version 7.4, Madison, WI), and analyzed using Crystal Sleuth software by 

comparison to reference spectra in the RRUFF database (Downs, 2006). 

 

4.  RESULTS 

4.1  Tailings Physical-Chemical Properties 

The initial samples were analyzed for pH, EC, and DTPA extractable metals to 

assess trends in metal phyto-availability (Amacher, 1996) across the tailings pile.  

Contour plots of selected constituents based on data kriging demonstrate the large spatial 

distribution of pH and metals (Fig. 1).  While our principal interest relates to the 

contaminants Zn and Pb, we include data on Al, Fe and Mn because these metals were 

found to show interesting bulk and particle scale relations with the contaminant metals.  

The top row in Figure 1 shows chemical data for the 0-30 cm depth, whereas the bottom 

row depicts the same for the 30-60 cm depth.  Extractable Mn and Zn in the surface and 

subsurface appear to follow linear trends in pH (Fig. 2 c,e), and also exhibit correlation 

with each other (Fig. 1, Fig. 2g).  Both Fe and Pb show weaker linear dependence on pH 

(Fig. 2d,f).  DTPA extractable Al decreases with pH (Fig. 2b). There is no strong effect 

of sampling depth on the mass of metals extracted by DTPA at a given pH.    
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Figure 1: Bubble plots of tailings piles for 0-30 cm depth (top row) and 30-60 cm depth (bottom row) from chemical data for 
sample locations shown as center of bubbles.  Plots show (from left to right):  saturated paste pH, and DTPA extractable metals 
(Fe, Pb, Mn and Zn, all in mg kg-1) across the field site.  Locations for sampling of T3.9 and T5.6 (sampled largely from within 
the 0-30 cm depth increment) are shown in the top pH graph, whereas locations for sampling of T2.6 and T4.2 (sampled 
largely from within the 30-60 cm depth increment) are shown in the bottom pH graph. 
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Figure 2: Aqueous phase electrical conductivity (EC) and DTPA extractable metals from 
initial surface and subsurface sampling of tailings.  (a) EC (in units of dS m-1) versus 
tailings pH.  In parts (b-f) DTPA extractable concentrations of various metals are plotted 
in units of grams of metal extracted per kilogram of tailings dry mass (g kg-1), but note 
that each is plotted on its own Y axis scale versus a consistent X axis pH scale:  (b) Al, 
(c) Mn, (d) Fe, (e) Zn, (f) Pb.  Bottom two graphs show (g) Zn versus Mn, and (h) Pb 
versus Fe correlations in DTPA extracts (all in units of g kg-1).  Linear regression 
statistics are shown on each plot, but lines are shown only in cases where linear fits were 
statistically significant (p < 0.05). 
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Based on these initial findings, we speculated that variation in metal lability (as 

reflected in DTPA extractions) varies across the tailings because of variation in grain 

scale mineralogy and geochemistry.  To test this, four samples were selected from the 

locations indicated in the pH plots of Fig. 1, and subjected to detailed analysis.  Certain 

baseline physical and chemical properties such as texture, organic carbon, total nitrogen, 

total sulfur, and electrical conductivity, of the four samples selected for in-depth 

characterization (Table 1) were very similar, while the pH (2.6-5.4) varies significantly, 

suggesting that other chemical properties (e.g., metal lability) may likewise vary.  All 

samples have a similar particle size distribution, ranging from 50-62% sand, 19-33% silt, 

and 8-11% clay by mass.  The tailings all give rise to pore waters with high electrical 

conductivity (3.0 to 5.6 mS cm-1), and low dissolved organic carbon and nitrogen.  Solid 

phase inorganic carbon was below detection limit (< 66 mg kg-1) for all but T4.2 (590 mg 

kg-1).  Total elemental concentrations of the tailings are given for selected elements in 

Table 3.   

 

4.2  Bulk and Clay Mineralogy 

Several primary minerals (listed in bold font in Table 2) were identified in the 

tailings using XRD.  The dominant diffraction intensities derive from primary framework 

silicates: quartz and orthoclase (Fig. 3).  Other primary minerals present in the tailings 

include pyroxenes, andradite, and axinite.  Importantly, essentially no primary sulfides 

were detected using either bulk XRD or sulfur near edge X-ray absorption fine structure 
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Table 1: Selected physical-chemical properties of the tailings selected for detailed study (std. dev. in parentheses). 
 pHa ECa CECb SO4

2-a Stotal
c TOCd TICd TNd Sande Silte Claye 

  mS cm-1 cmol kg-1 g S kg-1 g kg-1 mg kg-1 percent 
T2.6 2.61 (3) 5.6 (2) 21.7 (4) 5.9 (4) 23(5) 1380 (30) < 66 85 (2) 59.5 (2) 24.0 (5) 11 (1) 

T3.9 3.87 (6) 3.0 (1) 17 (3) 2.05(1) 16(1) 620 (40) < 66 65 (2) 50 (1) 33 (1) 7.9 (7) 

T4.2 4.22 (2) 3.2 (2) 17 (3) 2.34(6) 14.8(1) 400 (100) 590 (70) 37 (2) 62.6 (7) 19 (2) 11.1 (7) 

T5.4 5.44 (3) 3.49 (5) 23 (1) 2.4(5) 25() 940 (30) < 66 66 (2) 59.2 (7) 25 (1) 8 (1) 
a Measured on a 1:1 solid to solution ratio 1 hour extraction performed in triplicate. 
b Measured using method developed for soils containing salts and carbonates (Sumner and Miller, 1996) 
c Total elemental analysis on solid phase performed at Activation Laboratories by HCl, HNO3, HClO4, HF acid digestion-ICP. 
d Solid state measurements on Shimadzu TOC-VCSH performed in triplicate. 
e Measured in triplicate using the pipet method (Jackson, 1895). 
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Table 2: Mineral phases identified in the Klondyke tailings.  Primary phases in bold, secondary phases in italics. 
Phases Formula Abbreviation Detection methoda 

andradite Ca3Fe(III)2(SiO4)3 A B-XRD, Raman 
axinite Ca2(Fe(II),Mn(II))Al 2BSi4O15(OH) X B-XRD, Raman 

hedenbergite CaFe(II)Si2O6 H B-XRD, Raman 
johannsenite CaMn(II)Si2O6 N B-XRD, Raman 
orthoclase K(AlSi 3)O8 O B-XRD, Raman 

quartz SiO2 Q B-XRD, Raman 
chalcophanite (Zn,Fe(II),Mn(II))Mn(IV)3O7·3H2O Ca Raman 

goethite FeO(OH) Go Raman 
gypsum CaSO4·2H2O G B-XRD, Raman 
hematite Fe(III)2O3 Hm C-XRD, Raman 
jarosite KFe(III)3(SO4)2(OH)6 J B-XRD, Raman 
kaolinite Al 2Si2O5(OH)4 K O-XRD 

manjiroite (K,Na)(Mn(II),Mn(IV))8O16·nH2O M Raman 
plumbojarosite Pb(Fe(III)3(SO4)2(OH)6)2 P Raman, XAS 

Zn-Talc (Zn0.8Mg0.2)3Si4O10(OH)2 T B-XRD, O-XRD  
a Detection methods: Bulk XRD (B-XRD), oriented clay XRD (O-XRD), clay size fraction XRD (C-XRD), X-ray Absorption 
Spectroscopy (XAS), micro-focused Raman spectroscopy (Raman). 
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Figure 3: X-ray powder diffraction patterns of tailings samples (< 2 mm fraction).  Left side is full diffraction pattern, whereas 
right side shows expanded portion for 27-36 °2θ portion, which contains peaks corresponding to key silicate and sulfate 
phases.  Phases identified, in order of relative abundance: quartz (Q), orthoclase (O), jarosite (J), gypsum (G), hedenbergite 
(H), johannsenite (N), Zn-talc (T), axinite (X), and andradite (A). 
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(NEXAFS) spectroscopy (data not shown) in these surficial tailings, even when 

accounting for the smaller absorption cross section of sulfides.  Oriented clay patterns 

(not shown) contain a strong peak at 1.0 nm d-spacing that is unchanged by saturation 

orheat treatment.  This peak is observed in the silt and clay size fractions, but not in the 

sand fraction, suggesting that fine-grained mica (sericite) could be present and 

weathering to the clay mineral illite or another secondary clay.  Support for the latter 

possibility is contributed by companion EXAFS studies, reported elsewhere (Hayes et al., 

2009), that indicate the presence of Zn-talc, a secondary phase with 1.0 nm 001 d-spacing 

that has been identified in a variety of Zn contaminated environments (Schlegel et al., 

2001).  This phase may not have sufficient long range order required for detection by 

XRD.  Kaolinite, a common weathering product of feldspar, was also detected in T4.2.  

Among the secondary sulfate phases, gypsum and jarosite were predominant (Fig. 3); 

both are common secondary phases in arid mine tailings systems (Jambor, 1994).  Some 

rough pH trends in mineralogy are evident.  In particular, with decreasing pH, 

abundances of andradite and axinite decrease, whereas those of orthoclase and jarosite 

increase.   

 

4.3  Single and Sequential Extractions  

The total mass and lability of contaminant metals in the tailings, as judged by 

total digests and sequential extractions, respectively, vary considerably with tailings pH 

(Table 3 and Fig. 4).    For the purposes of this paper, we define the “labile” fraction as 

that portion of the total metal pool that is soluble or exchangeable, i.e., extracted from the 
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Table 3: Elemental content per unit mass of tailings: (i) total, (ii) water extracted, (iii) ammonium oxalate extracted (80°C), 
and (iv) residual fractions.  Data included here (s.d. in parentheses) are based on sequential extraction steps with significant 
changes in the XRD pattern.  

 K Ca Al Si Mn Fe Zn Pb 
Total elemental content in the unextracted tailings (g kg-1) a 

T2.6 76(3) 14.2(3) 41.5(4) 322(3) 1.1(1) 42(4) 0.45(2) 4.7(1) 

T3.9 67(1) 20(20) 45.2(0) 330(10) 2.7(1) 37(3) 1.43(5) 4.4(4) 

T4.2 59(7) 30(10) 39(3) 316(3) 12(1) 42.47(4) 3(1) 4.6(2) 

T5.4 39(1) 46(2) 28.7(3) 300(20) 13(1) 50(4) 6.0(6) 13.9(2) 

Water, the first sequential extraction step (mg kg-1) 
T2.6 7(2) 0.56 (2)E3 570(30) 5(5) 70(10) 150(10) 60(10) 10(2) 

T3.9 100(6) 8.0(5)E3 44(2) 33(5) 180(50) 28(2) 530(20) 60(3) 

T4.2 60(10) 6.3(6)E3 1.0 (6) 9 (10) 3.9(3) 0.5(2) 23(3) 0.02(1) 

T5.4 700(300) 10.(4)E3 5(2) 12000(200) 400(2) 400(10) 700(300) 400(20) 

Sequential extraction step: ammonium oxalate 80°C (mg kg-1) 
T2.6 1.3(2)E3 0.01(1)E2 0.067(7)E2 1.6(2)E2 0.05(5)E2 6.8(5)E3 0.73(5)E2 6.6(9)E2 

T3.9 0.6(3)E3 8(4)E2 2(2)E2 4.7(6)E2 0.30(1)E2 7(3)E3 3(1)E2 3(1)E2 

T4.2 1.1(7)E3 0.6(1)E2 2.2(1)E2 11(4)E2 4.2(2)E2 8.3(7)E3 4(1)E2 5(1)E2 

T5.4 1.41(6)E3 10(1)E2 5.0(4)E2 14.2(9)E2 3.6(5)E2 9(1)E3 6.2(5)E2 5(2)E2 

Residual elements after acid extraction (g kg-1) b,c 

T2.6  7.1(5) 40.5(5) 321(3) 0.9(1) 25(4) 0.22(2) 1.0(2) 

T3.9  7(2) 43.9(1) 330(10) 2.3(1) 27(4) 0.2(1) 2.0(5) 

T4.2  20(1) 38(3) 312(3) 74(9) 29.6(8) 0c 1.0(3) 

T5.4  19(5) 24.8(3) 300(20) 73(1) 33(4) 0c 3.2(4) 
a Total elemental analysis performed at Activation Laboratories.  Most of the elements listed here were quantified using a lithium 
metaborate/tetraborate fusion, followed by ICP-OES or ICP-MS analysis.   HCl, HNO3, HClO4, HF acid digestion-ICP.   
b KClO4 is used as a reagent in the acid extraction.  Thus it is not possible to quantify the residual K content. 
c For the two higher pH samples, the sum of Zn mass extracted in all sequential extraction steps was equal to, or slightly 
exceeded, that measured in the total elemental analysis.  Hence, no residual Zn was detected for these samples.    
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Figure 4: Total metal concentrations and partitioning.  (A) Total metal concentrations in the four selected tailings samples (g 
kg-1), (B) Fractions of each metal (relative to total) that is solubilized during each step of the sequential extraction. 
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tailings during the water plus ammonium acetate steps of the sequential extraction.  

Additionally, the dissolution of the mineral phases targeted by each step of the sequential 

extraction was necessarily confirmed, as sequential extractions are operationally defined 

and do not necessarily completely and selectively dissolve only the target phase. For all 

tailings, most of the Al, Fe, and Mn is immobile during the sequential extraction and is 

recovered in the residual fraction, whereas the Pb and Zn pools indicate greater lability 

(as measured by the fraction of each that is solubilized during the sequential extraction) 

(Fig. 4b).  Large acid ammonium oxalate (AAO) 25°C and acid-extractable pools of Mn 

are present in the higher pH tailings.  Most of the Fe appears to be residually-bound in 

primary silicates, but a significant fraction is also solubilized in the AAO 80°C 

extraction, targeting longer-range order iron oxy(hydroxides) and jarosites.   

The fractions of Pb and Zn released during sequential extraction are substantially 

greater than those for Al, Mn and Fe, although they are most often represented by lower 

total concentrations (Fig. 4b).  This observation is consistent with the much higher values 

of DTPA extractable (i.e., bioavailable) Pb and Zn relative to Al, Mn and Fe (Figs. 1-2).  

The tailings-bound Pb exhibits low water solubility (0-1.3%) in all samples. T3.9 and T5.4 

contain larger acetic acid exchangeable fractions (17 and 33%, respectively) than T2.6 and 

T4.2 (2 and 4%, respectively).  Only a small fraction of Pb is removed in the acid 

ammonium oxalate (AAO) extractions (8-18%), but a larger portion (7-36%) is extracted 

in the subsequent H2O2 extraction targeting supergene sulfides and organic matter.  

However, this large H2O2 extractable Pb pool appears to be an artifact of Pb-oxalate 

precipitation during the preceding steps, as discussed below.  The acid extraction also 
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removes a significant fraction of Pb.  This is particularly apparent in the case of T2.6, 

where the jarosite does not dissolve in either AAO step, but does in the later acid 

extraction step, wherein 55% of the total Pb was removed (Fig. 4b).   

Zinc has a larger extractable fraction than Pb for each sample, including a 

significant portion that is water soluble (0.6-37%) (Fig. 4 and Table 3).  The acetic acid 

exchangeable fraction increases from 1% to 41%, with increasing pH.  The higher pH 

tailings also have a larger fraction of Zn that is extractable in AAO at 25°C, whereas the 

low pH tailings have more Zn extracted in AAO at 80°C. The release of Zn in the AAO 

80°C extraction is consistent with the presence of Zn in association with iron 

(oxy)hydroxides at low pH, and this is supported by bulk EXAFS (Hayes, 2009).  The 

residual fraction decreases with increasing pH (from 50% to 0).  For the higher pH 

tailings, the mass sum of the sequentially-extracted Zn equals or slightly exceeds that 

measured in the total digestion such that a residual fraction is not detected.   

 

4.4  X-ray Diffraction of Bulk Residues 

The water and AAO 80°C extraction steps resulted in the most significant 

changes in XRD patterns, as illustrated here using T3.9 a representative example.  Figure 5 

includes only those patterns for which sequential extraction steps indicated the removal 

of pertinent XRD peaks.  These diffractograms include those of (i) unextracted tailings, 

(ii) the difference diffractogram derived from subtracting water extracted from 

unextracted tailings, (iii) post-AAO 25°C reacted tailings, and (iv) residual tailings.  

Gypsum, removed in the water extraction, is evident in the unextracted tailings, but not 
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Figure 5: X-ray diffraction patterns obtained after pertinent steps in the sequential extraction of T3.9.  From top to bottom:  (i) 
unextracted, (ii) unextracted minus water extracted, (iii) acid ammonium oxalate extracted (25°C); (iv) residual.  Gypsum (G) 
dissolves during the water extraction, as shown by the difference diffractogram calculated from the patterns for unextracted 
minus water-extracted solids.  Jarosite (J) peaks shown in the post-AAO 25°C pattern are removed during the subsequent 
extraction and are not present in the residual pattern, indicating jarosite dissolution during the AAO 80°C step.  Following the 
acid extraction, only aluminosilicate phases remain.  Minerals remaining after acid extraction include: quartz (Q), orthoclase 
(O), hedenbergite (H), johannsenite (N), Zn-talc (T), axinite (X), and andradite (A).  Diffractograms for other extraction steps 
are not shown because there are no changes in the pattern.
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the post-AAO 25°C pattern.   Differential XRD indicates that gypsum is removed during 

the water extraction step; gypsum peaks are dominant in the difference diffractogram 

obtained by subtracting the pattern for post-water extraction from that obtained prior 

towater extraction.  Likewise, jarosite is evidently removed during the AAO 80°C 

extraction because peaks for this phase remain following the AAO 25°C extraction step, 

but they are absent from the diffractogram following AAO 80°C extraction (not shown).  

Interestingly, this was not the case for T2.6, where jarosite peaks were removed only after 

the acid extraction step.  In any case, for all tailings, jarosite peaks were absent from the 

residual diffractogram (Figure 5). Goethite and hematite, should also be dissolved in the 

AAO 80°C  step, but their dissolution is difficult to discern using XRD or DXRD for 

bulk tailings because their strongest diffraction peaks are overlain by quartz peaks.  

Goethite and hematite were, however, readily identified in XRD of the clay size fraction 

(data not shown).  Peaks in the diffraction pattern of the “residual” fraction show only 

silicate phases that resist the vigorous KClO3/HCl/HNO3 extraction.  

 

4.5 X-ray Absorption Spectroscopy of Bulk Residues  

A detailed discussion of tailings EXAFS data analysis is outside the scope of this 

paper and is the subject of a companion manuscript (Hayes et al., 2009).  However, of 

direct relevance to the current study are results that indicate an important artifact during 

the sequential extraction of Pb.  To assess this effect, bulk Pb LIII  edge EXAFS 

measurements were performed as part of this study, on solid-phase residues from the 

sequential extraction. 
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In unextracted tailings, Pb speciation is dominated by plumbojarosite, along with 

smaller amounts of AA-soluble anglesite, and adsorbed species (Hayes et al., 2009).  

However, all tailings, particularly the three higher pH samples, exhibit a dramatic change 

in the Pb LIII  edge EXAFS spectra following AAO 80°C extraction (Fig. 6).  The 

minimum of the indicator function from principal components analysis (Wasserman et 

al., 1999) indicates that the eight spectra (unextracted and post AAO 80°C) can be 

adequately described with only two components.  Additionally, target transform of 

plumbojarosite and Pb-oxalate (PbC2O4) reference spectra low SPOIL values, (2.4 and 

4.1 for lead oxalate and plumbojarosite, respectively) indicating that both are likely 

components of the sample spectra (Manceau et al., 2002).  Hence, the spectral change 

observed corresponds to the dissolution of plumbojarosite (which is targeted by the 

AAO80°C extraction) followed by the precipitation of PbC2O4, an oxalate solid that 

exhibits low water solubility (log Ksp= -8.07) (Skoog et al., 1996).  Spectra for all tailings 

indicate that some fraction of Pb re-precipitates as PbC2O4, with T2.6 showing the lowest 

fractional conversion (Fig. 6).  This observation is consistent with the XRD results 

showing that jarosite was not effectively solubilized in T2.6 until the acid extraction.  In 

all cases, the oxidation of oxalate by H2O2 after the AAO reaction solubilizes that Pb that 

was retained in PbC2O4, such that subsequent release represents the mass precipitated as 

PbC2O4 (Fig. 4b).  Therefore, this pool of Pb can not be assigned to native organically-

bound Pb, or supergene Pb sulfides, which are the phases that are targeted by the H2O2 

extraction step. The very low organic C contents of the tailings (Table 1) and the lack of  
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 Figure 6: Formation of Pb-oxalate from plumbojarosite dissolution during the sequential extraction.  Pb LIII  edge EXAFS 
spectra of tailings samples after they have been subjected to high temperature, acid ammonium oxalate extraction (AAO80°C).  
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XRD (Table 2) or sulfur NEXAFS (data not shown) detectable sulfides are 

consistent with this conclusion.    

 

4.6  Particle-Scale Elemental Mapping and Identification 

Individual grains enriched in Pb or Zn were identified in micro-focused X-ray 

fluorescence (µ-XRF) mapping of thin sections, and subsequently probed using micro-

focused Raman spectroscopy (µ-Raman) for phase identification.  Representative 

elemental XRF maps are shown in Figures 7 and 8 for T2.6 and T4.2, respectively.  The 

XRF maps reveal clear elemental correlations that were frequently observed between 

contaminant metals and framework elements.  In both figures, the correlation plots 

indicate that Pb is consistently co-located with S and Fe, but that both Fe and S also occur 

in particles with low Pb counts.  Zinc is clearly co-located with Mn in T4.2, but gives low 

counts in T2.6.  The same particles imaged using µ-XRF were also probed using µ-Raman 

in order to identify the specific mineral phase of contaminant-containing particles.  These 

grains are identified in the µ-XRF maps of Figures 7a and 8a, and the corresponding 

Raman spectra are shown in Figures 7c and 8c.  It is worth noting that the presence of 

most of the phases identified using bulk XRD were confirmed at the particle scale with µ-

Raman (Table 2). 

Correlation of Pb-Fe counts in T2.6 (Fig. 7b) indicates three different populations 

for three different locations, spots 1-3, each corresponding to a discrete particle or 

aggregate indicated on the XRF map (Fig. 7a).  A low Fe, high Pb, high S aggregate was 

identified as plumbojarosite (Fig. 7, spot 1), and a high Fe, low Pb particle was identified 



 
 

 
 

Figure 7: Lead and Zn containing phases in T2.6

Pb-S correlation plots from the XRF map, (C) M
in solid lines and RRUFF references shown in dotted lines)
 

B 

2.6. (A) XRF map (see Table 2 for abbreviations of mineral in Si map)
Micro-Raman spectra showing grain-scale mineral phase identification

in solid lines and RRUFF references shown in dotted lines).   
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Figure 8: Lead and Zn containing phases in T4.2

and Zn-Mn correlation plots from the XRF map, (
shown in solid lines and RRUFF references shown in dotted lines)
 

B C 

4.2. (A) XRF map (see Table 2 for abbreviations of mineral in Si map)
correlation plots from the XRF map, (C) Micro-Raman spectra showing grain-scale mineral phase identification

es and RRUFF references shown in dotted lines).  
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as hematite (Fig. 7, spot 2).  Unfortunately, the high Fe, high Pb particle (Fig. 7, spot 3) 

sustained thermal damage before it could be identified.  T4.2 shows similar Pb-Fe 

correlation, including collocation of Pb, Fe, and S in a plumbojarosite aggregate (Fig. 8, 

spot 7).  The other Fe rich particles in Figure 8 have been identified as goethite.   

Zinc is clearly co-located with Mn in all tailing samples, except in T2.6, where 

both Zn and Mn total concentrations were substantially lower (Fig. 2a).  The Zn-Mn 

collocations occur as reaction rinds on pyroxene particles (e.g. Fig. 8a, spot 11) or in 

particles represented by large aggregates (Fig. 8a, spots 12-13) that contain hedenbergite, 

johannsenite, and andradite in a matrix of manjiroite (e.g. spot 12), which apparently acts 

as a sorbent for Zn.  At low pH, the Zn has a strong correlation with Fe (Fig. 7b), 

indicating the possible re-adsorption of Zn to iron oxides after dissolution of the Mn-

oxides (Fig. 7a and c, spot 6).   

 

5. DISCUSSION 

5.1 Role of Parent Mineral Weathering  

The Klondyke tailings samples range in pH from 2.6 to 5.4, but several other 

physical and chemical properties are similar, which allows for a comparison of the 

relationship between sample pH and geochemical composition (Tables 1-2).  The tailings 

primary minerals are expected to weather in a manner consistent with previously 

described weathering series (Goldich, 1938; Reiche, 1950; Loughnan, 1969; Sverdrup, 

1990; Velbel, 1999), listed here in order of presumed decreasing dissolution rate for this 

particular site:  sulfides (galena, sphalerite, pyrite), calcite, andradite, axinite, pyroxenes 
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(hedenbergite and johannsenite), K-feldspars (orthoclase), and quartz.  In this 

progression, sulfide weathering is accompanied by a drop in pH (buffered by carbonate 

dissolution if present), and by secondary sulfate and oxide mineral precipitation or 

translocation of ions (Hudson-Edwards et al., 1996).   

Nesosilicate, cyclosilicate and chain silicates are expected to weather before 

feldspars, and they are an important source of Fe, Mn, and Ca to the system (Huang, 

1989). Hence, the fact that andradite (nesosilicate) and axinite (cyclosilicate) are most 

prevalent in T5.4 suggests that silicates in this tailing sample have undergone the least 

weathering (Sverdrup, 1990).  Despite no noticeable difference in the relative amount of 

pyroxenes from XRD (Fig. 3), the relative enrichment of andradite and axinite in high pH 

tailings, and of orthoclase and jarosite in low pH tailings, suggests that the extent of 

tailings weathering increases with decreasing pH. 

Most of the Fe in the tailings survives into the residual fraction containing the Fe 

silicates andradite, axinite and hedenbergite (Fig. 5).  The extractable mass of Fe is 

primarily from the AAO 80°C step that targets crystalline iron (oxy)hydroxides (goethite, 

hematite) and iron (hydroxy)sulfates (jarosite, plumbojarosite).  The one exception to this 

trend is with T2.6, where (according to XRD results) the final HNO3 acid extraction step 

was the one that dissolved, in this case, well-crystallized jarosite that survived the AAO 

extractions, resulting in a large release of Fe and Pb (Fig. 4).  The highly-crystalline 

character of the jarosite and substantial release of Fe in the AAO 80°C extraction suggest 

that T2.6 has been subjected to the greatest weathering extent.  The aqueous geochemical 

conditions in T2.6 (pH=2.6, [SO4]=5.9 g kg-1 as depicted in Table 1) favor jarosite 
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stability; its precipitation is mediated bacterially at pH < 2.5 with sulfate concentrations 

greater than 3 g kg-1 (Bigham et al., 1996; Bigham and Nordstrom, 2000; Lottermoser, 

2003).  Iron weathers from the primary sulfide and silicate phases (pyrite, andradite, Fe-

axinite and hedenbergite) to jarosite, plumbojarosite, goethite and hematite. The 

secondary Fe sulfates and (oxyhydr)oxides, in particular, are high affinity sinks for toxic 

metals and their formation in the Klondyke tailings appears to be an excellent 

sequestration mechanism for Pb2+ ions released during primary sulfide dissolution.    

Total Mn in the tailings is found to decrease with decreasing pH, suggesting that a 

portion is lost due to weathering-induced translocation (Table 3 and Fig. 4a).  This trend 

is mirrored in the initial sampling that shows that DTPA-extractable Mn decreases with 

progression to lower pH (Fig. 2).  Whereas the residual Mn fraction increases with 

acidification, the total pool of residual Mn decreases (Table 3).  These data suggest the 

preferential dissolution of more soluble Mn-bearing phases during weathering.  

Specifically, the mixed valence Mn oxides, manjiroite and chalcophanite, present in the 

higher pH samples, contribute to the substantial mass of Mn extracted by AAO at 25°C 

(Fig. 4b).  Thus, while johannsenite and Mn-axinite weather to chalcophanite and 

manjiroite, these phases are only metastable and they are subjected to dissolution and 

leaching loss with further weathering.  As suggested by the µ-XRF and µ-Raman data, 

these intermediate Mn-oxide phases can act as effective sinks for Zn that is released from 

sphalerite weathering, thereby reducing its lability. 

In summary, trends in mineral prevalence and metal extractability suggest that the 

pH variation in the Klondyke surface tailings represents a weathering gradient, with the 
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pH decline signaling time-progressive tailing acidification.  Evidence to support this 

assertion includes the following results discussed above:  (i) presence of carbonate only 

in T4.2,  (ii) depletion of gangue neso- and cyclo-silicates (andradite and axinite) with 

increased tailings acidification, (iii) persistence at low pH of kinetically-stable orthoclase 

and quartz relative to more soluble silicates, (iv) accumulation of kaolinite in T4.2; (vi) 

accumulation of well-crystallized jarosite; and, importantly, (vii) decreasing lability of 

both Pb2+ and Zn2+.  This latter effect is discussed in more detail in the following section.     

 

5.2  Consequences for Contaminant Metal Lability 

For Pb and Zn, elemental correlations with Fe and Mn, respectively, have been 

observed both at the field scale and at the particle scale (Figs. 1-2, 7-8).  The source of 

these correlations relates directly to the weathering trajectories described above.   

Lead is effectively sequestered into plumbojarosite, which becomes increasingly 

stable, and whose crystallinity increases, as weathering progresses to more acidic pH.  As 

a result of this effective sequestration, total Pb concentrations are not diminished over the 

course of mineral weathering in the tailings piles.  The increasing recalcitrance of Pb in 

sulfate solids is consistent with the sequential extraction data that show a progressively 

larger fraction of Pb is incorporated into well-cystallized jarosite (and/or Fe 

oxyhydroxide) solids that are generally dissolved in the AAO80°C extraction steps (as 

indicated by XRD), but not until the acid extraction step for the most acidified sample, 

T2.6.  This influence of tailings pH on the speciation of Pb is reflected in the progressive 

growth of the fraction extracted by the sum of AAO80°C, H2O2, and acid extraction 
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steps.  As pointed out earlier, since Pb extracted by AAO80°C precipitates to form Pb-

oxalate solids that are solubilized in the H2O2 step (Fig. 5), we contend that the sum of 

the AAO and H2O2 extraction steps provides an estimate of Pb mass associated with Fe 

sulfate and (oxyhydr)oxide solids.  Since plumbojarosite stability and crystallinity 

increases with decreasing pH, this suggests that Pb lability has decreased with increased 

weathering of the tailings piles.  One measureable indication of this is that the water-

extractable Pb decreases by a factor of 40 from T5.4 to T2.6 while total Pb decreases only 

by a factor of 4. 

EXAFS results also indicate that a low recovery of Pb in oxalate extractions does 

not necessarily imply a low mass abundance of oxalate soluble mineral solids.  In the 

case of Pb, not all trends in speciation can be related to pH variation alone, and a depth 

dependence in Pb lability is apparent.  Tailings taken from the 0-30 cm depth (T3.9 and 

T5.4) both show larger acetic acid (AA) extractable pools relative to those sampled from 

the 28-53 cm and 21-42 cm depths (T2.6 and T4.2, respectively), which suggests a more 

labile (e.g., exchangeable) form of Pb is present in these surficial tailings. 

Total Zn concentration decreases by roughly an order of magnitude with 

decreasing pH (Fig. 2a).  A significant fraction of Zn is extracted by AAO (Fig. 4b), 

which dissolves the Mn oxides chalcophanite and manjiroite.  That is, weathering of Mn-

bearing silicate (axinite, johannsenite) phases gives rise to Mn oxides that effectively 

sequester Zn in co-precipitates (chalcophanite) or in high affinity sorption complexes 

(manjiroite).  However, these solids are metastable in the tailings environment, and their 

loss from the tailings matrix seems to result in a concurrent leaching loss of Zn from the 
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solid phase.  Some of the Zn is scavenged by iron (oxy)hydroxides, which are persistent 

in the low pH tailings.  In addition, solid phase speciation of Zn likely includes a Zn-talc 

phase, whose presence is suggested by to the contribution of a unique component to the 

Zn K-edge EXAFS spectra, as discussed in a companion paper (Hayes et al., 2009).   

 

6. CONCLUSIONS 

This study shows that weathering-induced acidification of highly-oxidized desert 

tailings can affect the solubility dynamics of residual metal mass.  Lead partitions 

primarily into plumbojarosite aggregates, and since plumbojarosite is favored by low pH 

and high dissolved sulfate conditions, the jarosite-bound Pb appears to become 

increasingly recalcitrant with tailings acidification coincident with increasing crystallinity 

of the jarosite host phase.   

The mobility and fate of Zn appears coupled to the weathering of Mn-bearing solids.  In 

particular, Mn(II) primary silicates, johannsenite and Mn-axinite, weather incongruently 

to form mixed valence Mn oxides, manjiroite and chalcophanite. These secondary 

products seem to act as high affinity sinks for Zn.  The prevalence of these mixed-valence 

Mn solids decreases with decreasing tailings pH.  This likely explains the correlated 

decrease in total Zn concentration and the possible sorption of Zn to iron (oxy)hydroxides 

at low pH.  Whereas the DTPA and sequential extraction results show a decrease in the 

labile fraction and pool size of Zn with increased tailings acidification, the total 

concentration of both Mn and Zn also decrease with acidification, suggestive of their 

leaching loss during weathering.  
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ABSTRACT  

Mine tailings often host elevated concentrations of toxic metals, such as lead, 

representing a significant hazard to surrounding communities and ecosystems.  Tailings 

deposited in arid or semi-arid environments are particularly vulnerable to wind and water 

erosion that transports toxic metals into communities for direct inhalation or ingestion.  

Eolian transport, capable of transporting >35 µm particles, is the dominant mechanism of 

toxic metal dispersion for many arid systems.  Since Pb concentrations in tailings, dust, 

or soil do not directly correlate with blood Pb levels, metal speciation is a critical step 

toward understanding health risks.  We have employed chemical sequential extractions, 

X-ray absorption fine structure (XAFS), and X-ray diffraction (XRD) to study Pb 

speciation in tailings from the semi-arid Arizona Klondyke State Superfund Site.  

Tailings at the site span a significant range in acidity, and representative samples ranging 

in pH from 2.6 to 5.4 were chosen for in-depth study of Pb solid phase speciation.  Lead 

in all samples was primarily plumbojarosite (PbFe6(SO4)4(OH)12), whose crystallite size 

increases with increasing sampling depth.  Surficial samples contain a larger fraction of 

anglesite (PbSO4), the most bioavailable form of Pb found in these tailings. XANES 

derivative fits estimate the fraction of plumbojarosite and anglesite to be 63-100% and 0-

36%, respectively, and the presence of these phases were confirmed using micro-focused 

XAFS, and Pb sorbed to iron oxide was identified using micro-focused X-ray 

fluorescence (µ-XRF).  The clay size fraction was found to be highly (2-3 times by mass) 

enriched in Pb relative to the bulk tailings.  These results indicate that the mobility and 
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bioavailability of particulate Pb associated with surficial tailings in arid systems may 

present a significant potential health hazard. 
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1. INTRODUCTION 

The human health impacts of mine tailings have come under increasing scrutiny 

in recent decades. Most research and remediation efforts have focused on temperate 

climates where high precipitation results in formation of acid mine drainage (AMD).  The 

AMD can contain elevated concentrations of metal contaminants, potentially making 

drinking water an ingestion pathway of toxic metal exposure (Fields, 2003). Recent 

studies of mine tailings in arid climates are beginning to reveal the additional importance 

of human exposure to metal-containing tailings particles themselves, since they can be 

dispersed by wind.  Small particles, in particular, can be swept from the surfaces of 

tailings piles and subject to atmospheric transport over local to regional and even global 

distances (Derry and Chadwick, 2007). Highest aerosol exposures are expected in 

communities that exist downwind in close proximity to tailings piles, whereas a 

logarithmic decay of particle concentrations is expected further down-gradient (Benin et 

al., 1999). 

The most prevalent and problematic mine tailings initially contain metal sulfides 

with variable amounts of accessory silicate minerals. When deposited into waste piles, 

sulfide tailings undergo oxidation to form metal sulfate salts and protons, generating low 

pH pore waters (Hayes et al., 2009). With further weathering, depending on the extent of 

removal of sulfate anion in leachate water, sulfate solids may dissolve to form Fe and Mn 

oxides (Blowes et al., 2005).  Each of these weathering reactions involves accompanying 

changes in toxic metal mobility (Hudson-Edwards et al., 1996).  Lead, which is among 

the contaminant metals of greatest concern for human health (EPA, 2009), is frequently 
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associated with metalliferous mine tailings (Plumlee and Ziegler, 2005). Given its high 

propensity for co-precipitation and particle surface sorption, Pb has the potential to 

accumulate into colloidal and particulate products of incongruent geochemical 

weathering of tailings (Davis et al., 1993; Ostergren et al., 1999; Brown et al., 1999).  

Small (i.e., < 35 µm) Pb-containing particulate weathering products may then be 

transported to adjacent communities where they are subjected to direct inhalation 

(particles less than 10 µm) or ingestion.  In such cases, the bio-active dose is not 

necessarily equal to the total Pb concentration, since Pb bioavailability in bio-fluids and 

other natural waters depends strongly on the solid phase (particulate) speciation (Gulson 

et al., 1994). 

 Because of its potential toxicity, residual Pb in mine tailings has been studied 

extensively (e.g., Davis et al., 1993; Schaider et al., 2007). Lead is often first introduced 

to tailings piles as galena (PbS) during sulfide waste deposition. Geochemical weathering 

under oxic conditions can result in the formation of various secondary products including 

cerrusite (PbCO3), anglesite (PbSO4), and plumbojarosite (PbFe6(SO4)4(OH)12) (Davis et 

al., 1993).  In subhumid climates, Pb has been shown to be co-associated with the Fe (III) 

sulfate, jarosite, and Fe oxides (Ostergren et al., 1999; Ramos Arroyo and Siebe, 2007; 

Romero et al., 2007).  Detailed molecular speciation of Pb in desert mine tailings has 

received insufficient attention (Hudson-Edwards et al., 1999; Dold and Fontbote, 2001). 

However, the fact that arid systems are characterized by low (< 50 cm) precipitation and 

high evapotranspiration rates suggests the likely persistence of soluble sulfate phases 

(such as surficial efflorescent salts) formed in part by the upward migration of metal-rich 
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pore waters via capillary action (Hayes et al., 2009; Dold and Fontbote, 2001; Meza-

Figueroa et al., 2009).   

 Wind driven transport of Pb-bearing particles may be the primary mechanism of 

contaminant dispersal in arid landscapes, and hence it is a critical factor to consider when 

assessing health risks of tailings (Schaider et al., 2007; Larney et al., 1999; Breshears et 

al., 2003).  Sampling of dust from areas surrounding Pb point sources demonstrate that 

eolian transport can be quite important (Benin et al., 1999). Wind dispersion of small 

efflorescent salt particles formed in mine tailings systems may pose a significant health 

risk to surrounding populations (Meza-Figueroa et al., 2009), particularly because such 

phases are often water soluble – and hence bioavailable – forms of toxic metals. 

Therefore, detailed molecular characterization of the source materials is needed. 

The CDC regulatory limit for blood Pb is 10 µg dL-1 (CDC, 2005), but a statistical 

reduction of IQ has been reported in children with blood Pb levels of 10 µg  

dL-1 compared to1 µg dL-1 (Canfield et al., 2003).  Blood Pb levels of several mining-

impacted communities have been measured, but correlations between total dust Pb and 

blood Pb concentrations are weak (Gulson et al., 1994), supporting the concept that Pb 

speciation controls bioavailability.  A swine model, used to predict child uptake and 

relative bioavailability of Pb in 19 mining impacted soils, slag, and tailings concluded 

that plumbojarosite and anglesite have low and medium bioavailability, respectively 

(Casteel et al., 2006).  Rabbit studies indicated that 10% of Pb in anglesite dominated 

mine tailings was solubilized in the stomach and available for absorption in the intestine 

(Davis et al., 1994).  Using an in vitro simulation of stomach conditions a maximum of 
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4% of Pb from ingested mine tailings was solubilized during gastrointestinal residence 

time, pointing to kinetic limitations on toxicity (Ruby et al., 1992).  These results are 

significantly lower than those presented for smelter-impacted and urban communities, 

where children also have elevated levels of blood Pb.  Schraider showed the bioavailable 

fraction of Pb was related to water and ammonium oxalate extractable fractions of mine 

tailings (Schaider et al., 2007).  Direct evidence linking the bioavailable fraction with 

various operational extractions and specific mineral phases is lacking, particularly for 

arid tailings, but it is clear that Pb speciation plays an important role in bioavailability.   

X-ray absorption spectroscopy (XAS) is one of the only methods that can provide 

direct molecular-scale speciation of Pb in natural geomedia.  Several studies have 

employed XAS to probe Pb speciation in mine tailings (O'Day et al., 1998; Ostergren et 

al., 1999; Brown et al., 1999; Morin et al., 1999).  Most of the tailings studied were 

carbonate rich, and the Pb was principally found in carbonate phases and sorbed forms ( 

O'Day et al., 1998; Ostergren et al., 1999).  One paper highlights the particular 

importance of sorbed species in mine and smelter impacted soils (Morin et al., 1999). For 

example, Pb speciation in sub-humid mine tailings was examined for low pH (2.7), 

Leadville, CO samples that were found to contain some residual primary sulfides.  Lead 

speciation was dominated by plumbojarosite, with minor contributions of plumboferrite 

and vanadinite (Ostergren et al., 1999).  Although the authors were able to fit a 

manufactured sample spectrum with reference spectra using linear combination fitting, no 

other grain-scale confirmation of their linear fits was employed.   



 
 

103 

 
 

Most XAS measurements of Pb speciation have focused on using the EXAFS 

region of the absorption spectra (eg. Ostergren et al., 1999).  Relatively few studies have 

examined the XANES or first-derivative XANES region (eg. Bargar et al., 1997) and 

very few studies have fit the XANES region or derivative spectra (Vantelon et al., 2005).  

Independent fitting of both the edge and EXAFS regions, should provide better constrains 

on speciation than either one alone.  It is also important to confirm bulk fits using a 

complementary method, such as micro-focused XAFS, electron microscopy, or Raman 

spectromicroscopy. 

The overall goal of this project is to assess Pb speciation in the near-surface of 

mine tailings that have undergone weathering in a desert environment. The Klondyke 

State Superfund Site in southeastern Arizona has received significant scrutiny because it 

is located at the mouth of an important riparian corridor, Aravaipa canyon.  Lead isotopes 

have been used to trace Pb dispersal in the canyon (Morfin, 2003), and planting trials 

have been performed using plant growth promoting bacteria to phytostabilize the tailings 

(Grandlic et al., 2008).  The tailings show somewhat uniform physical and chemical 

characteristics across the waste pile, including EC, total Pb concentration, particle size 

distribution, low organic matter and nitrogen, low or nondetectable inorganic carbon, and 

parent mineralogy. Despite these similarities, there is a large range in tailings pH (2.6-

5.4) that is attributed to a weathering gradient toward more acidic conditions (Hayes et 

al., 2009).   Given the high concentrations of Pb present in the tailings media, 

characterization of Pb speciation and associated risks to surrounding communities and 

ecosystems is warranted. 
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 The specific objectives of the present study were (i) to elucidate the distribution 

of Pb speciation in tailings samples from different depths (0-30 and 21-53 cm), (ii) to 

determine the fraction of bioavailable Pb in the tailings, and (iii) to assess the fraction of 

Pb that can be transported offsite by wind dispersion. We used a chemical sequential 

extraction in combination with synchrotron-based bulk and micro-focused methods to 

deduce Pb speciation in the Klondyke tailings.  We confirmed linear combination fits of 

bulk X-ray absorption fine structure spectroscopy (XAFS) data using grain-scale (micro-

focused) analyses. Micro-focused X-ray fluorescence (XRF) spectroscopy was employed 

to generate spatially-resolved maps of particulate element distributions, and micro-

focused X-ray absorption near edge spectroscopy (µ-XANES) was used to resolve Pb 

speciation in distinct metal-rich particles.     

 

2. MATERIALS AND METHODS 

2.1 Tailings sample collection 

Tailing samples were collected from specific locations at the Klondyke State 

Superfund Site (ID# 1236) located in Graham County, Arizona (Hayes et al., 2009). Two 

surface samples (0-30 cm composites) - T5.4, T3.9 - and two subsurface samples (28-53 cm 

and 21-42 cm composites) - T4.2 and T2.6 - where subscripts denote tailings pH, were 

selected for detailed study. After collection, tailings were sieved to obtain the fine earth 

(< 2 mm) size fraction, air dried for two weeks, and then stored in closed containers at 

room temperature.  Thin sections for each tailing were prepared by impregnation with 

EPOTEC 301-2FL epoxy under vacuum, and cured for three days before being sent to 
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Spectrum Petrographics (Vancouver, WA), where they were thin sectioned to 30 µm, 

polished on both sides, and mounted on quartz slides (Hayes et al., 2009; Arai et al., 

2003).  An efflorescent salt was collected from the top of a pot used in a plant growth 

trial using T3.9 as soil substrate.  The salt was scraped from the top of the pot, and stored 

prior to analysis in a sealed plastic bag. 

 

2.2 Preparation of Pb reference samples 

Twelve Pb-bearing XAS reference minerals were either purchased, synthesized, 

or borrowed from curated reference sources. All reagents were ACS reagent grade or 

better.  Lead oxalate (Ksp=8.5x10-9) was synthesized by generating a supersaturated 

solution from PbNO3 and 0.2 M (NH4)2C2O4·H2O at pH=3 (Skoog et al., 1996). Pb-

sorbed compost was prepared by equilibrating 5 g of compost (UA dairy farm, Grandlic 

et al., 2008) with 25 g of 0.5 mM PbNO3 solution (Sigma, lot 11715TC) for 24 h in an 

end-over-end mixer at 7 rpm and room temperature.  Hematite (á-Fe2O3) (Schwertmann 

and Cornell, 2000; method 4) and birnessite (δ-MnO2) (McKenzie, 1971) were 

synthesized in preparation for Pb2+ sorption experiments. Pb-sorbed hematite and 

birnessite samples were prepared by first washing 0.8 g of the respective solid twice in 

0.1 M NaNO3 background electrolyte solution that had been adjusted to pH 7 for 

hematite and pH 5 for birnessite. Solids were then equilibrated at the same respective pH 

values with 30 g of 0.1 M NaNO3 solution containing 0.1 mM and 3 mM PbNO3 for 

hematite and birnessite, respectively, for 24 h in an end-over-end mixer at 7 rpm.  

Compost and mineral sorption experiments were terminated by centrifugation, removal of 
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supernatant solution for analysis, and preservation of the wet pellet by either refrigeration 

(compost, birnessite) or freeze-drying (hematite).  Solid phase Pb sorbate concentration, 

calculated on the basis of loss from solution, was 500, 9600, and 805 mg kg-1 for Pb-

sorbed compost, hematite, and birnessite samples, respectively.  Natural mineral 

specimens were obtained from several sources including The University of Arizona 

Mineral Museum (UAM), Da Rock Shop in Tucson, AZ (DRS), Wards Scientific 

(Wards), the RRUFF Project (RUFF), and Sigma-Alrdich (SA).  These reference 

minerals included three plumbojarosites (PbFe6(SO4)4(OH)12, UAM, unknown, 5751, 

2593), wulfenite (PbMoO4, UAM), vanadanite (Pb5(VO4)3Cl, UAM), pyromorphite 

(Pb5(PO4)3Cl, DRS), anglesite (PbSO4, SA, lot 10011KE), galena (PbS, SA, lot 

00508MH), cerrusite (PbCO3, Wards, lot 1360), hydrocerrusite (Pb3(CO3)2(OH)2, Wards, 

lot AD3017), and beaverite (PbCuFe2(SO4)2(OH)6, RRUFF, R060400).  The identities of 

all reference materials were confirmed by X-ray diffraction analysis (see section 2.7 for 

method).   

 

2.3 Physical and chemical characterization 

2.3.1 pH and size fractionation  

Selected physical and chemical characteristics of the tailings, including pH and 

particle size distribution were measured previously (Hayes et al., 2009) and are employed 

here to facilitate interpretation of Pb speciation.  An aqueous extraction was performed 

by mixing equal masses (10.0 g) of tailings and ultrapure (18 MΩ) water.  After reacting 

for 24 h at 7 RPM in an end-over-end mixer, the supernatant solution was separated via 
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centrifugation at 43,870 RCF for 20 min and then filtered (Acrodisk, 0.22 µm).  The pH 

of the supernatant was measured immediately and the remaining solution preserved for 

analysis. Particle size distribution of the < 2 mm size fraction was obtained using the 

pipette sedimentation method (Burt, 2004) and also using a laser diffractometer 

(Beckman Coulter LS 13 320, Miami, Fl) in the UA Center for Environmental Physics 

and Mineralogy (Tucson, AZ). 

2.3.2. Lead concentration in size fractions 

Metal concentrations in the size-fractionated tailings were determined following 

microwave-assisted digestion of the tailings (US EPA Method 3051).  Briefly, 0.1 g of 

ground tailings were suspended in 10 mL of concentrated nitric acid in Teflon vessels for 

2 h before transferring the vessels to a CEM MDS-2100 microwave (Matthews, NC) for 

digestion during which the maximum pressure (15 psi) and temperature (154 °C) were 

monitored. After cooling, the digestate was transferred, and each vessel was rinsed with 

15 mL of 18 MΩ water and the rupture membranes were inspected for sample loss. The 

collected solutions (10 mL HNO3 digestate and 15 mL rinse water) were filtered through 

a 0.22 µm filter (Acrodisc) and diluted for elemental analysis by inductively coupled 

plasma mass spectrometry (ICP-MS, Perkin Elmer DRCII).  The efflorescent salt sample 

(1.0 g) was dissolved in 2.0 L of 18 MΩ water with stirring, filtered (Acrodisk, 0.22 µm), 

and analyzed for metals using ICP-MS. 

2.3.3 Sequential chemical extraction 

A six step sequential extraction method, developed for copper mine tailings 

(Dold, 2003), was used to quantitatively extract metals into operationally-defined 
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fractions while targeting specific phases.  The procedure (Hayes et al., 2009) involves 

addition of 1.0 g of air-dried tailings to 50 mL Teflon centrifuge tubes in triplicate 

followed by the following reaction sequence:  (i) “H2O”:  18MΩ water extraction, 25°C, 

1 h  that targets soluble salts such as gypsum; (ii) “AA ”:  1.0 M ammonium acetate, pH 

4.5, 25 °C, 2 h that targets sorbed species, and calcite; (iii) “AAO 25°C”:  0.2 M 

ammonium oxalate at 25°C, pH 3.0, 2 h that targets short-range-order Fe, Al and Mn 

(oxy)hydroxides and poorly-crystallized jarosites; (iv) “AAO 80°C”:  0.2 M ammonium 

oxalate at 80°C pH 3.0, 80 °C, 2 h) that targets long-range-order Fe, Al, and Mn 

(oxy)hydroxides and well-crystallized jarosites; (v) “H2O2”:  30-35% hydrogen peroxide 

in 1.0 M ammonium acetate (pH 4.5, 60 °C, 2 h) that oxidizes organic matter and 

secondary supergene sulfides; and (vi) “Acid”:  750 mg of KClO3 and l5 mL 12 M HCl 

(25 °C, 30 min), then addition of 10 mL of 18 MΩ water followed by centrifugation and 

decanting the supernatant prior to reacting pellets with 25mL of 4.0 M HNO3 (90 °C, 20 

min) that targets primary sulfides.  Triplicate samples of the residual solids were 

harvested after rinsing three times with ethanol, followed by freeze-drying in preparation 

for XRD and X-ray absorption spectroscopy analysis. After each step, the pellets were 

rinsed with 30 mL of 18 MΩ water, the combined supernatant and wash solutions were 

then collected by centrifugation, filtered using a 0.2 µm Acrodisk filter, acidified to pH 2, 

and analyzed by ICP-MS for metal concentrations.    
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2.4 Bulk XAFS collection 

Lead speciation of the tailings samples and reference materials were investigated 

with Pb LIII  edge (E0=13035eV) X-ray absorption fine structure (XAFS) spectroscopy.  

XAFS spectra of the four tailings samples, the efflorescent salt, and the clay size fractions 

of T3.9 and T5.4 were collected at the Stanford Synchrotron Radiation Lightsource (SSRL) 

on beam lines 10-2 and 11-2.  Several reference spectra, vanadinite, wulfenite, 

pyromorphite, and hydrocerrusite, were collected at room temperature in transmission at 

GSE-CARS beam line 13-BM at the Advanced Photon Source (Argonne National 

Laboratory, IL). Measurements at SSRL were made using an Oxford liquid helium 

cryostat operating at < 15 K, well below the Debye temperature for Pb oxide (145 K), 

thereby reducing spectral contributions from lattice vibrations (King, 1958).  A double-

crystal monochromator with Si(220), φ=0 crystals was used in conjunction with three 15 

cm ion chambers with nitrogen gas and a 13- or 32-element germanium fluorescence 

detector.  Vertical slits of 3 mm were used for all samples, and horizontal slits were 

adjusted between 6 and 12 mm to maximize signal without saturating the detector.  

Germanium and aluminum foil filters were used for fluorescence measurements to 

attenuate background scattering and Fe fluorescence.  A minimum of 3 scans were 

collected in transmission mode (used for most reference materials) and 10-15 scans were 

collected in fluorescence mode (used for tailings and sorption samples).  The upper end 

of the XAFS-accessible energy range was limited by the bismuth edge at approximately 

k=10 Å-1 (13419 eV), because Klondyke tailings samples contain Bi concentrations 

ranging from 48 to 96 mg kg-1.   
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2.5 Micro-focused X-ray fluorescence mapping and X-ray absorption spectroscopy 

Thin sections were used to collect micro-focused XRF maps and XAS spectra on 

beam line 2-3 at SSRL using a water-cooled double crystal monochromator with either a 

Si(220), φ =0 or Si(111) crystal and a vortex single element detector (SII Nano 

Technology, Northridge, CA).  Elemental mapping was performed with a micro-focused 

beam (ca. 2.5 µm in cross-section) provided by a Pt-coated Kirkpatrick-Baez mirror pair 

(Xradia Inc.), in 2.5 µm steps and a 250 ms dwell time.  A thin section was placed 

directly in front of the X-ray beam tuned to 13050 eV, just above the Pb LIII  absorption 

edge.  The XRF maps were analyzed using the Microanalysis Toolkit (Webb, 2006; 

version 0.47).  Each map wass linearly scaled from lowest counts (black) to highest 

counts (white).  Micro-focused XAS spectra were collected over an extended XANES 

region (12800- 13290 eV) using the same beam conditions as for the mapping.  The 

energy of T3.9 scans was adjusted 1.1 eV, to better align with the anglesite reference 

spectrum, and the presence of anglesite at these points was confirmed by EMPA (data not 

shown). 

 

2.6 XAFS data analysis 

2.6.1. Data reduction 

XAFS spectra were analyzed using SIXPACK (Webb, 2005; version 0.63).  

Energy was calibrated by collecting the absorption edge of a lead foil standard between 

every two samples, where the first maximum of the first derivative spectrum was defined 
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as 13035 eV.  The spectra were then averaged and the adsorption edge and extended X-

ray absorption fine structure (EXAFS) portions of the spectra extracted for analysis.  

Background ws subtracted by a linear fit to the pre-edge region (-210 to -100 or -50 eV 

below edge) that was extended through the spectrum.  The spectra step heights were 

normalized using a quadratic post-edge (150 to ~570 eV for bulk and 50 to 150 eV for µ-

XAS above edge).  Several spline functions were tested in order to extract the EXAFS 

oscillations.  Splines were fit using a low R-space reduction function (Rbkg), that 

minimizes the contribution from low frequency oscillations (i. e., peaks at low R), 

associated with physically impossible bond distances (Newville et al., 1993).  Splines 

with Rbkg=1.5 and spline range 1 to 9 or 9.5 Å-1, with no spline clamps, consistently gave 

the best fit statistics, as indicated by reduced χ
2 in shell-by-shell fits, for all samples and 

references, and thus were also used for subsequent analysis. 

2.6.2. Principle components analysis (PCA) and target transform analysis (TTA) 

Fitting of the EXAFS (k-range 3-9 Å-1; k3-weighting) and XANES spectra (13020 

to 13070 eV; fits were done to first derivative spectra) proceeded independently to test 

for internal consistency.  Principle components analysis (PCA) was performed on 7 

EXAFS spectra (tailings, T5.4 and T3.9 clay, and efflorescence salt) and 14 XANES 

spectra (tailings and an additional 10 µ-XAS from Pb “hotspots” on the thin sections).  

PCA generates a mathematical representation of the spectra, which can be used to 

determine the minimum number of components, as indicated by the minimum of the 

indicator function (Malinowski, 1977).  This analysis thereby specifies the likely number 

of components present in the samples. The theoretical representation of the data from 
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PCA can be used to perform target transform analysis (TTA), which compares the 

mathematical representations of the data with individual reference spectra from our 12 

Pb-bearing mineral reference library.  Target transform analysis (TTA) yields “SPOIL” 

values intended to indicate the relevance of library reference spectra for inclusion in 

linear combination fits of the samples.  Low SPOIL values (< 4.5) are indicative of 

potentially relevant references (Malinowski, 1978).   PCA and TTA are both useful 

analyses that can be used to constrain subsequent linear combination fits (LCF) by 

determining the number and identity of likely reference compounds.    

2.6.3. Linear combination fitting:   

Based on PCA, TTA, and other analyses, linear combination fits were limited to 

inclusion of plumbojarosite and anglesite for EXAFS and XANES analysis.  All fits were 

constrained to be non-negative, but not forced to sum to unity.  If any component was 

initially fit to a fraction less than 10%, it was removed from the fit and the fit was 

performed again. 

2.6.4. Shell-by-shell fitting 

The Pb2 site (96% of Pb atoms) in the plumbojarosite structure (Szymanski, 

1985) was used as to create an input file in web atoms (Ravel, 2003) to calculate a FEFF 

input file that was then used to calculate theoretical phase shift and amplitude functions 

for single and multiple scattering paths within a cluster of 353 atoms using FEFF 6 Lite 

(Rehr, 1992,1993). The theoretical functions generated by FEFF were fit to the 

experimental plumbojarosite (UAM #5751) reference and tailings spectra over the k-

range 3 to 9 Å-1, and an R-space of 1-4 Å with k3 weighting and the slope of the R-space 



 
 

113 

 
 

Kaiser-Bessel Fourier transform window, dk=3. To limit the fit variables, coordination 

numbers were confined to values of the crystallographic structure of plumbojarosite (3 

shells, each with N=6) for each shell and the amplitude reduction factor (S0
2) was set to 

unity, a common value for Pb fits (e.g. Bargar et al., 1997).  For all spectra, the fitting 

range had 11 degrees of freedom and 7 variables.  Spline error was avoided by fitting 

several spline functions for each sample and reference, as described above.   

 

2.7 X-ray diffraction analysis 

X-ray diffraction patterns were collected at the Stanford Synchrotron Radiation 

Laboratory (SSRL) on beam line 11-3, operating in transmission mode at ~12,700 eV 

using a MAR345 detector (MAR, Evanston, IL) with a 345 mm radius with 100 µm 

pixels (Hayes et al., 2009).  All patterns (evaporate, water-extracted tailings, and 

plumbojarosite references) were integrated in the manner described previously described 

and analyzed using X’pert software (X’Pert Highscore Plus, version 2.1b).  Data from 

water-extracted tailings were used to avoid overlap of the gypsum (removed by water 

extraction) and plumbojarosite peaks.  The plumbojarosite reference minerals and tailings 

patterns were normalized and calibrated to the largest plumbojarosite peak at 29.15 °2θ.  

The full width of isolated plumbojarosite peaks at 14.94and 29.15 °2θ were measured at 

half maximum intensity (FWHM) to provide an index of crystallite size.   
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3. RESULTS 

3.1 Lead content and particle size 

The four tailings samples collected from the Klondyke site and greenhouse 

evaporite underwent detailed analysis.  The tailings share certain physical and chemical 

characteristics, including parent mineralogy, electrical conductivity, lack of organic 

matter and nitrogen, low or non-detectable inorganic carbon, high total Pb content, and 

particle size distribution (Hayes et al., 2009).  The particle size distribution classifies the 

tailings as a sandy loam with 41-54% sand, 21-32% silt, and 25-32% clay, by mass (Fig. 

1a).  Despite the relatively small mass fraction of clay, these clay particles are 2 to 3 fold 

enriched in Pb relative to the bulk tailings (Fig. 1b).  The enrichment of Pb in the clay 

fraction is consistent across all tailings, regardless of collection depth or pH.  The 

evaporite sample was also enriched in lead, and contained 0.6, 20.8, and 129.8 g kg-1 Pb, 

Zn, and Ca, respectively.   

 

3.2 Sequential extraction of lead 

Quantification of extractable Pb, as judged by the sequential extraction, varies 

significantly with collection depth in the tailings.  The Pb extracted during the sequential 

extraction, shown in Figure 2, demonstrates that the ammonium acetate (AA) fraction 

decreases with decreasing pH and in the subsurface samples.  This fraction potentially 

corresponds to anglesite, which has been previously reported as soluble in ammonium 

acetate (Schaider et al., 2007).   
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Figure 1: Particle size distribution by mass and metal content by size fraction.  A) Particle size analysis of tailings (sand 
>2mm, silt >20um, clay 2um). B) Lead content of tailings by size fraction.  These sandy loam textured tailings have a small 
<12% clay content by weight, but the clay fraction is 2-3 times enriched with Pb by weight.  This is important because the clay 
size fraction is readily transported by wind and inhaled into the lungs (Plumlee and Ziegler, 2005).  
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Figure 2: Sequential extraction of whole tailings (from Hayes et al., 2009).  Extractions include H2O (Water, 2 h, 25 °C), AA 
(1.0 M ammonium acetate, pH 4.5, 25 °C, 2 h), AAO 25 °C (0.2 M ammonium oxalate, pH 3.0, 25 °C, 2 h), AAO 80 °C (0.2 
M ammonium oxalate, pH 3.0, 80 °C, 2 h), H2O2 (30-35% hydrogen peroxide in 1.0 M ammonium aceteate, pH 4.5, 60 °C, 2 
h), and acid (750 mg KClO3 and 15 mL 12 M HCl, 25 °C, 30 min followed by 10 mL 18MΩ addition followed by 
centrifugation and decantation prior to pellet reaction with 25mL 4.0 M HNO3, 90 °C, 20 min).  The surficial tailings have a 
significantly larger fraction of ammonium acetate soluble Pb.  Other studies have shown that the water and ammonium acetate 
soluble fractions correspond to the stomach soluble fractions (Schaider et al., 2007).  This fraction probably corresponds to 
anglesite, which is ammonium acetate soluble and also enriched in the surficial tailings according to EXAFS.  The increase in 
bioavailable lead at the surface highlights the importance of remediating the tailings.

0

20

40

60

80

100

P
er

ce
nt

 le
ad

 e
xt

ra
ct

ed

 H
2
O

 AA
 AAO 25C
 AAO 80C
 H

2
O

2

 Acid
 Residual

Tailing
Subsurface

T
5.4

T
3.9

T
4.2 T

2.6

Surface

 
  



 
 

117 

 
 

3.3 XAFS analysis of lead with collection depth 
3.3.1. Principle component and target transform analysis 

PCA of seven EXAFS spectra (four tailings samples, surface precipitate, and clay 

fractions from T5.4 and T3.9) suggested a two-component mixture, as indicated by the 

minimum of the indicator function, which has been empirically shown to determine the 

minimum number of components necessary to describe a dataset (Malinowski, 1977).  

Edge derivative PCA analysis of the XANES of the same seven samples and µ-XANES 

collected from thin sections indicated the potential presence of three components. 

 TTA was performed on both XANES and EXAFS portions of the library of 12 Pb 

reference spectra (Figure 3).  EXAFS references with SPOIL values less than 4.5, 

included anglesite (3.8) and wulfenite (4.0).  TTA analysis of the three components 

indicated by the PCA analysis of the XANES spectra yielded SPOIL values of 1.48 and 

3.1 for plumbojarosite and anglesite, respectively, although PbC2O4 and beaverite also 

had SPOIL values less than 4.5.  Wulfenite was eliminated as a potential phase since the 

tailings contain only trace amounts of molybdenum (< 75 mg kg-1).  Lead oxalate was 

eliminated on the basis of low organic carbon in the tailings.  Beaverite was removed 

because of low copper-lead correlation in the XRF maps, data not shown.  TTA of the 

plumbojarosite reference EXAFS spectrum gives a “poor” SPOIL value of 4.9, higher 

than the cutoff for an “acceptable” SPOIL value indicating plumbojarosite is not a likely 

candidate.  Plumbojarosite was selected as a reference because of XRD, Raman, and  

electron microprobe data indicating the presence of this phase in the tailings, despite the 

high EXAFS SPOIL value, as discussed later.   
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Figure 3: X-ray absorption spectra of reference compounds.  These are lead-bearing mineral phases that may be present in the 
tailings to which the sample spectra were compared.  Plumbojarosite and galena EXAFS spectra are plotted with 0.2 
amplitude.
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3.3.2. Linear combination fitting 

Linear combination fits of both EXAFS and first derivative XANES spectra data 

reveal plumbojarosite as a primary component of the tailings, with minor fractions of 

anglesite (Table 1, Fig. 4).  However, the sum of the reference spectra used in the 

EXAFS fits is low (0.42-0.62) relative to unity.  This low sum (not forced to unity in the 

LCFs) results from the large differences in the peak-to-peak EXAFS amplitude of the 

plumbojarosite references (12.7 - 8.0) as compared to that of the samples (3.0 – 5.1) 

(Table 2).  The appearance of the shoulders at k of 5.1 and 6.2 Å-1 indicates an increased 

fraction of anglesite in the surficial tailings, particularly T5.4 (Fig. 4).  The accumulation 

of anglesite in surficial tailings is also supported by the linear combination fits of the 

evaporite, which was adequately fit using only anglesite (Fig. 5a,b).   

3.3.3. Shell-by-shell fitting 

  X-ray absorption spectra (Fig. 4) suggest that plumbojarosite is the primary lead-

bearing species in the tailings samples.  However, the amplitudes of the spectra from the 

natural plumbojarosite reference minerals are significantly larger (peak-to-peak height 

ranging from 8.0 to 12.7) than those of the sample spectra (peak-to-peak height ranging 

from 3.3 to 5.1) (Table 2).  As a result, linear combinations that include plumbojarosite 

as a primary component do not quantitatively fit the sample spectra.  Shell-by-shell fitting 

was employed to facilitate the identification of structural parameters that differ between 

the references and lead-bearing minerals in T2.6, fit as 100% plumbojarosite by the linear 

combination the samples and to confirm sample spectra are consistent with 

plumbojarosite in the samples. 
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Table 1: Linear combination fits of bulk tailings X-ray absorption spectra (a) EXAFS, (b) XANES.  Fits indicate percent of 
each component (Pb-jar, PbSO4, Pb-hem) used to fit each spectrum.   Spectra and fits are plotted in Figure 4. Fits indicate that 
the tailings Pb speciation is primarily attributable to plumbojarosite with some anglesite and lead-sorbed to iron oxide.  
Plumbojarosite content increases with decreasing pH and is more prevalent at depth.  Conversely, lead-sorbed iron oxide 
decreases at depth and with decreasing pH, as plumbojarosite becomes thermodynamically stable.  Although trends are 
consistent between the EXAFS and XANES fitting, the numerical values assigned vary widely between the fitting routines.  
This results from the large amplitude difference between the plumbojarosite samples and reference minerals, as discussed in 
the text.   
 

fit   Sample Pb-jar PbSO4 Sum χ
 2 Red. χ2 

(A
) 

E
X

A
F

S
1  Surface T5.4 35 15 50 9.1 0.08 

T3.9 42 0 42 24 0.20 

Subsurface T4.2 55 0 55 18 0.15 

T2.6 62 0 62 15 0.12 

        

(B
) 

D
er

iv
at

iv
e2  Surface T5.4 63 36 99 0.0047 4.7E-6 

 T3.9 73 28 101 0.010 1.0E-6 

Subsurface T4.2 73 27 100 0.0096 9.7E-6 

 T2.6 100 0 100 0.0051 5.1E-6 

1 EXAFS fits were performed over the k-range 3-9 Å-1.   
2 first-derivative XANES fitting range was 13020 to 13070 eV. 
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Figure 4: Linear combination fits of tailings A) first-derivative XANES, B) EXAFS.  Data are shown by solid line and fits are 
shown by dashed line.  The spectra show that Pb in the tailings is primarily in plumbojarosite, but the surficial tailings are 
enriched in anglesite, PbSO4.  In the XANES spectra, the surficial tailings have a first-derivative maximum that is shifted 
slightly to lower energy, like PbSO4, and a smaller minimum at 13061 eV than is observed for the subsurface tailings or the 
plumbojarosite reference.  The EXAFS of the surficial tailings have small peaks at k=5.1 and 6.2 that are also present in 
PbSO4.   
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Table 2: Indicators of plumbojarosite particle size in tailings and reference minerals.  Peak-to-peak amplitude of EXAFS can 
provide a rough indication of uniformity of nearest-neighbor bond distances.  The Scherrer equation provides a more 
quantitative guide for calculating mean particle diameter from diffraction peak widths.  The XRD patterns used to calculate 
particle size are shown in Figures 6 and 7.  Both the EXAFS amplitude and Scherrer analysis suggest that the reference 
materials contain significantly larger crystallites than the tailings samples.  The crystallite size is estimated at up to 300 nm for 
the surficial tailings, a size that would be readily transported by wind.   Although the Scherrer analysis may not be very 
applicable to this system which contains polydisperse particles, it nonetheless provides a rough index of the mean particle size 
for plumbojarosite particles, the principal lead-containing phase in this system. 
 
 

 
EXAFS 

amp. 
FWHM  
degrees 

Size 
(nm) 1 

FWHM  
degrees 

Size 
(nm)1 

Tailings  14.94 °2θ 29.15 °2θ 
T5.4 3.29 0.415 110 0.318 159 
T3.9 2.98 0.447 102 0.372 136 
T4.2 4.69 0.296 154 0.169 298 
T2.6 5.10 0.290 157 0.189 267 

mean   131  215 
Pb-jar      

A 11.32 0.158 290 0.166 304 
B 12.67 0.242 189 0.238 212 
C 8.03 0.264 173 0.231 218 

mean   217  245 
 
1 K=0.5 was used in the Scherrer equation.  
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Figure 5: Lead in an efflorescent salt precipitate from a plant growth trial using T3.9 as soil substrate. A) First-derivative 
XANES and B) EXAFS fits indicate PbSO4 is the only Pb-bearing species necessary to fit both spectra. C) X-ray diffraction 
pattern of the precipitate, indicating the presence of gypsum (G), anglesite (A), bianchite (B),  jarosite (J).   XAS analysis 
shows that the Pb in this precipitate is anglesite (PbSO4).  
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Three single scattering paths, developed from the crystal structure of plumbojarosite 

(Szymanski, 1985) using FEFF theory (Rehr, 1992), at 2.69, 2.95, and 3.55 Å were used 

to fit the first two shells of the plumbojarosite references and sample T2.6.  FEFF 

calculates the theoretical phase shift and amplitude functions to of an ideal atomic cluster 

with no disorder (i.e., σ
2 is set to 0).  The experimental crystalline reference spectra allow 

the estimation of Debye –Waller factors (σ
2) for pairs of atomic scatterers. Collecting 

data at low T minimizes the thermal component to atom-atom disorder, leaving primarily 

structural disorder, which can arise for several reasons, including atom substitution, 

defects, and small particle size (Eisenberger and Brown, 1979; Brown et al., 1988).  

Bond distances consistent with the crystal structure of plumbojarosite – within 0.02Å for 

the first oxygen and within 0.06 Å for all other bond distances – were obtained for both 

reference and T2.6 (Table 3). The Debye-Waller factor (0.023 Å2) for the first shell of T2.6 

is significantly higher than for the plumbojarosite reference (0.014 Å2).  Higher Debye-

Waller factors indicate a larger distribution of local bond distances, particularly if thermal 

atomic motion is minimized by collecting spectra at cryogenic temperatures.  The good 

fit of T2.6 using the scattering paths developed from the plumbojarosite structure, and 

used to fit the reference compounds, demonstrates that the principle lead-bearing mineral 

in the tailings is plumbojarosite (Fig. 6).    

 
3.4 µµµµ-XRF and µµµµ-XAS  

X-ray fluorescence mapping was used to elucidate elemental correlations and 

locate localized zones of high Pb concentration (i.e., “hotspots”) for micro-focused XAS  
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Table 3: Shell-by-shell EXAFS fit summary for T2.6 and plumbojarosite reference, 
shown in Figure 4.  Fitting parameters included: E0, a shift in the edge energyto account 
for calibration errors, path indicates the atoms involved in the single scattering, N is path 
degeneracy, distance is distance between the scattering atoms, σ

2 is the Debye-Waller 
factor, indicating distribution of bond distances, redued χ

2 indicates the statistical 
goodness of fit, and R-factor is another statistical parameter roughly percent misfit. These 
fits were performed because the phase function of the samples and plumbojarosite 
references are very similar, but the amplitude functions are different, indicating a 
structural difference between the samples and reference.  The presence of plumbojarosite 
has been confirmed using Raman and XRD, and EMPA, indicating the differences arise 
from differences in crystallinity.  Shell by shell fits were performed to confirm the 
identity of the phase and determine the Debye-Waller factor, which serves as an indicator 
of local bond distance distribution.  All sample fourier transform spectra are well-fit 
using the model developed from the plumbojarosite structure (Szymanski, 1985).  Three 
scattering paths at 2.69, 2.95, and 3.55 Å were necessary to fit the first shell, each with a 
theoretical coordination number of 6, which was set during the fitting to reduce the 
number of degrees of freedom. 
 
 

 E0 path N Distance 
(Å) 

σ
2 Red χ2 R-factor 

Pb-jarosite 
structure1 

 Pb-O 6 2.69    
 Pb-O 6 2.95    
 Pb-Fe 6 3.55    

T2.6 4.8 Pb-O 62 2.67 (4) 0.023 (4) 138 0.025 
(2.2) Pb-O 62 2.95 (4) 0.014 (3)   

 Pb-Fe 62 3.60 (2) 0.014 (1)   
Pb-jar C 4.1  Pb-O 62 2.67 (3) 0.014 (3) 429 0.024 

(2.1) Pb-O 62 2.94 (3) 0.009 (2)   
 Pb-Fe 62 3.57 (2) 0.0088 (8)   

1 Szymanski, 1985. 
2 fixed during fitting. 
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Figure 6: Shell-by-shell EXAFS fits of tailings T2.6 and reference plumbojarosite C (Fig. 
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investigation (Table 4, Fig. 7).  Micro-focused Pb LIII  XANES spectra were then 

collected at several locations on the XRF maps as numbered in Figure 7a.  The first- 

derivative XANES spectra, shown in Figure 7b, were well-fit to plumbojarosite, 

anglesite, and Pb sorbed to iron oxides (modeled as Pb sorbed hematite, Pb-hem) (Table 

4).  Results demonstrate that hotspots probed in the surficial tailings are primarily 

anglesite and Pb associated iron oxides, while hotspots probed in the subsurface tailings 

are principally plumbojarosite, corroborating the results from bulk XAFS and sequential 

extraction. 

Although these XRF intensities were not calibrated quantitatively, they 

nonetheless provide useful indications of elemental co-association.  Ternary plots were 

constructed from the elemental maps (Fig. 7a) and include the normalized Pb, Fe, and S 

counts.  These plots indicate that all tailings samples show strong Pb-Fe-S spatial 

correlation (Fig. 7c).  But there exist significant differences between correlations for the 

surficial and subsurface tailings.  The surficial tailings have a population of Pb-Fe 

correlated points that are not associated with significant S (bottom right of triangle), 

indicating the presence of lead associated with iron oxides.  Low concentrations of Pb 

associated with iron oxides preclude investigation using XAS, but iron (oxyhydr)oxides 

are well known high affinity adsorbents for Pb2+ (McKenzie, 1980; Webster et al., 1998).  

Lead sorbed to iron oxides does not significantly improve bulk XAFS fits to the data, 

indicating that it is not a major lead-bearing phase in these tailings, but is indicated in the 

micro-focused XAFS.  The sensitivity of XAFS to sorbed species is limited by low 

backscattering amplitude, and may be why it is not observed in the bulk fits. 
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Table 4: Linear combination fits of micro-XANES spectra collected at indicated points 
in the XRF maps (Fig. 4).  Fits indicate percent of each component (Pb-jar, PbSO4, Pb-
hem) used to fit each spectrum.  The micro-focused XAS spectra confirm the phases 
indicated in the bulk fits:  plumbojarosite and anglesite.  These results confirm that many 
of the Pb “hot spots” in the surficial tailings are primarily anglesite, while the subsurface 
tailings are dominated by plumbojarosite. 
 

  Sample Spectrum Pb-jar PbSO4 Pb-Hem Sum χ
2 

S
ur

fa
ce

 T5.4 1 0 75 18 93 0.03 

 2 0 76 16 92 0.05 
 3 0 79 18 97 0.02 

T3.9 4 0 78 16 94 0.03 
 5 0 82 15 97 0.02 

S
ub

su
rf

ac
e T4.2 6 96 0 0 96 0.10 

 7 95 0 0 95 0.12 
 8 62 39 0 101 0.05 

T2.6 9 98 0 0 98 0.15 
 10 96 0 0 96 0.10 



 
 

 
 

Figure 7: Grain scale phase determinations A) XRF maps with points of 
absorption derivative spectra, C) correlation plots.
Fits to the µ-XAS derivative spectra (B) and in 
tailings and primarily plumbojarosite in hotspots investigated in subsurface tailings

Grain scale phase determinations A) XRF maps with points of µ-XAS analysis indicated, B) micro
spectra, C) correlation plots. Visual inspection demonstrates the spatial correlation of Pb

and in Table 4 demonstrate anglesite and Pb sorbed iron oxide hotspots in the surficial 
and primarily plumbojarosite in hotspots investigated in subsurface tailings.    
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3.5 X-ray diffraction 

X-ray diffraction was also used for bulk phase determination of minerals present 

in the evaporite sample.  In order of estimated decreasing abundance, gupsum, anglesite, 

bianchite, jarosite, were identified in the sample.  These are evaporite minerals 

commonly associated with efflorescent salts in tailings. 

A Scherrer analysis (Scherrer, 1918) was conducted to assess whether 

plumbojarosite crystallite size might help to explain the difference between XAFS 

amplitudes of reference and tailings samples. Detailed discussion of bulk tailings 

mineralogy for the Klondyke site as deduced from XRD and other methods is presented 

in a separate paper (Hayes et al., 2009).  A specific subset of diffraction data is presented 

(Table 2; Fig. 8 and 9) here for water-extracted tailings to determine the average 

crystallite size of plumbojarosite in the reference minerals and tailings samples according 

to the equation:   

 

�������� 
��� ��� �  
� λ

∆θ cos θ
 

where K is the Scherrer constant, λ is the wavelength (nm) of the radiation used to collect 

the diffraction pattern, ∆θ is the FWHM peak width, and λ is the location of the 

diffraction peak in °2θ, angles in radians (Clearfield et al., 2008).  The Scherrer constant, 

K, is valid for low hkl reflections (h2+k2+l2<100) and depends on definition of peak 

width, crystallite shape, and crystallite size distribution (Langford and Wilson, 1978).  

The upper limit for crystallite size estimation, set by instrumental broadening, was 

calculated (using LaB6 peaks at 21.3 and 30.3 °2θ) to be 450 nm. Previous studies have 
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demonstrates a variety of oscillation amplitudes (Tab. 4), B) Diffraction patterns, C and D) Clear differences in peak widths 
are evident between samples, indicating a variety of crystal sizes between samples, listed in Table 4.    
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Figure 9: Diffraction patterns of tailings after water extraction.  Patterns are normalized and calibrated to the most intense 
plumbojarosite diffraction peak (116 reflection at 29.15 °2θ and intensity).  A) All tailings have similar diffraction patterns, as 
discussed in other works (Hayes, 2009).  Parts B and C are zoomed in on portions of the diffraction pattern with isolated 
jarosite peaks.  These peaks were used in a Scherrer analysis to constrain the average crystallite size, Tab. 5.  B) The 012 
reflection is evident at 14.94 °2θ (int.18%).  C) The 202 and 116 reflections at 28.672 (int. 18%) and 29.15 °2θ (int. 100%), 
respectively.  Peak width broadening in surface tailings indicates a smaller crystallite size.  
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shown that the use of a K value of 0.5 is most appropriate for systems with polydisperse 

particles (Jeong et al., 2008), whereas a K value closer to unity is appropriate for 

monodisperse systems (Langford and Wilson, 1978; Pielaszek et al., 2002).   

 

4. DISCUSSION 

4.1 Lead speciation 

From initial comparison of the sample and reference spectra (Fig. 4) and previous 

characterization of this site (Hayes et al., 2009; Simons, 1964), plumbojarosite was 

determined to be the principle Pb-bearing mineral in the near-surface environment of 

Klondyke mine tailings.  However, reference plumbojarosite spectra do not adequately 

represent the tailings samples, as reflected by the low sums of the linear combination 

EXAFS fits (Fig. 4, Table 1).  One likely explanation for this discrepancy is that the 

tailings samples contain a larger distribution of local bond distances than are found in any 

of the natural reference minerals investigated.   Shell-by-shell fitting of T2.6 confirms that 

speciation of Pb in the tailings samples is dominated by plumbojarosite with relatively 

high Debye-Waller factors, consistent with local structural disorder (Fig. 6, Table 3).  

Scherrer analysis of XRD peak widths confirms that plumbojarosite crystallites in the 

tailings are smaller than those in the reference minerals (Table 2, Figs. 8 and 9), 

particularly in the surficial tailings.  Hence, the most appropriate plumbojarosite 

reference for the Klondyke tailings would appear to be one that exhibits lower structural 

order and smaller particle size than the natural mineralogical references that we have 

analyzed to date. 
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Several factors may contribute to XRD peak broadening, such as micro-strain, 

defects, and polydisperse particle sizes (Clearfield et al., 2008).   The presence of bulk 

strain can be observed in diffraction data collected from unoriented powders with an area 

detector by plotting diffraction intensity versus detector angle (Lande et al., 2007).  

Deviation from straight lines, an indication of structural strain, was not observed in any 

of the samples or references, and so was ignored.  Crystal structure defects and 

polydispersity are expected for natural samples, but this does not preclude the utility of 

the Scherrer equation for environmental geomaterials (Jeong et al., 2008; Ona-Nguema et 

al., 2009), although accuracy may be diminished in comparison to direct measurements 

such as those obtained by transmission electron microscopy.  Thus, the Scherrer analysis 

is employed in the present work to obtain information on how relative crystallite sizes 

differ among tailings and reference plumbojarosites, and to provide an approximation of 

actual size in each case.   

The mass contribution of anglesite (PbSO4) to total tailings Pb content decreases 

below the tailings surface, as shown by sequential extraction (Fig. 2), as well as by bulk 

(Table 1, Fig. 4) and micro-focused XAS (Table 4, Fig. 7).  In semi-arid to arid 

weathering environments, capillary action transports metal-rich pore waters to the tailings 

surface where soluble salts are precipitated upon evaporation as anglesite (Fig. 5).  This 

likely explains the enrichment in surficial tailings samples of anglesite, which is a 

bioavailable form of Pb (Schaider et al., 2007).   

Evidence also exists for the presence of Pb sorbate in association with iron 

(oxyhydr)oxides, in ternary diagrams of XRF data showing high Pb, high Fe, but low S 
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populations in the surficial tailings  and by µ-XAFS (Fig. 7).  Goethite, hematite, and 

ferrihydrite phases have previously been identified in the tailings using Raman 

spectromicroscopy, and the presence of Pb associated with iron oxides has been 

demonstrated using electron microprobe analysis (data not shown).  Iron oxides are well 

known sorbents for toxic metals, including Pb, and have been previously associated with 

Pb sequestration in mine tailings (Ostergren et al., 1999; Morin et al., 1999).  Despite the 

evidence of Pb associated with iron oxides, this species does not significantly improve 

the bulk linear combination XAS fits, potentially because of insensitivity to sorbed 

species.  Also, these samples span the pH range associated with absorption edge of Pb on 

goethite (McKenzie, 1980; pH half sorption =4.7). 

In summary, the Pb in these tailings is primarily contained in plumbojarosite, with 

particle size increasing with increasing collection depth.  Anglesite and Pb associated 

with iron oxides were also identified in the tailings.  The fraction of Pb associated with 

anglesite is enriched in the surficial tailings, indicating the necessity of remediating the 

tailings, since efflorescent salts represent a bioavailable fraction of Pb. Lead associated 

with iron oxides is one mechanism of Pb sequestration in the tailings. 

 

4.2 Lead dispersal 

An important consideration when assessing health risks to surrounding 

communities is dispersion of metal-laden particles offsite from tailings piles.  One of the 

main mechanisms of metal transport in arid environments is wind erosion.  Particles less 

than circa 35µm can be transported by wind and either inhaled directly or deposited as 
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dust and indirectly ingested (Plumlee and Ziegler, 2005; Schaider et al., 2007; Taylor, 

2002).  In either scenario, the important consideration is that in order to be ingested, 

particles must be transported to populated areas.  Thus, it is essential to understand the 

concentration of metals associated with the size fraction vulnerable to eolian transport.  

In the case of the Klondyke tailings, it is noteworthy that there is significant 

enrichment of Pb in the smallest particles, which are well known to be vulnerable to wind 

erosion.  The clay size fraction contains 2-3 times the Pb, by mass, of the sand or silt 

fraction (Fig 1).  This is an important observation because these particles are small 

enough to be transported regionally by wind, readily inhaled or ingested, and when 

enriched in anglesite, subject to solubilization in e.g., gastrointestinal fluids.  

 

5. CONCLUSIONS 

Lead speciation in the tailings is dominated by plumbojarosite, which is observed 

to be increasingly crystalline below the tailings surface.  Although not identified as a 

component by LCF fitting, possibly due to low sensitivity of XAFS to sorbed species, Pb 

sorbed to iron oxides was identified using XRF and EMPA, an advantage of using 

multiple techniques to study complex systems.  The surficial accumulation of anglesite in 

fine particles on the tailings pile surface is significant because it is soluble under 

conditions found in gastrointestinal fluids, whereas plumbojarosite and iron oxides are 

less soluble under the same conditions.  The <2 µm clay size fraction is also 2-3 times 

enriched in Pb by mass than either the sand or silt size fractions.  Thus, the Pb in surficial 

tailings is more toxic and more likely to be transported offsite because it is located at the 
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surface and in a size fraction that is easily transported by erosion by wind or water.  

These observations point not only to the necessity of the remediation of these tailings, but 

to the necessity of careful characterization of arid tailings in general when assessing risk 

to surrounding communities.  It is critical to consider particle size and surface speciation 

of metal contaminants in these assessments.  
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ABSTRACT 
High concentrations of residual metal contaminants (particularly Zn) in arid mine 

tailings preclude  native ecosystems from re-establishing in the decades following mining 

cessation.  Understanding the speciation and mobility of Zn is essential to controlling Zn 

toxicity and revegetating the site.  We studied mine tailings from the Klondyke Arizona 

State Superfund Site, ranging in pH from 5.4 to 2.6, which had previously been shown to 

represent a weathering series, with acidification indicating greater weathering 

progression.  Total Zn concentrations in the tailings decreases (6,000 to 450 mg kg-1) 

with decreasing pH, and pH also affects Zn solid-phase speciation. A six-step sequential 

extraction was used to assess Zn lability, and the residues were analyzed using X-ray 

absorption spectroscopy to confirm dissolution of target phases. In high pH samples Zn is 

principally associated with Mn-oxides and Zn-rich phyllosilicates, while at low pH it is 

principally sorbed to iron oxides.   
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1. INTRODUCTION 

Mine tailings are a significant anthropogenic contributor to environmental Zn that can 

lead to metal-rich particle dispersion by surface water and wind transport.  This is 

particularly true in arid regions, where a principle trajectory of contaminant transport is 

wind dispersion of metal-laden particles (Breshears et al., 2003).  Revegetation of mine 

tailings, an effective method of reducing erosion, is hindered by low pH, highly soluble 

salts and toxic metals, and poor soil structure (Ye et al., 2002; Mendez and Maier, 2008).   

Zinc, which is commonly associated with sulfide ore-derived mine tailings, is generally 

soluble under acidic conditions, and can be phytotoxic at high concentrations, thereby 

limiting revegetation (Brady and Weil, 2004).   

 Mineral weathering of sulfidic mine tailings under semi-arid conditions at the 

Klondyke State Superfund site was investigated previously (Hayes et al., 2009).  Based 

on an initial broad field survey, four samples, ranging in pH from 5.4 to 2.6, were 

selected for in-depth study.  These samples were found to represent a weathering series 

associated with progressive tailings acidification.  Total Zn decreased with progressive 

acidification, but the residual fraction increased, indicating the preferential release of Zn 

from more labile phases.  In this study, X-ray absorption fine structure (XAFS) 

spectroscopy was used to elucidate the solid phase Zn molecular-scale speciation in the 

Klondyke samples to determine the mechanism of Zn sequestration.   

Zinc speciation has been previously investigated in several natural systems, 

including dredged sediments prior to and during phytostabilization (Isaure et al., 2002; 

Panfili et al., 2005), soils contaminated by galvanized power line tower runoff (Jacquat et 
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al., 2008; Jacquat et al., 2009), smelting impacted soils (Manceau et al., 2000a; Scheinost 

et al., 2002; Roberts et al., 2002), and sulfide mine tailings (O'Day et al., 1998; 

Schuwirth et al., 2007).   Schuwirth et al. (2007) examined Zn speciation, with a 

combination of sequential extraction and XAFS, in temperate sulfide mine tailings in the 

northern Rhineland of Germany.  Zn-rich clays were evident in both oxidized surface (pH 

= 5.5) and reduced subsurface (pH = 7.2) tailings, along with adsorbed Zn species, Zn 

coprecipitated with goethite, and sphalerite in the subsurface samples.   Co-precipitation 

of Zn with silica is also well established for contaminated soils and sediments; Zn-rich 

phyllosilicates have been reported in several previous studies (e.g., Manceau et al., 

2000a; Panfili et al., 2005).  In this case, Zn substitution occurs in the octahedral sheets 

of a 2:1 talc-like clay, where the extent of substitution depends on aqueous phase Zn 

concentration.  Zn-phyllosilicates have been shown to form from supersaturated solutions 

in the laboratory, and have a distinctive EXAFS peak at 5.2 Å-1 that results from the 

silicon and aluminum backscatterers in the surrounding tetrahedral sheets (Schlegel et al., 

2001).  Iron oxide is a high affinity sorbent for Zn in natural systems (O'Day et al., 1998; 

Panfili et al., 2005; Schuwirth et al., 2007).  Laboratory experiments with ferrihydrite 

indicate that Zn sorbs via inner-sphere tetrahedral coordination at low concentration 

(Waychunas et al., 2002).  

Sequential chemical extractions are commonly used to assess trace metal 

associations with operationally-defined target phases.  However, these procedures are 

frequently criticized for incomplete dissolution of the target phases, dissolution of a 

nontarget species, and re-adsorption or re-precipitation of analyte (Hall et al., 1996; 
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McCarty et al., 1998; Calmano et al., 2001; Scheinost et al., 2002; Hayes et al., 2009).  

Complementary techniques, such as XAFS, capable of confirming sequential extraction 

results are essential.  Therefore, in the present work, both unextracted tailings and solid-

phase residuals were interrogated by Zn K-edge XAFS spectroscopy to corroborate 

macroscopic results on lability.  Confirmation of bulk spectroscopic results was 

performed using micro-focused methods, including electron microscopy, Raman 

spectromicroscopy, micro-focused XRF (µ-XRF), and micro-focused XAFS (µ-XAFS). 

 

2. MATERIALS AND METHODS 

2.1 Sample collection and preparation 

Tailings samples were collected from various locations at the Klondyke State 

Superfund site (AZ, ID # 1236) located in Graham County, Arizona (Hayes et al., 2009).  

Field-scale pH (2.7 to 7.1) and diethylenetriaminepentaacetic acid-(DTPA) extractable 

Zn (23 to 13,000 mg kg-1) showed wide variation in the top 30 cm.  Four samples were 

chosen for in-depth spectroscopic study as a function of pH (denoted by subscript) 

ranging from 2.6 to 5.4.  After collection, the tailings were sieved to isolate the fine earth 

(< 2 mm) fraction, air dried for two weeks, and stored in covered containers at room 

temperature.  Thin sections for each sample were prepared by impregnation with 

EPOTEC 301-2FL epoxy under vacuum, and cured for three days before thin sectioning 

to 30 µm, polishing on both sides, and mounting on quartz slides at Spectrum 

Petrographics (Vancouver, WA). 
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2.2  Solid phase Zn references 

2.2.1. Reference mineral specimens  

All reagents were ACS reagent grade or better and mineral identities of all 

reference materials were confirmed by X-ray diffraction analysis.  Reference minerals 

were obtained from several sources including the University of Arizona Mineral Museum 

(UAM), Excalibur Minerals in Peeksville, NY (EM), Prof. Peggy O’Day at UC Merced 

(O’Day), Wards Scientific (Wards), Tucson Gem and Mineral (TGM), the RRUFF 

Project (RUFF), and Sigma-Alrdich (SA).  Reference minerals included: chalcophanite 

((Zn,Fe2+,Mn2+)Mn4+
3O7·3H2O, TGM, from Bisbee, AZ), franklinite 

((Zn,Mn,Fe)(Fe,Mn)2O4, O’Day, from Sterling Hill, NJ), gahnite (ZnAl2O4, 

UAM,13202), goslarite (ZnSO4·7H2O, Mallinckrodt, lot 8880), hemimorphite 

(Zn4Si2O7(OH)2·H2O, UAM, no index, from Durango, Mexico), hetaerolite (ZnMn2O4, 

UAM, 12960), johannsenite (CaMnSi2O6, EM, from Aravaipa district, AZ), manjiroite 

((Na,K)(Mn2+,Mn4+)8O16·n(H2O), EM, from Cochise County, AZ), smithsonite (ZnCO3, 

Wards, 5965), sphalarite (ZnS, UAM, no ID), sphalarite (ZnS, Wards, 49-5890), 

manjiroite (K(Mn4+,Mn2+)8O16·nH2O, EM, from Cochise County, AZ), willemite 

(Zn2SiO4, UAM, 28), and Zn oxalate (ZnC2O4, SA, lot 544957).   

2.2.2. Zinc-rich phyllosilicate 

A Zn-rich, trioctahedral 2:1 layer-type phyllosilicate, hereafter termed “Zn0.8talc”, 

was synthesized as previously described (Jacquat et al., 2008; Decarreau, 1981).  Briefly, 

75 mL of 0.3 M ZnCl2 (Fluka, lot 2315920) were mixed with 25 mL of 0.3 M 

MgCl2·6H2O (J. T. Baker, lot T29476) and 20 mL of 1 M HCl.  This mixture was added, 
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with stirring, to 400 mL of 0.1 M Na2SiO3· 5H2O (Fluka, lot 1371140) and a white 

precipitate formed immediately.  After 10 minutes of stirring, the suspension was 

transferred to centrifuge tubes, centrifuged for 20 min at 21,859 relative centrifugal force 

(RCF), and then the supernatant was decanted.  The precipitate was washed three times in 

ultrapure (18MΩ water by vigorously shaking for 20 min prior to centrifugation and 

decanting supernatant.  After washing, the final suspension was incubated in 18MΩ water 

at 75° C for 14 days, with samples were removed from the oven for 1 hr of gentle shaking 

on a reciprocal shaker on 6 of the 14 days during incubation.  Mineral synthesis was 

terminated by centrifugation (9,715 RCF for 20 min) and decantation, prior to freeze 

drying. 

2.2.3. Zinc coprecipitated ferrihydrite 

Zinc was coprecipitated with ferrihydrite by precipitating 2-line ferrihydrite 

(Manceau et al., 2000b) in the presence of Zn nitrate.  Briefly, 75 mL of a mixture of 

0.97 M Fe(NO3)3·9H2O (J. T. Baker, lot X26653) and 0.03 M ZnNO3 (Sigma, lot 

1375438 32508026) were added to 135 mL of 5 M KOH (VWR, lot 41134128) and 

precipitation was instantaneous.  Five rinses were performed with 200 mL ultrapure 

water and 10 min rapid shaking, prior to centrifugation at 1860 or 9715 RCF and then 

decantation.  Samples were preserved by freeze drying. 

2.2.4. Zinc–adsorbed oxides 

Hematite (á-Fe2O3) (Schwertmann and Cornell, 2000; method 4), 2-line 

ferrihydrite (Fe2O3·2FeOOH·2.6H2O) (Manceau et al., 2000b; Cornell and Schwertmann, 

2003), and birnessite (δ-MnO2) (McKenzie, 1971) were synthesized in accordance with 
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published methods prior to Zn2+ sorption experiments.  Zn-sorbed hematite, ferrihydrite, 

and birnessite  samples were prepared by washing 400 mg, 2.6 mg, and 800 mg of 

respective solid twice with 0.1 M NaNO3 (JT Baker) background electrolyte solution, 

adjusted to pH 7 for hematite, pH 5.5 for ferrihydrite, and pH 5 for birnessite, prior to 

equilibration with 30 g of a 0.1 M NaNO3 solution containing Zn2+ at 10 mM (hematite), 

1.0 mM (ferrihydrite), and 1.0 mM (birnessite) concentration for 24 h in an end-over-end 

mixer at 7 rpm.  Experiments were terminated by centrifugation, removal of supernatant 

for analysis, and preservation of the wet pellet by either refrigeration or freeze-drying.  

The adsorbed Zn mass (in g kg-1), calculated on the basis of loss from solution, was 6.0 

(hematite), 3.3 (ferrihydrite), and 4.7 (birnessite). 

 

2.3  Micro-focused XRF and XAS collection 

2.3.1. Micro-focused X-ray fluorescence mapping  

Thin sections were used to collect micro-focused XRF maps and XAS spectra on 

beam line 2-3 at the Stanford Synchrotron Radiation Lightsource (SSRL) using a water-

cooled double crystal monochromator with either a Si(220), φ=0 or Si(111) crystal and a 

Vortex single element detector (SII Nano Technology, Northridge, CA).  Elemental 

mapping was performed with a circa 2.5 µm diameter beam focused using a Pt-coated 

Kirkpatrick-Baez mirror pair (Xradia Inc.), in 2.5 µm steps with a 250 ms dwell time.  

The thin sections were placed directly in front of the X-ray beam tuned to 13,050 eV, just 

above the Pb LIII  absorption edge (13,035 eV), for Zn maps, in orderto capture 

fluorescence from all major elements in the tailings.   
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2.3.2. Manganese XANES mapping  

XANES mapping is performed by collecting a series of XRF maps at six carefully 

selected discrete energies near the absorption edge of the metal of interest.  By careful 

selection of map energies to resolve differences between reference component phases, 

and by collecting more map energies than the number of target phases in the sample, it is 

possible to map the spatial distribution of known or suspected solid phase species.  This 

approach has been previously used to differentiate between organic and inorganic 

selenium in plant material (Pickering et al., 2000) and to map the distribution of ferrous 

and ferric in a reaction rind formed on seafloor basalt (Templeton et al., 2009).  In the 

present work, a Mn-XANES map was generated for an aggregate found in T4.2.  Six 

energies – 6540, 6548, 6551, 6554, 6560, and 6566 eV – near the Mn-absorption edge 

(E0=6,539 eV), were selected for XRF mapping since they represented the largest 

differences between the XANES spectra of birnessite, chalcophanite, manjiroite, 

hetaerolite, and johannsenite, which were the postulated phases identified initially by 

Raman spectromicroscopy, as described below.  XRF maps were collected using the 

same beam conditions as described in section 2.3.1.  Principle component analysis (PCA) 

analysis of the Mn XANES maps (adjusted for dead time) was used to determine points 

of interest for further investigation using micro-focused X-ray absorption fine structure 

(µ-XAFS) spectroscopy, as described below.   

2.3.3. XRF map analysis 

The XRF maps were analyzed using the Microanalysis Toolkit (Webb, 2006; version 

0.50), linearly scaled from lowest counts (black) to highest counts (white), and 
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standardized between maps of the same element, 0-4,000 and 0-5,000 counts for Zn and 

Mn, respectively.   

PCA was applied to Mn XANES maps by doing a PCA analysis directly on the 

manganese maps at different energies.  The PCA revealed a two-component mixture and 

the likely spatial locations of spectral end-members.  Sixteen points were then chosen 

from the map for µ-XAS analysis.  PCA of the XAFS spectra also reflected a two-

component mixture and was used to identify end-member spectra using the largest and 

smallest eigenvalues found in the second PCA component.  Using the normalized 

absorbance (mu) of each end-member spectra at each of the six map energies, the spatial 

distribution of the two phases was deconvoluted.  There was excellent agreement 

between the initial PCA of the energy maps and distribution of the phases based on µ -

XANES fitting of the map.  The end-member spectra were then correlated with Mn-rich 

mineral phases and Zn concentration. 

2.3.4. Micro-focused X-ray absorption spectroscopy 

Zinc and Mn micro-focused XAS spectra were collected over an extended 

XANES region using the same beam conditions as for the mapping.  Zinc K−edge spectra 

were collected over an energy range of 9,429 to 9,900 eV.  Zinc energy was calibrated 

using a zinc foil (E0=9659 eV, maximum of first derivative).  Manganese spectra were 

collected with the monochromator -10% detuned over a range of 6,310 to 6945 eV.  An 

Fe metal foil (E0=7,112 eV, energy of the first inflection on the absorption edge) was 

used to calibrate the monochromator energy near the Mn edge. 
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2.4 Bulk XAFS collection 

Zinc speciation of T4.2 solid phase residues from the sequential chemical 

extraction described previously (Hayes et al., 2009), unextracted tailings samples, and 

reference materials were investigated with Zn K−edge (E0=9659 eV) XAFS 

spectroscopy.  XAFS spectra were collected at the Advanced Photon Source (APS) at 

GSECARS 13-BM and SSRL on beam lines 10-2 and 11-2.  All measurements were 

taken at room temperature.  Measurements taken at GSE-CARS included the sequential 

extraction residues, and several reference spectra: Zn-sorbed birnessite and hematite, 

hopeite, and smithsonite, sphalarite, and goslarite.  Data were collected using a 13-

element germanium detector.  Experiments at SSRL were performed with a double 

crystal monochromator with Si(111) and Si(220) φ=0 crystals on beam lines 10-2 and 11-

2, respectively.   Three 15-cm ion chambers with nitrogen gas and a 13- or 32-element 

germanium fluorescence detector were used to detect X-ray flux and fluorescence, 

respectively.  Vertical slits of 2 mm were used for all samples, and horizontal slits were 

adjusted between 6 and 12 mm to maximize signal without saturating the fluorescence 

detector.  Aluminum foil and copper filters were used for fluorescence measurements to 

minimize Fe fluorescence and background scattering contributions, respectively.  A 

minimum of 3 scans were collected in transmission mode, which was used for most of the 

reference materials, and 10-15 scans were collected in fluorescence mode, which was 

used for tailings and sorption samples.    
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2.5 XAFS data analysis 

2.5.1. Data reduction 

 XAFS spectra were analyzed using SIXPACK (Webb, 2005; version 0.66). 

Energy was calibrated by collecting the absorption edge of elemental Zn or Fe foil 

standard, where the first maximum of the first-derivative spectrum was defined as 9659 

and 7112 eV for Zn and Fe (to calibrate energy for Mn) edges, respectively.  The spectra 

were then averaged and XANES and EXAFS spectra were extracted.  Background 

subtraction of the XANES was performed using a linear pre-edge (-210 to -100 or -50 eV 

below edge) that was extended through the spectrum.  The edge step heights were 

normalized using a quadratic post edge (150 to ~570 eV for bulk and 40 or 50 to 150 eV 

for µ-XAFS above edge).  Several spline functions were initially used to extract the 

EXAFS oscillations in the bulk analyses.   In order to reduce spline error, each spline was 

iteratively tested to minimize the reduced χ
2 of fits, a statistical indicator of fit goodness.  

The low R-space reduction factor Rbkg was used to constrain the spline and limit the 

contribution from low frequency oscillations associated with spline error and minimize 

peaks at low R which suggest physically impossible bond distances (Newville et al., 

1993).  Splines with Rbkg=0.9 or 1 and spline range 1 to 11 or 11.5, with no spline clamps 

were used for all data because of improvements in fit statistics. 

2.5.2. Principle components analysis (PCA) and target transform analysis (TTA)   

Fitting of Zn EXAFS (k-range 2-11 Å-1; k3 weighting) and XANES data (9650 to 

9700 eV) proceeded independently.  The purpose of PCA is to generate a mathematical 

representation of the data that can then be used for target transform analysis (TTA) on the 
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13 mineral reference library (S.I., Fig. 1) (Malinowski, 1977).   Principle components 

analysis (PCA) was performed on 12 Zn EXAFS sample spectra (unextracted tailings, 

T5.4 and T3.9 clay, and six residual pellets from a sequential extraction), 23 Zn XANES 

sample spectra (EXAFS spectra and an additional 11 µXAS from Zn “hotspots” on the 

thin sections). Target transform analysis (Malinowski, 1978) was performed on the 13 

reference library in order to determine which reference compounds most likely represent 

the sample spectra. PCA was also performed on the 16 Mn µ-XANES (fitting range: 

6530 to 6585 eV).     

2.5.3.  Linear combination fitting 

Linear combination fits (LCF) to the Zn spectral data were constrained to include 

only Zn0.8talc, hetaerolite, and hematite-sorbed Zn (Zn-hematite) for bulk XAFS analysis 

on the basis of the results from the EXAFS PCA analysis.  TTA analysis was used to 

select likely species from our Zn reference library.  All fits were constrained to be non-

negative, but not forced to sum to unity.  If any component was initially fit to a fraction 

less than 10%, it was removed from the fit and the fit was performed again. 

 

2.6 Electron microprobe analysis 

The portions of the thin sections previously analyzed with µ-XRF were 

investigated using electron microprobe analysis at the Lunar and Planetary Laboratory at  
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SI: Figure 1: Reference XANES and EXAFS spectra.  The spectra are ordered by increasing energy of the maximum of the 
first derivative. 
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the University of Arizona, using a CAMECA SX50 (Gennevilliers, France ).  The 

accelerating voltage was 15 keV, and the current was 20 nA with a spot size of 2 µm.  

 

2.7 Raman spectromicroscopy 

Micro-Raman spectroscopy was employed using a benchtop Nicolet Almega XR 

dispersive Raman instrument with either a 10x or 100x focusing objective for phase 

identification of the same particles mapped with XRF.  Using the 10x objective, the 532 

nm laser probes a 1 µm spot size. Spectra were collected using Omnic software (Thermo 

Scientific version 7.4, Madison, WI), and analyzed using Crystal Sleuth software by 

comparison to reference spectra in the RRUFF database (Downs, 2006). 

 

3.  RESULTS 

3.1 Elemental correlations 

Micro-focused XRF plots (Fig. 1a) demonstrate spatial elemental correlations and 

qualitative stoichiometric relationships (Fig. 1b).  Together, these plots demonstrate that 

Zn in T4.2 correlates with Mn, but at lower pH the correlation is stronger with Fe, an 

observation that is in agreement with bulk XAFS analysis as discussed below.   

 
3.2 Bulk zinc speciation 

Linear combination fits (LCF) of XANES and EXAFS, were constrained to a maximum 

of three components, the number of PCA components necessary to achieve good 

reconstruction of sample spectra using theoretically derived PCA components.  XAFS 



 
 

 
 

Figure 1: Grain-scale phase identification. A) 
in each XRF map, C) Zn µ-XANES of points indic
focused data suggest that higher pH tailings have stronger Zn
relationships.  Additional micro-focused XANES indicate two additional phases in the tailings: hemimorphite an
Tiny sphalerite particles were found in T2.6 and hemimorphite (
indicated by bulk XAFS. XAFS fits are shown as dashes.
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focused XANES indicate two additional phases in the tailings: hemimorphite an

and hemimorphite (Zn4Si2O7(OH)2·H2O) was found in T4.2.  Neither phase was 
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analysis of residual solids from the sequential extraction of T4.2 was used to examine the 

dissolution of target phases.  These spectra, shown in Figures 2 and 3, indicate that the 

unextracted tailings can be represented by a combination of the following reference 

compounds: hetaerolite, Zn-sorbed to Fe oxide (using a hematite model), and Zn0.8talc.  

Following the AAO 25 °C, hetaerolite was effectively removed from the X-ray 

absorption spectrum, as indicated by the dramatic decrease in the hetaerolite contribution 

to the fit between the post-AA and post-AAO 25 °C spectra (Fig. 2).  This is in 

agreement with the sequential extraction solution data, which show a substantial release 

of both Zn (0.021 mol) and Mn (0.053 mol) from the solid phase during the AAO 25 °C 

extraction, in stoichiometric agreement with hetaerolite (Hayes et al., 2009).  The re-

introduction of hetaerolite in the post AAO 80 °C XANES fits is not clear, and is 

probably anomolous. Both sets of fits also show that the relative contribution to the LCF 

of Zn-sorbed hematite increases after the dissolution of hetaerolite.  The fit of the AAO 

80 °C extraction step, targeting dissolution of crystalline iron oxides, is not consistent 

with the dissolution of iron oxides (Fig. 2).  However, this extraction does not completely 

dissolve the iron oxides which persist, according to the XANES fitting, until after the 

peroxide step.  Strong disagreement between the XANES and EXAFS fits is observed in 

the later stages of the sequential extraction.  According to the XANES fits, the residual of 

the acid extraction is principally fit to Zn0.8talc (Fig. 2, top) whereas Zn-sorbed Fe oxide 

is the dominant component in the EXAFS fits (Fig. 2, bottom).   
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Figure 2: Linear combination fits of the XANES and EXAFS regions of a representative sample, T4.2, during 
sequential extraction.  Extractions include H2O (Water, 2 h, 25 °C), AA (1.0 M ammonium acetate, pH 4.5, 25 °C, 2 h), AAO 
25 °C (0.2 M ammonium oxalate, pH 3.0, 25 °C, 2 h), AAO 80 °C (0.2 M ammonium oxalate, pH 3.0, 80 °C, 2 h), H2O2 (30-
35% hydrogen peroxide in 1.0 M ammonium aceteate, pH 4.5, 60 °C, 2 h), and acid (750 mg KClO3 and 15 mL 12 M HCl, 25 
°C, 30 min followed by 10 mL 18MΩ addition followed by centrifugation and decantation prior to pellet reaction with 25mL 
4.0 M HNO3, 90 °C, 20 min).  The hetaerolite fraction dissolved during the AAO 25 °C extraction, indicating hetaerolite is the 
most labile Zn-bearing mineral in the tailings, as detected by bulk XAS.  Zn associated with iron oxides is solubilized less 
quickly than hetaerolite, but is still mobilized in the high temperature AAO 80 °C extraction.  Zinc substituted into talc is the 
most resistant Zn-bearing mineral to dissolution.  However, the data quality of the acid fraction is poor. XAFS fits are shown 
as dashes.   
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Figure 3: Linear combination fits of XANES and EXAFS regions.  The fraction of hetaerolite decreases with decreasing pH, 
corresponding to an increase in the zinc sorbed to hematite.  The Zn substituted into the octahedral layer of talc is another Zn-
containing mineral in the tailings.  The Zn talc content decreases slightly with decreasing pH. XAFS fits are shown as dashes. 
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Discrepancies between the XANES and EXAFS fits probably result from poor 

data quality in the lowest concentration, resulting in a gross underestimation of the 

Zn0.8talc phase in the peroxide and acid fractions (Fig. 2).  This is supported by the fit 

statistic, reduced χ
2, which increases with progressive extractions from 0.21 in the 

unreacted EXAFS fit to 2.68 in the acid fit.  The Zn-hematite reference is also noisy at 

high k, and this is likely responsible for the over-estimation of the Zn-hematite fraction in 

the EXAFS fits.  In this case, the XANES fits provide a better indication of Zn 

speciation, pointing to the importance of fitting both the XANES and EXAFS regions. 

XAFS spectra of the four unextracted tailings illustrate a dependence of Zn 

speciation on sample pH (Fig. 3).  Both XANES and EXAFS indicate that higher pH 

tailings contain more hetaerolite and the lower pH tailings contain more Zn sorbed to Fe 

oxide.  All tailings contain a significant amount of Zn0.8talc, but the fraction decreases 

with progressive tailings acidification.  Better agreement between the XANES and 

EXAFS fits is achieved for the fit of unreacted tailings samples (Fig. 3). 

 

3.3 Grain-scale zinc speciation 

Micro-focused spectroscopic investigation of regions with high Zn concentration (i.e., Zn 

“hotspots”) identified two additional Zn-containing phases: hemimorphite and sphalerite 

in T4.2 and T2.6, respectively (Fig. 1c).  These hotspot phases likely represent a small 

fraction (<10%) of the total Zn in the sample, since they are not required to fit bulk 

spectra.  Several 2-3 µm diameter particles of sphalerite were identified in the low pH 

tailings with the lowest total Zn concentration (450 mg kg-1).  More diffuse populations 
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of Zn did occur co-localized with an iron oxide particle, identified as goethite using 

Raman spectroscopy (S.I., Fig. 2).  Quantitative electron microprobe data suggest that 

this goethite particle sorbed ~1% Zn by mass. 

Given the strong spatial correlation of Zn and Mn (Fig. 1), detailed investigation of a 

Zn-Mn rich aggregate in T4.2 was performed using Mn K-edge XANES mapping.  Back 

scatter images from the electron microprobe and Raman spectromicroscopy (Fig. 4), 

clearly indicate the presence of several phases in the aggregate.  XANES mapping and 

Mn µ-XANES were used to determine that the Mn minerals present in the aggregate were 

johannsenite and birnessite, and also to resolve that birnessite was co-located with high 

Zn counts.  Birnessite is a biogenic secondary Mn oxide that is known to act as a strong 

sorbent for Zn (e.g. Manceau et al., 2000a; Tebo et al., 2004). 

 

4. DISCUSSION 

4.1 Zinc speciation in weathering mine tailings 

Klondyke tailings samples, ranging in pH from 5.4 to 2.6, were studied to elucidate 

how Zn speciation changes in arid tailings during progressive acidification.  Zinc, 

initially deposited as sphalerite, is evidently transformed relatively quickly (<50 years) in 

the top 60 cm.   The oxidation of primary sulfides releases sulfate, metal cations and 

protons to solution.  Proton release can be buffered by the simultaneous dissolution of 

calcite and silicate minerals, but kinetic limitations of silicate weathering often lead to 

progressive acidification of tailings as weathering progresses.  This weathering trajectory 

  



 
 

 
 

S. I.: Figure 2: Zn-Fe rich particle in T
oxides, such as the particle shown.  EMPA analysis and Raman data agree that the 
particle is a mixture of ferrihydrite and 
Raman fits are shown as dashes.
fraction of Zn and Fe calculated from 

200 400

N
or

m
. i

nt
en

si
ty

Raman shift 

Fe rich particle in T2.6.  At low pH, Zn becomes associated with iron 
oxides, such as the particle shown.  EMPA analysis and Raman data agree that the 

a mixture of ferrihydrite and goethite and has sorbed about 1% Zn by mass. 
Raman fits are shown as dashes.  The theoretical total refers to the cumulative mass 
fraction of Zn and Fe calculated from  

400 600 800 1000 1200

Data spectrum

Ferrihydrite

Raman shift (cm-1)

Goethite

164 

.  At low pH, Zn becomes associated with iron 
oxides, such as the particle shown.  EMPA analysis and Raman data agree that the 

goethite and has sorbed about 1% Zn by mass. 
The theoretical total refers to the cumulative mass 

 



 
 

 
 

Figure 4: Mn-Zn rich particle in T
multiple phases are present in this aggregated particle.  Mn and Zn XRF images indicate 
both are present in high concentratio
aggregate, as seen in the Raman data.  To deconvolute the distribution of the Mn
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many metals including Zn
shown as dashes.  
 

Zn rich particle in T4.2.  The electron microprobe image demonstrates that 
multiple phases are present in this aggregated particle.  Mn and Zn XRF images indicate 
both are present in high concentrations.  Multiple Mn-rich minerals are present 

as seen in the Raman data.  To deconvolute the distribution of the Mn
Mn XANES maps were collected of a small region using six XANES energies.  

Based on PCA of the maps and 16 µ-XAS spectra taken in the map region, t
components are indicated.  These have been identified as johannsenite (CaMnSi

, and manjiroite (Na(Mn4+,Mn2+)8O16·nH2O).  The Zn
associated with the birnessite phase, which has been shown to have strong affinity for 

Zn (McKenzie, 1980; Manceau et al., 2002).  Raman
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.  The electron microprobe image demonstrates that 
multiple phases are present in this aggregated particle.  Mn and Zn XRF images indicate 

present in the 
as seen in the Raman data.  To deconvolute the distribution of the Mn-rich 

Mn XANES maps were collected of a small region using six XANES energies.  
spectra taken in the map region, three 

components are indicated.  These have been identified as johannsenite (CaMnSi2O6), 
Zn is clearly 

associated with the birnessite phase, which has been shown to have strong affinity for 
Raman fits are 
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is consistent with the weathering series represented in these tailings samples, where 

decreasing pH indicates increased extent of weathering (Hayes et al., 2009).   

Dissolution of primary minerals results in pore waters becoming supersaturated with 

respect to secondary minerals, such as sulfate salts, iron hydroxysulfates, silicates and 

oxides (Hudson-Edwards et al., 1996).  Secondary minerals, such as hetaerolite and 

Zn0.8talc, are expected to control subsequent Zn release into solution, but may become 

destabilized by progressive weathering induced acidification. 

Zinc XAFS spectra were fit using reference components indicated by PCA and TTA: 

hetaerolite (ZnMn2O4), Zn0.8talc (Zn0.8Mg0.2)3Si4O10(OH)2), and Zn associated with iron 

oxides (Fig. 3), but significant differences are sometimes observed between XANES and 

EXAFS LCFs.  Nonetheless, the relative amounts of these three forms of Zn are 

influenced by pH.  Hetaerolite, solubilized in the AAO 25 °C extraction, is only present 

in high pH tailings (Figs. 2 and 3).  Metals released to solution are likely lost to 

translocation; total Zn and Mn both decrease concurrently by an order of magnitude over 

the pH range studied (Hayes et al., 2009).   

Zinc0.8talc is present in all tailings, but its fraction decreases with tailings 

acidification, presumably as a result of its diminished thermodynamic stability at low pH.  

Manceau, et. al. studied the stability of Zn talc as a function of pH, Zn and silicic acid 

concentration in solution (Manceau et al., 2000a, Fig 26) and these data can be used to 

interpret results of the present study. Solution chemistry data from the water step of the 

sequential extraction were used as a measure for metal concentrations in pore waters 

governing the stability of Zn talc.  Zinc concentration in solution varies from 23 to 740 
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mg L-1 (log [Zn] ranges from -2 to -3) and soluble Si decreases with pH from 116 mg L-1 

in T5.4 to 5.3 mg L-1 in T2.6.  According to the data presented in Manceau et al. (2000),  

Zn-talc is not stable under low pH conditions in these tailings, but evidently persist as a 

result of slow the dissolution kinetics. 

Zinc-sorbed to iron oxide is the dominant species controlling Zn mobility at low pH 

(Fig. 1 and S.I., Fig. 2).  Laboratory experiments have shown that iron oxides are strong 

sorbents for Zn (Waychunas et al., 2002), and has been observed in several natural 

settings (Panfili et al., 2005; O'Day et al., 1998; Schuwirth et al., 2007).  McKenzie 

(1980) sorbed zinc to goethite and birnessite, phases present in the tailings, and found 

that at loadings of 20 µmol g-1 and 2mmol g-1 for goethite and ferrihydrite, respectively, 

the pH at which half the zinc was sorbed was 5.4 and 4.7 respectively.   

 

4.2 The role of complementary techniques 

The analyses presented here highlight the importance of using both bulk and micro-

focused techniques in metal speciation studies.  Bulk techniques sample the average Zn 

speciation (Fig. 3), and may not be able to identify minor components.  Micro-focused 

techniques are able to provide grain-scale phase identification, but “hotspots” with 

sufficient counts for µ-XANES analysis may not be representative of the bulk, as in the 

case of the small (2-3 µm diameter) sphalerite particles identified at low pH or 

hemimorphite (Zn4Si2O7(OH)2·H2O) identified in T4.2 (Fig. 1). 

Complementary techniques, such as XRF mapping, provide elemental correlations 

that are extremely helpful in determining which other elements are likely to be 
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responsible for the release of Zn.  The strong correlation between Mn and Zn, important 

to controlling Zn release at high pH, was identified using µ-XRF and XANES mapping, 

revealing a Mn(IV) phase similar to birnessite is responsible for sorbing Zn.  XRF is also 

useful for identifying sorbed species, such as Zn associated with iron oxides at low pH, 

since these minerals are difficult to identify using other methods.  Raman and EMPA are 

also useful in mineral phase identification.   

 The use of complementary techniques is essential when investigating complex 

samples, such as mine tailings.  Samples can be simplified by looking at the grain scale or 

through sample separation schemes, such as chemical extractions.  However, 

operationally defined procedures must also be confirmed using a complementary 

technique, like XAFS, as shown here (Fig 2). 

This work also involved the independent fitting of both the XANES and EXAFS 

regions of the XAFS spectra when using linear combinations (Fig. 3-4).  Disagreement 

between the XANES and EXAFS fits can indicate fit bias, which can result from poor 

data quality at high k in low concentration samples, as it does here.   

 

5. CONCLUSIONS 

This study demonstrates that tailings diagenesis has a strong impact on Zn speciation 

in arid tailings.  Total Zn decreases with decreasing pH, concurrent with increased 

weathering extent, indicating Zn is progressively solubilized and translocated deeper in 

the soil profile.  The proportions of the dominant species, hetaerolite, Zn0.8talc, and Zn-

sorbed to iron oxides, depend on the extent of progression of weathering or acidification 
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trajectory (represented by pH in this study).  Hetaerolite and, to a lesser extent, Zn0.8talc 

are solubilized by progressive weathering.  This results in the dissolution of these phases 

releasing Zn2+ to solution where it is either sorbed to iron oxides, the dominant species at 

low pH, or lost due to leaching.   
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ABSTRACT 

We used several complementary techniques to investigate individual root tips as part 

of a larger study of the potential for using phytostabilization in metal contaminated desert 

mine tailings (up to 14,000 mg Pb kg-1, 6,000 mg Zn kg-1, 140 mg As kg-1). The 

rhizosphere is the biologically-active volume of tailings surrounding the root. We 

hypothesize that toxic metal speciation and, by extension, toxicity will be strongly 

affected by root-microbe-metal interactions in this zone. We used fluorescence in-situ 

hybridization (FISH) to image bacterial colonization of root surfaces, and measured metal 

distribution in the same regions using micro-focused X-ray fluorescence.  Lead and Zn-

rich soil particles were then interrogated using X-ray absorption spectroscopy (XAS) to 

elucidate metal speciation.  Raman spectromicroscopy and scanning electron microscopy 

were used for mineral identification and morphologic visualization.  Bacteria were 

observed in distinct colonies and diffusely adhered to the root surface as well as in 

rhizodeposits surrounding the root.  Bacteria were co-located with Fe and Mn oxide 

precipitates at the root surface.  Iron oxide and birnessite plaques at the root surface were 

shown to sorb Pb, Zn, and Cr.  XAS data of a precipitate highly enriched in Zn were well 

fit by a Zn-rich phyllosilicate, which was also observed in bulk, unplanted tailings. Since 

this phase is thermodynamically unstable at the bulk tailings pH, a microenvironment in 

the rhizosphere, with higher pH than the bulk tailings, may create conditions capable of 

sequestering Zn.  Many of the root-associated particles appeared to have been inherited 

directly from the tailings with little transformation.  However, microbially-catalyzed 
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biogeochemical transformations are also evident from the formation of root plaques and 

co-associated toxic metals.   
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1. INTRODUCTION 

Much of the mining activity in the US has previously and continues to occur in desert 

environments.  When mine tailings are deposited in a desert landscape, despite water 

availability limitations, their diagenesis still involves extensive sulfide oxidation such 

that the surface decimeters can be largely oxidized over several years.  Whereas 

weathering of sulfide mine tailings in humid environments introduces the water pollution 

problem of acid mine drainage, the same parent material introduced to an arid climate 

gives rise to the problem of atmospheric mineral dust or aerosols (including sulfate 

weathering products).  Such particles, particularly small diameter weathering products, 

are subject to advective wind transport.  Desert tailings are particularly susceptible to 

wind erosion because they tend to remain unvegetated for decades following deposition.  

Phytostabilization of desert mine tailings has been proposed as a cost-effective and 

“green” remediation technique. Vegetation establishment in tailings-impacted landscapes 

can diminish off-site flux of toxic particles to adjacent airways, waterways and 

communities.  However, even if vegetation establishment is successful, there remains the 

question of how the requisite introduction of water, biota and organic matter affect the 

molecular-scale speciation and transport of metals in tailings systems.  This is a key 

concern, because it influences the extent to which the metals are bioavailable for plant 

uptake and/or leached down gradient.   

When sulfide tailings weather in an environment limited by water through-flux, 

they accumulate metals into secondary weathering products that can remain near or on 

the surface of the tailings pile, particularly in the form of sulfate salts (Hayes et al., 
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2009).  In fact, Hayes et al. (submitted) found that in mine tailings from the Klondyke 

(AZ) State Superfund Site, Pb accumulates in the near surface of tailings piles in 

colloidal to silt-sized particles of anglesite (PbSO4) which is among the more bioavailable 

forms of Pb.  Establishment of a vegetative cover can greatly diminish the mass of metal-

laden particle transport off-site by wind.  

Phytostabilization of desert mine tailings requires the addition of composted 

organic matter and (at least initially) irrigation water, along with seeds that are amended 

with or without plant growth promoting microorganisms (PGPM).  The infusion of water 

and carbon into tailings that have weathered under conditions where both are present only 

in limited supply represents a large-scale biogeochemical disequilibrium.  A key research 

question we have, therefore, is how does the introduction of water and carbon via 

phytostabilization alter the speciation of metals in the near surface of tailings piles?   

To address this question, it is necessary to combine techniques from biology and 

geochemistry and employ them to interrogate the same local region of plant-microbe-

tailings interaction using all techniques.  The rhizosphere, the volume of soil that is 

affected by plant roots, is where tailings geochemistry interfaces directly with plant roots 

in an environment rich with heterotrophic microbes, rhizodeposits, and microbial 

exudates.  This is where we hypothesize the greatest effect of plant growth on metal 

speciation will be observed. 

The study of root-microbe-mineral-metal interactions in the rhizosphere is challenging 

because there are few techniques capable of spatially probing this complex, 

biogeochemical interface.  Watt, et. al. (2006) studied bacterial colonization of wheat 
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roots using fluorescence in situ hybridization and found most bacteria were in a biofilm 

within 11 µm of the root surface, often found in clusters and in groves between epidermal 

cell.  FISH has also been used to demonstrate a positive correlation between bacterial 

root colonization and percent compost addition in plants grown in mine tailings (Iverson 

and Maier, 2009).  Lanson, et al. (2008) studied the formation of a Zn-rich 

phyllomanganate in the rhizosphere of Festuca rubra during a phytostabilization 

greenhouse study using Zn-contaminated dredged sediments.  Scanning electron 

microscopy and X-ray fluorescence mapping were used to image the phyllomanganate 

particles on the root surface, and X-ray absorption spectroscopy was used to probe the Zn 

and Mn speciation.  The phyllomanganate structure was determined using a combination 

of XAS and micro-focused X-ray diffraction (Lanson et al., 2008).    Sarret, et al. studied 

Zn speciation in mycorrhizal roots using XRF and XAS and found that Zn associated 

with the root was best fit with Zn-malate, but Zn associated with the fungi were Zn 

incorporated into a phyllosilicate (Sarret et al., 2003). 

In this study we combine, for the first time, fluorescence in-situ hybridization (FISH) 

with micro-focused X-ray fluorescence mapping (µ-XRF), micro-focused X-ray 

absorption spectroscopy (µ -XAS), scanning electron microscopy (SEM), and Raman 

spectromicroscopy in order to spatially study microbial colonization, metal distribution, 

and metal speciation in the rhizosphere of a single root.   
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2. MATERIALS AND METHODS 

2.1 Site Description 

The Klondyke Superfund Site is an abandoned flotation mill used to concentrate Pb-

Zn sulfide ore from 1942 until 1958.  Today, the 220,000 tons of tailings remaining at the 

site have high concentrations of residual metals (up to 14,000 mg Pb kg-1, 6,000 mg Zn 

kg-1, 140 mg As kg-1).  As a result, the tailings remain completely barren of vegetation 

and extremely vulnerable to wind and water erosion.  It has been selected as a 

phytoremediation test site to investigate the minimum required amendments to reestablish 

the native ecosystem at the site, thereby greatly reducing the risk to surrounding 

ecosystems and communities from erosion of metal-rich particles offsite.   

 

2.2 Tailings collection and planted greenhouse studies 

2.2.1 Tailings collection 

Two mine tailings samples (T3.9 and T5.4, subscript denoting pH) were collected 

from the top 30 cm at the Klondyke Superfund Site (ID# 1236), Graham County, 

Arizona. These samples, T3.9 and T5.4, have also referred to as T1 and T2, respectively, in 

other publications (Steward, 2007; Grandlic et al., 2008; Mendez et al., 2008; Vazquez-

Ortega et al., 2010).   

2.2.2 Greenhouse studies 

Native plant species buffalo grass, Buchloe dactyloides (Nutt.) Engelm., and Velvet 

mesquite, Prosopis velutina, were selected as candidates for phytoremediation.  Compost 

amendment (dairy farm at University of Arizona’s Agricultural Center, Tucson, AZ), 
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required for plant growth in the tailings, was added at a rate ranging from 0 to 15% by 

mass and was mixed with tailings before planting.  Buffalo grass was planted using 10 

seeds per pot with five replicates and harvested after 12 weeks, as previously described 

(Iverson and Maier, 2009; Grandlic et al., 2008).  Velvet mesquite, after required seed 

pretreatment with sandpaper in order to germinate, was potted in triplicate in T5.4 and 

watered with 290 + 130 mL water daily before harvest after 108 days, as previously 

described (Steward, 2007). 

 

2.3 Fluorescence in-situ hybridization studies 

2.3.1. FISH sample preparation 

Plants were harvested after 12 weeks of growth. Fine root samples were collected 

for micro-scale analyses.  Multiple studies have demonstrated a high degree of variability 

in bacterial colonization along the length of the root, with the greatest densities occurring 

at the root tips due to the high local concentration of root exudates (eg. Watt et al., 2006).  

Root tips, also representing the youngest and fastest growing part of the root system, 

~0.1-mm thick, were chosen to physically and physiologically standardize samples.  

The FISH procedure, designed to image root colonization, was adapted from the 

procedure of Wagner (Wagner et al., 2003) and is described in detail by Iverson and 

Maier (2009). The EUB338-mix probe used in this study was an equimolar mixture of 

EUB338-I, EUB338-II, and EUB338-III (Daims et al., 1999), labeled with the 

fluorophore Cy5 to target bacterial DNA (Integrated DNA Technologies, Inc., Coralville, 
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IA).  Gelatin-coated glass slides with Mµlti hybridization slide frames (VWR 

International) were used to immobilize root fragments for hybridization. 

Roots, placed within hybridization frames, were covered with dilute, low-melt 

agarose (0.02%) for protection prior to dehydration by progressive suspension in ethanol 

solutions (3 min each at 50, 80, and 96% ethanol) and drying at 37 °C. Hybridization was 

preformed after applying a mixture of 30 µl of fresh 25% stringency buffer (25%  

formamide, 0.2% 1 M Tris-HCl, 1.8% 5 M NaCl, 1 µl 10% sodium dodecyl sulfate, and 

double-distilled water) and 3 µl FISH probe (30 ng µl -1), to the hybridization frame and 

incubating for 2.5 h at 46 °C in a hybridization oven (VWR International).  Slides were 

then immersed in 48 °C washing buffer (1 M Tris-HCl, 1 ml; 5 M NaCl, 1.49 ml; 0.5 M 

EDTA, 0.5 ml; double-distilled water to 50 ml; pH 7.0 to 7.2) for 15 min before rinsing 

in ice cold double-distilled water, drying with compressed air, prior to storage in a dark 

box containing desiccant at -20 °C.  

2.3.2. FISH imaging 

For imaging, all slides were warmed to room temperature in the dark, then a drop 

of Citifluor AF-1 antifadent (Electron Microscopy Sciences) was placed on the sample 

field, and a glass coverslip was applied. Roots were imaged using Zeiss LSM 510 Meta 

NLO laser-scanning confocal microscope, using a pinhole set to 1 Airy unit, achieving an 

optical slice of 1.0 µm. Z-series images were acquired for the upper 12.6 µm of each root 

sample with an interval of 0.6 µm, similar to the method described by Watt et al. (Watt et 

al., 2006).  The universal EUB338 probe mix was viewed with a 633 nm HeNe laser for 

excitation of the Cy5 fluorophore and emitted fluorescence was detected between 650 
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and 710 nm. The pixel time was 1.60 µs for all images. Measurements were taken on 

every other interval for a total of 11 samples per root tip. 

2.2.3 FISH image analysis 

Confocal images were analyzed with the freeware program ImageJ from NIH, as 

described previously (Iverson and Maier, 2009).  Maximum feature area was set to 300 

and minimum bacterial fluorescence was set to 45, in order to minimize root-based 

fluorescence. The total area of fluorescence meeting these criteria was recorded and 

divided by the area of the root visible in the slice to give a ratio of bacterial area to root 

area. Colonization data are reported here based on the fraction of fluorescence area over 

root area, which helps minimize the influence autofluorescence from the tailings. A 

single fluorescence value was generated for each root by dividing the sum of 

fluorescence for all 11 z slices by the total root area for all slices.  

 

2.4 Elemental mapping using micro-focused X-ray fluorescence (µµµµ-XRF) 

After FISH imaging, the samples were stored at 4°C with cover slips in place to 

prevent root and bacterial desiccation before cold transport to Stanford Synchrotron 

Radiation Lightsource (SSRL) beam line 2-3 for XRF and XAS analysis.  The beam line 

was equipped with a water-cooled double crystal monochromator with either Si(111) or 

Si(220) φ=0 crystals.  Maps were collected using a 2.5 µm beam provided by a Pt-coated 

Kirkpatrick-Baez mirror pair (Xradia Inc.), in 2.5 µm steps and a 250 ms dwell time.  The 

cover slips were removed from root samples before mounting the roots, still adhered to 

the glass slides, directly in front of the X-ray beam.  Each root was mapped twice, at 
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13,000 and 13, 050 eV, in order to differentiate the overlapping X-ray emission lines of 

arsenic (Kα emission line at 10,543 eV) contamination in the glass slides and lead-rich 

(Pb emission line at 10,550 eV)  particles adhered to roots. The XRF maps were analyzed 

using the Microanalysis Toolkit (Webb, 2006; version 0.50).  The Pb XRF map was 

corrected for arsenic contamination by subtracting the Pb map at 13,050 eV from the 

13000 eV map, both corrected for incoming count intensity. Each map is linearly scaled 

from lowest counts (black) to highest counts (white) scales indicated in figure captions.   

 

2.5 X-ray absorption spectroscopy (XAS) 

2.5.1. XAS collection 

Locations of sufficiently high Pb and Zn concentration in the XRF were chosen 

for additional analysis using element-specific X-ray absorption spectroscopy to probe 

metal speciation.  Data were collected over an extended XANES region, 12800- 13290 

and 9429-10,227 eV, near the Pb LIII  and Zn K edges, respectively, using the same beam 

conditions described above for mapping.   

2.5.2. XAS data reduction 

XAS spectra were analyzed using SIXPACK (Webb, 2005; version 0.66).  Energy 

was calibrated from the adsorption edge spectra of Pb or Zn foils, where the first 

maximum of the first derivative was defined as 13,035 or 9,659 eV, respectively.  Several 

(3-8) scans were averaged prior to the extraction of the edge region using linear pre-edge 

(-200 to -100 eV below edge) extended through the data.  To normalize the edge step, a 

quadratic post edge (50 to 150 eV above edge) was applied (Hayes et al., 2010a).   
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2.5.3. XAS data analysis 

Individual XANESspectra for root-associated metals were fit to linear combinations 

of reference spectra for known phases from our XAS data libraries (Hayes et al., 2010a; 

Hayes et al., 2010b).  All fits were constrained to be non-negative, but not forced to sum 

to unity.  Components initially fit to a fraction less than 10% were removed and the fit 

was performed again. 

 

2.6 Scanning electron microscopy 

Root tips were imaged using scanning electron microscopy (SEM) in the University 

of Arizona’s Spectroscopy and Imaging Facilities with a Hitachi S-3400 (Hitachi High 

Technologies, Berkshire, UK).  The instrument was operated at 25 kV and 47 µA, with a 

working distance of 10.6 mm.  Magnification was varied from of 500 to 14,000. 

 

2.7 Raman spectromicroscopy 

Micro-focused Raman spectra were obtained on individual particles using a benchtop 

Nicolet Almega XR dispersive Raman spectrometer with 532 nm laser, with  a 10 x 

objective, which probes a 1 µ m spot size.  Spectra were collected using Omnic software 

(Thermo Scientific version 7.4, Madison, WI), and analyzed using Crystal Sleuth 

software to compare with reference spectra in the RRUFF database (Downs, 2006). 
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3. RESULTS AND DISCUSSION 

Root-microbe-mineral-metal interactions represent a complex array of biotic and 

abiotic processes and feedbacks.  To date, no single technique can report on a sufficient 

number of phenomena to establish meaningful couplings and feedbacks among biological 

and abiotic processing that occur in the rhizosphere.  We hypothesize that, as a region of 

intense reduced carbon secretion, the root tip reflects strongly the impacts of biological 

intrusion on tailings metal speciation in desert mine tailings.  Therefore, conjunctive use 

of several techniques capable of probing the rhizosphere with near-micrometer-scale 

resolution have been employed to study root tips of several native plant species grown in 

metal contaminated mine tailings from the Klondyke Superfund Site.   

Conjunctive use of FISH and XRF allowed us to investigate the co-location of 

bacterial colonies and metals on a buffalo grass (Buchloe dactyloides) root surface (Fig. 

1).  For example, Fig. 1A shows bacterial colonization of the root tip and rhizodeposits.  

On the root, localized colonies of bacteria can be observed, indicated by arrows, 

superimposed on a more diffuse bacterial colonization of the root surface.  Cells also 

extend beyond the root into rhizodeposits surrounding the root tip. These are visible to 

the right of the root tip (Fig. 1A).  Some of the distinct bacterial colonies (Fig. 1A) are 

co-located with iron-rich zones (Fig. 1B) on the left side of the root surface, potentially 

indicating the accumulation of iron oxide plaques at the root surface.  Hansel et al. 

studied the accumulation of iron oxides on mine-waste impacted aquatic plants (Hansel et 

al., 2001).  An interesting point for further study would be to determine which bacteria 

are present where the iron oxides are being precipitated and what genes they are  



 
 

 
 

Figure 1: Combining FISH and XRF elemental mapping.
Buchloe dactloides (buffalo grass) root grown in T
weeks.  (A) A beautiful EUB338
colonies on the root surface, indicated by arrows.  (B)  XRF images the 
distribution on a larger portion of the root with the reg
by a box in the Fe XRF image.  Images are scaled linearly with black equal to 
background counts and white equal to 1578 and 1023 counts for 
(C) Correlation plot from the XRF image for 
correlation between the two elements.

This figure demonstrates the application of FISH and XRF elemental mapping to the 
same region of the same root.  Although there are no soil particles adhered to the root that 
could be probed using XAS to determine metal speciation, the XRF elemental correlation 
for Fe and Pb demonstrate a clear correlation, possibly indicating the presence of 
oxides sorbing Pb at the root surface.  However, the 
XAS probing. 
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Figure 1: Combining FISH and XRF elemental mapping.  This figure depicts a 
(buffalo grass) root grown in T3.9 with 5% compost addition for 12 

weeks.  (A) A beautiful EUB338-mix probe FISH image clearly shows several bacterial 
colonies on the root surface, indicated by arrows.  (B)  XRF images the Fe
distribution on a larger portion of the root with the region of the FISH image is indicated 

XRF image.  Images are scaled linearly with black equal to 
background counts and white equal to 1578 and 1023 counts for Fe and Pb
(C) Correlation plot from the XRF image for Fe and Pb, depicting a strong spatial 
correlation between the two elements. 

This figure demonstrates the application of FISH and XRF elemental mapping to the 
same region of the same root.  Although there are no soil particles adhered to the root that 

using XAS to determine metal speciation, the XRF elemental correlation 
demonstrate a clear correlation, possibly indicating the presence of 

at the root surface.  However, the Pb concentration is too low to enable 

expressing.  This may lend insight to the observation that a strong correlation exists 

Figure 1B and C, but not Zn or Mn (data not shown).  This spatial 

collocation suggests the sequestration of Pb in iron oxides at the root surface.  Iron oxides 

have been shown to strongly sorb Pb, as has been previously reported in 

et al., 2010a; McKenzie, 1980).   
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The buffalo grass (Buchloe 

of XRF mapping to image the root and XAS to probe 

adhered to the root.  Although no soil particles were observed adhered to the root tip, 

which was the region probed 

detected near the root node (

µ-XAS, indicates that the Zn is present in the trioctahedral sheet of a talc

 

Figure 2: Exploring Zn 
Buchloe dactloides (buffalo grass) root grown in T
weeks.  (A) XRF images of total counts (ICR) and 
in proximity to a root node.
white equal to 7388 and 2081 counts for ICR and Zn, respectively.  (B) This particle, 
indicated by an arrow in the 
be Zn-rich talc, previously identified in the tailings 
enriched in Zn relative to the standard (80% Zn substitution in the octahedral sheet) and 
relative to the bulk tailings.  The fit (
spectra (97%; χ

2=3.4).  But the peak at 9760
in a clay structure, is sharper in the particle spectra, indicating
substitution in the sample relative to the reference spectrum.

 

Buchloe dactyloides) root shown in Figure 2 demonstrates the use 

of XRF mapping to image the root and XAS to probe Zn speciation of a soil particle 

adhered to the root.  Although no soil particles were observed adhered to the root tip, 

which was the region probed using FISH (data not shown), a Zn-rich particle was 

detected near the root node (Fig. 2A).  Interrogation of the Zn bonding environment using 

XAS, indicates that the Zn is present in the trioctahedral sheet of a talc

 speciation in an adhered particle.  This figure depicts a 
(buffalo grass) root grown in T3.9 with 5% compost addition for 12 

weeks.  (A) XRF images of total counts (ICR) and Zn show an extremely 
node.  Images are scaled linearly with black equal to zero  and 

white equal to 7388 and 2081 counts for ICR and Zn, respectively.  (B) This particle, 
indicated by an arrow in the Zn XRF image, was probed using XAS, and determined to 

usly identified in the tailings (Hayes et al., 2010).  This particle is 
relative to the standard (80% Zn substitution in the octahedral sheet) and 

relative to the bulk tailings.  The fit (red line) is a linear fit to the  Zn0.8talc reference 
=3.4).  But the peak at 9760 eV, which is an indicative of 

clay structure, is sharper in the particle spectra, indicating enrichment of Zn 
substitution in the sample relative to the reference spectrum. 
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rich particle was 

).  Interrogation of the Zn bonding environment using 

XAS, indicates that the Zn is present in the trioctahedral sheet of a talc-like 2:1 clay  
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with 5% compost addition for 12 
show an extremely Zn-rich particle 

Images are scaled linearly with black equal to zero  and 
white equal to 7388 and 2081 counts for ICR and Zn, respectively.  (B) This particle, 
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, 2010).  This particle is 
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eV, which is an indicative of Zn substitution 
enrichment of Zn 



 
 

189 

 
 

structure (Fig. 2B).  Zn-rich talc (Zn-talc) has been previously reported to occur in these 

tailings (Hayes et al., 2010b) and other Zn-contaminated systems (e.g., Jacquat et al., 

2008).  Dredged Zn-contaminated (4,700 mg kg-1) sediments were studied after two years 

of phytoremediation using bulk and micro-focused XAS.  In that study, Zn that was 

initially ca. 50% sphalerite (ZnS) in fresh sediments had weathered completely to Zn-

phosphate and Zn-phyllosilicate (Panfili et al., 2005).  In the present study, data were 

well-fit using linear combinations to a synthetic reference, Zn0.8talc, which has 80% Zn 

substitution in the trioctahedral sheet.  The peak at 9760 eV, corresponding to a peak at 

5.2 Å-1 in k-space, is indicative of the degree of Zn substitution and suggests that the 

particle investigated here contains more than 80% Zn in the octahedral sheet (Panfili  et 

al., 2005).     

Zn-talc is present in the bulk tailings used for plant growth at 39%, the remainder of 

the Zn being associated with iron oxides.  However, Zn-talc is undersaturated at pH=3.9 

(Vazquez-Ortega et al., 2010; Panfili et al., 2005), so its dissolution is apparently 

kinetically limited.  Thus, the presence of this particle in the rhizosphere could be the 

result of a local pH increase in the rhizosphere, which has been shown to change the local 

pH by 0.5-1 pH unit (Gregory, 2006), potentially leading to oversaturation and 

precipitation of Zn-talc from Zn-rich pore waters, previously reported in laboratory 

studies (Schlegel et al., 2001).    

A Buchloe dactyloides root tip imaged using SEM (Fig. 3A) demonstrates the 

conjunctive application of several techniques on the same root tip.  Extremely high 

bacterial colonization extends from the root tip into the rhizodeposits and biofilms 



 
 

190 

 
 

beyond, as shown by FISH (Fig. 3B).  Micro-XRF analysis indicates that the root tip is 

also relatively enriched in metals including Fe, Mn, Pb and Zn (Fig. 3C), where the Fe 

appears diffusely distributed as in a plaque, and discrete particles are also evident.  XRF 

mapping of the root shows that both Pb and Zn are correlated with Fe (Fig. 3D).  That is, 

the majority of the XRF pixels have a consistent apparent Pb (and Zn) stoichiometric 

correlation with Fe, similar to Figure 1C. However, some of the data points in each  

 

 

Figure 3: Conjunctive use of FISH, XRF, XAS, and SEM to examine a single root 
tip.  Buffalo Grass (Buchloe dactyloides) root tip grown in T5.4 tailings with 15% w/w 
compost addition.  (A) XRF images for Fe, Mn, Pb, and Zn, with FISH region shown in 
box.  Images are scaled linearly with black equal to background counts and white equal to 
4738, 1853, 4340, and 1234 counts for Fe, Mn, Pb, and Zn, respectively.  (B) SEM image 
of region shown in XRF maps, showing adhered compost and soil particles.  Inset shows 
bacteria at root surface.  (C) Significant microbial colonization is observed at this root tip, 
including the region near the adhered Pb-rich soil particle.  (D) Correlation plots 
demonstrate two distinct stoichiometric relationships between Pb and Fe in the tailings 
(scale same as XRF maps).  The high Pb, medium Fe population is spatially located at the 
Pb hotspot examined by XAS and is consistent with plumbojarosite (Hayes et al., 2009).  
The remainder of the Pb is present with Fe, possibly indicating Pb sorbed to iron oxides, 
as previously postulated in Figure 1.  Zinc also has two stoichiometric relationships with 
Fe.  The high Zn, medium Fe population is spatially correlated with the Mn hotspot, 
while the remainder also appears to be sorbed to Fe oxides, as has been previously 
reported for these tailings (Hayes et al., 2010).  (E) XAS spectra of Pb-rich particle 
adhered to root tip (indicated by arrow in Pb XRF map).  Spectrum described by 
plumbojarosite (Pb(Fe(III)3(SO4)2(OH)6)2) and anglesite (PbSO4), the two principle Pb-
bearing minerals in the tailings.  A slight enrichment of anglesite, compared to bulk 
tailings, may indicate the weathering of plumbojarosite to anglesite in the rhizosphere.  
Since anglesite is a more bioavailable form of Pb than plumbojarosite, this could indicate 
that planting the tailings might result in an increase of Pb toxicity in the tailings.  
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correlation plot show high Pb and Zn counts relative to Fe.  It is interesting to note that 

these points derive from regions showing up as metal “hotspots” on the XRF maps (Fig. 

3C).  Within a region of intense bacterial colonization at the root tip we detected a lead-

rich particle (indicated by arrow in Fig. 3C and also in FISH image). The Pb LIII  edge µ-

XANES spectrum of this particle was best fit using to a linear combination of 74% 

plumbojarosite (Pb(Fe(III)3(SO4)2(OH)6)2) and 26% anglesite (PbSO4) by mass.  This 

rhizosphere particle-scale speciation can be compared to linear combination fits of the 

bulk unplanted tailings which indicated 39% plumbojarosite and 62% anglesite (Hayes et 

al., 2010a).  Anglesite, soluble in stomach acid, is the most bioavailable Pb mineral found 

in the tailings.  While a single isolated particle may certainly not represent the behavior 

of the entire rhizosphere, transformation of anglesite to less bioavailable Pb forms in the 

root zone would significantly decrease the health risk from the lead-rich particles in the 

tailings (Schaider et al., 2007).   

 A thin cross section of a mesquite root grown in T5.4 exhibits plaque formation 

that contains metal accumulations (Fig. 4).  The dark colored plaque on this root was 

visible even to the naked eye.  The root-plaque cross-section is clearly revealed by an 

ICR image of total X-ray fluorescence intensity (Fig. 4C).  Metal-specific XRF images 

demonstrate that the plaque is most highly enriched in Mn, but also contains other toxic 

metals of concern at the site (Fig. 4A).  Micro-scale correlations between Mn and Zn, Pb 

and Cr are apparent (Fig. 4B).  The few data points showing locations of high Pb and Zn 

counts coincident with low Mn counts are those “hot spots” located in the interior of the  
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Figure 4: Cross section of birnessite precipitate on surface of Mesquite root.  The 
velvet mesquite root in this figure was grown for 108 days in T5.4 tailings with 10% 
(wt/wt) compost addition.  After sonication, the air-dried root was imbedded in L. R. 
White epoxy, and sectioned to 0.25 mm using a diamond saw.  (A) XRF images 
demonstrate the presence of an Mn-rich precipitate on the surface of the root.  Chromium, 
Pb and Zn are spatially co-located with the Mn at the root surface, although there are 
spots of Pb and Zn located in the root interior.  Images are scaled linearly with black 
equal to background counts and white equal to 421, 24, 296, and 423 counts for Mn, Cr, 
Pb, and Zn, respectively.  (B) Correlation plots for Mn with Fe, Cr, Mn, Zn.  These 
indicate Fe (max counts 318), Cr, Pb, and Zn, are all co-located with Mn at the surface of 
the root.  The high Pb or Zn and low Mn populations correlate spatially with the Pb and 
Zn hotspots in the root interior.  (C) An XRF image of total counts (ICR) showing the 
interior, exterior, and surface of the root in the XRF image.  (D) Micro-focused Raman 
spectra demonstrating the mineral present at the root surface is birnessite.  Birnessite (δ-
MnO2), is a common Mn-rich mineral, generally biogenic in nature, that has been shown 
to act as a strong sorbent for other metals in both lab and natural environments.  This is 
one case where the rhizosphere is clearly effecting metal speciation. 
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root, as can be observed as white spots in Figure 4A.  The Mn-rich mineral at the root 

surface was subsequently interrogated using Raman spectromicroscopy (Fig. 4D) and 

identified as birnessite.  Birnessite is known to be principally biogenic (produced by 

bacteria and fungi) and it also is well known as a high affinity sorbent for several trace 

metals, including Pb and Zn (McKenzie, 1980; Manceau et al., 2002).  The importance of 

birnessite in Pb and Zn sequestration has been demonstrated for a variety of 

environments (Fuller and Harvey, 2000; Wilson et al., 2001; Manceau et al., 2003). The 

data shown here suggests a mechanism whereby mesquite root zone enrichment of carbon 

substrate supports a high population density of bacteria that catalyze the formation of Mn 

oxide.  The extent to which this birnessite plaque sequesters toxic metals into strong 

sorption complexes is one measure of phytostabilization success at the nano-scale.     

 

3.1 Technical notes 

In the development of samples for use with all the techniques described in this paper, 

several subtle sample preparation considerations became apparent.  First, the order of 

techniques is essential to success.  The FISH analysis must be done first to minimize 

changes to the bacterial community on the root prior to analysis.  The fixation process 

adheres the root to the glass slide, enabling each subsequent technique to locate the same 

root tip for analysis.  

In the FISH procedure described by Wagner (2003), EDTA is employed in the 

fixation process.  Since it is such a strong chelating agent, EDTA can also alter metal 

speciation and was, therefore, removed from the procedure employed here.  Metal 
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contamination is common in glass microscope slides but this can be diminished by using 

metal-free fused glass slides, as was done in this study.  Other reagents in the FISH 

procedure limit the number of elements imaged using XRF because of sample 

contamination from fixation reagents (e.g. Na, Ca, K, Cl).  Excessive washing during the 

FISH hybridization procedure can remove all soil particles from the region probed using 

FISH, which limits the additional analyses possible (e.g., Figs. 1, 2).  The Cy5 flurophore 

was chosen for these studies because it has previously been shown to minimize signal 

contribution from autofluorescence of the root and soil particles (Watt et al., 2006). 

During storage between techniques, it is essential to minimize root and bacterial 

dehydration by replacing the coverslip over the root. 

 

3.2 Future directions 

The data presented here demonstrate for the first time the potential of combining 

spatially-resolved geochemical and microbiological methods to probe bio-geochemical 

interactions in the rhizosphere.  The next step in our research is to employ FISH probes 

that can identify functionally specific microbial genes, and use those probes to relate 

microbially-mediated processes to the nature of biogeochemical reaction products.  This 

would allow us, for example, to determine which particular genetic capabilities are 

associated with bacteria that are co-located with the iron oxide and birnessite plaques 

observed in the present work.  Prior studies have been performed with gene specific 

probes, such as ammonium oxidizing bacteria in the rhizosphere of rice roots (Briones et 

al., 2002).   Another potentially interesting direction to pursue is the effects of root age 
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on metal speciation in the rhizosphere.  Given a longer root-zone reaction time with 

metals, will there be a greater effect on metal speciation farther up the root, away from 

the root tip?   

 

4. CONCLUSION 

Through the conjunctive use of a variety of techniques, we have been able to study 

root-microbe-metal interactions in mine tailings containing significant residual 

contaminant metals, principally Pb and Zn at the Klondyke site.  Since these tailings 

constitute an oligotrophic environment prior to planting, an understanding of the effects 

of the rhizosphere interactions on metal speciation and mobility is an important step in 

understanding the long term effects of phytoremediation in such metal contaminated 

sites.  Iron and Mn plaques have been observed on root surfaces, and these plaques are 

co-located with active bacterial colonization and also toxic metal accumulations, 

potentially indicating the biogenic formation of plaques capable of detoxifying mine 

tailings pore waters.   
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Table 1: Mineral and chemical inventory of materials used in experimental work. 

mineral name date  company # lot/ locality 
UA mineral museum 

plumbojarosite 2006 UA min     
Aurichallite 2007 UA min     
sphalarite 2007 UA min     

willemite   UA min 28 
Sterling Hill Mine, 
Sussex Co., NJ 

gahnite   UA min 13202 Shoshone Co., ID 
pyromorphite   UA min     
hemimorphite   UA min   Durango, Mexico 
hetaerolite   UA min 12960 bisbee, AZ 
plumbojarosite 6-07 UA min 5751 Serrita Mts, AZ 
plumbojarosite 6-07 UA min 2593   

johannsenite 6-09 UA min 15687 
crap, empire mine, 
hanover; grant Co., NM 

          
RRUFF project 

Na-jarosite 6-09 rruff R050289 

Bristol mine, Pioche, 
Lincoln County, Nevada, 
USA 

K-jarosite 6-09 rruff R060113 

Iron Blossom mine, East 
Tintic District, Eureka, 
Utah, USA 

johannsenite 6-09 rruff R070521 

unconfirmed, Campiglia, 
near Siena, Tuscany, 
Italy 

chalcophanite 6-09 rruff R050451 

Morenci mine, Morenci, 
Greenlee County, 
Arizona, USA 

manjiroite 6-09 rruff R060379 

Wessels mine, Kalahari 
Manganese Field, South 
Africa 

Mn-axinite 6-09 rruff R050299 Dalnegorsk, Russia 

beaverite 6-09 rruff R060400 

Utah, USA; American 
Museum of Natural 
History 17785 
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mineral name date  company # lot/ locality 
Wards 

pyromorphite   wards 49-5958 Mt Todd, W. Australia 

calcite   wards 49-5860 
Santa Eulalia, Chiuahua, 
Mexico 

gypsum   wards 49-1648 
Edmonton, Alberta, 
Canada 

sphalarite   wards 49-5890 Picos de Europa, Spain 
smithsonite   wards 49-5965 Bingham NM 
orthoclase   wards 49E5919 India 
galena     49E5875 Reynolds County,  MO 

Franklinite   O'day group   
Sterling Hill, NJ from 
David Shannon Minerals 

chalcophanite 3-09 

Tucson 
Gem and 
Mineral 
world   Bisbee, AZ 

manjiroite 3-09 
excalibur 
minerals   cochise Co., AZ 

johannsenite 6-09 
excalibur 
minerals   

black hole prospect, 
Aravaipa dist. AZ 

          
synthetic 

hematite 11-06?     
Schwetmann, 2000; 
sanjai thesis 

birnessite 7-06     
McKenzie, 1971; 
Chorover, 2001 

goethite       from Sanjai? 
plumbojarosite 11-08   268-70   
jarosite 11-08   259   
ferrihydrite 11-08   225-232   

Chemicals 
PbSO4 10-05 Aldrich 307734 15627KO 
PbSO4   Aldrich 307734 10011KE 
PbSO4 6-08 Aldrich 254258 0731BE 

PbSO4 3-09 
Alfa Aesar 
(puratronic) 10730 22937 

PbS 10-05 Wards 9416506   
PbS         
PbS 6-08 Aldrich 372595 00508MH 
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mineral name date  company # lot/ locality 

PbS 3-09 
Alfa Aesar 
(puratronic) 12997 H01T012 

PbCO3   Wards 941-5906 1360 
PbCO3   Wards 941-5906 AD 3017 
Pb3O4 (red) 10-05 Wards 37W2414 490-154 
PbO 10-05 sigma 402982 07825BC 
PbNO3 10-05 sigma 228621 11715TC 
PbCO3   sigma 336378 10029MC 
          
ZnSO4- 7H2O   mallinckrodt 8880 V07616 
ZnNO3- 
6H2O   Fluka 96482 1375438 32508026 
ZnS   sigma 33271 10027LC 
ZnC2O4   sigma 544957 01503CD 
ZnCl2   Fluka 96470 2315920 
          
Fe(III)2SO43- 
xH2O   aldrich 307718 05517TS 
BN   Aldrich 255475 11122HD 
          
K2S2O3; 
thiosulfate   Aldrich 416983 11629TD 
DL-
Methionine   Sigma M9500 058H0123 
sulfur   sigma 414980 11325MI 
DL- cystine   Fluka 30220 2130945 
K2SO3; 
sulfite   Aldrich 658510 04702AH 
K2S4O6; 
tetrathionate   Fluka 60593 1157107 51706290 
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Table 2: Total elemental analysis of the tailings.  Performed in duplicate at Activation Laboratories (Ancaster, Ontario, 
Canada).  Most of the elements listed here were quantified using a lithium metaborate/tetraborate fusion, followed by ICP-OES 
or ICP-MS analysis.   HCl, HNO3, HClO4, HF acid digestion-ICP.   
 

Analyte Units 
T2.6 T3.9 T4.2 T5.4 

Avg. S.D. Avg. S.D. Avg. S.D. Avg. S.D. 
Au ppb 27 5 13 3 19 1 74 13 
As ppm 94.3 10.88944 82.95 11.243 88 18.38478 209.5 27.57716 
Br ppm B.D.L. 1.2 0.0 B.D.L. B.D.L. 
Cr ppm 90 90 70 50 50 10 27 12 
Ir ppb B.D.L. B.D.L.  B.D.L. B.D.L. 
Sb ppm 8.1 0.8 9 1 9 3 50 10 
Sc ppm 2.25 0.07 2.8 0.1 2.75 0.07 2 0 
Se ppm 19 3 18 6 17.5 0.7 B.D.L. 
Si ppm 323,000 8,000 330,000 10,000 316,000 3,000 310,000 20,000 
Al ppm 41,600 100 45187 0 39420 3,000 28784 300 
Fe ppm 42,000 2,000 36676 3,000 42479 49 50486 4,000 
Mn ppm 1,000 3,000 2726 100 11775 9,000 13448 1,000 
Mg ppm 1,000 400 1236 40 2774 2,000 2955 200 
Ca ppm 14,000 6,000 20262 2,000 33519 15,000 45740 2,000 
Na ppm 1,300 900 1206 400 1243 800 1243 800 
K ppm 30,000 19,000 29450 14,000 25548 9,000 17350 9,000 
Ti ppm B.D.L. B.D.L.  B.D.L. B.D.L. 
P ppm 95 B.D.L. 95 27 171 80 190 B.D.L. 

Sc ppm 3 B.D.L. 2.5 0.7 2.5 1 2.5 0.7 

Be ppm 2 B.D.L. 3 B.D.L. 2 B.D.L. 3.5 0.7 
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Table 2 (cont.) 

Analyte Units 

T2.6 T3.9 T4.2 T5.4 

Avg. S.D. Avg. S.D. Avg. S.D. Avg. S.D. 

V ppm 17 4 18 1 16 1 18 B.D.L. 

Cr ppm 80 85 55 50 40 10 30 B.D.L. 

Co ppm 1.5 0.7 2 B.D.L. 4 1 8 B.D.L. 

Ni ppm 5 4 5 2 6.5 0.7 6.5 4 

Cu ppm 520 30 710 80 600 60 1660 60 

Cd ppm 0.7 B.D.L. 2.2 0.2 10 10 20 2 

Zn ppm 450 17 1,440 50 2,500 1,300 6,000 600 

S ppm 23,000 5,000 16,000 2,000 14,800 100 25,000 3,000 

Ag ppm 5.2 0.2 5.15 0.7 4.3 0.1 10.9 0.7 

Pb ppm 4,770 60 4,660 50 4,300 300 14,000 200 

Ga ppm 12.5 0.7 14 B.D.L. 14 2 17 2 

Ge ppm 2 B.D.L. 2 B.D.L. 2.5 0.7 2.5 0.7 

As ppm 120 30 90 30 100 10 140 50 

Rb ppm 270 10 250 20 220 30 144 3 

Sr ppm 88 2 112 1 107 4 63 1 

Y ppm 11.5 0.7 17 1 15 3 15 2 

Zr ppm 160 20 136 B.D.L. 130 10 89 3 

Nb ppm 26 1 28 4 24.5 0.7 13.5 0.7 

Mo ppm 40 10 36 8 47 6 74 2 

In ppm B.D.L. B.D.L.  B.D.L. 1.8 0.07 

Sn ppm 3 B.D.L. 2.5 0.7 3 B.D.L. 13 20 
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Table 2 (cont.) 

Analyte Units 

T2.6 T3.9 T4.2 T5.4 

Avg. S.D. Avg. S.D. Avg. S.D. Avg. S.D. 

Sb ppm 10 4 12 2 10.7 4.0 100 100 

Cs ppm 24.3 0.1 29 3 23 4 16 1 

Ba ppm 980 50 890 30 820 60 530 40 

La ppm 8.5 0.7 15.2 0.6 13 2 12.6 0.9 

Ce ppm 15 1 29.7 0.7 26 3 26 1 

Pr ppm 1.6 0.2 3.2 0.3 3.0 0.2 3.0 0.2 

Nd ppm 5.4 0.6 10.9 B.D.L. 10 1 10.35 0.07 

Sm ppm 1.15 0.07 2.25 0.07 2.1 0.4 2.1 B.D.L. 

Eu ppm 0.07 B.D.L. 0.165 0.007 0.22 0.09 0.29 0.02 

Gd ppm 1.05 0.07 2.05 0.07 2.0 0.5 1.9 B.D.L. 

Tb ppm 0.3 B.D.L. 0.4 B.D.L. 0.35 0.07 0.4 B.D.L. 

Dy ppm 1.95 0.07 2.95 0.07 2.6 0.4 2.3 B.D.L. 

Ho ppm 0.45 0.07 0.65 0.07 0.6 B.D.L. 0.5 B.D.L. 

Er ppm 1.65 0.07 2.15 0.07 2.0 0.2 1.55 0.07 

Tm ppm 0.295 0.007 0.36 0.01 0.34 0.05 0.26 B.D.L. 

Yb ppm 2.05 0.07 2.5 B.D.L. 2.3 0.3 1.7 B.D.L. 

Lu ppm 0.33 0.01 0.395 0.007 0.34 0.02 0.255 0.007 

Hf ppm 4.75 0.5 4.6 0.4 4.4 0.2 3.2 0.3 

Ta ppm 2.1 B.D.L. 2.2 0.1 1.8 B.D.L. 1.05 0.07 

W ppm 6.5 0.7 6 B.D.L. 7 3 34 7 
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Table 2 (cont.) 

Analyte Units 

T2.6 T3.9 T4.2 T5.4 

Avg. S.D. Avg. S.D. Avg. S.D. Avg. S.D. 

Tl ppm 2 0.4 1.8 0.6 1.6 0.6 1 B.D.L. 

Bi ppm 30 20 40 20 40 20 200 100 

Th ppm 9 1 12.2 0.8 9.4 0.6 7.0 0.5 

U ppm 3.2 0.9 3.8 0.3 3.6 0.4 3.5 B.D.L. 
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Table 3: Saturated Paste Extractions.  A 1:1 by mass saturated paste extraction performed in triplicate.  Saturate paste 
extractions of T3.9 and T5.4 were performed by Angelica Ortega-Vazquez, and are reported in her thesis (Vazquez-Ortega, 
2008) 
 

Analyte 
  
  

1 hour 24 hour 
T2.6 T4.2 T2.6 T4.2 

Avg. S.D. Avg. S.D. Avg. S.D. Avg. S.D. 
(mg kg-1) (mg kg-1) (mg kg-1) (mg kg-1) 

pH 2.61 0.04 4.37 0.03 2.50 0.01 4.36 0.06 

Carbon and nitrogen (mg L-1) 
Org. carbon 15 1 7.95 0.01         

nitrogen 3.83 0.01 3.88 0.01         
Anions (mg L-1) 

F- 44 3 31 3 41 2 26 1 
Cl- 4 1 6 3 7 3 5 1 

NO2
- 9 4 9 4 9 2 5 1 

NO3
- 16 9 140 200 30 30 30 15 

SO4
2- 5900 400 2350 60 5300 300 2230 65 

PO4
3- 0.8 0.6 0.21 0.03 0.10 0.03 0.02 0.04 

Metals and cations (mg L-1) 
Na 20.1 0.8 20.2 0.3 20 1 19.6 0.6 
Mg 15 1 34 2 14.1 0.7 33 1 
Al 780 50 26 2 700 60 24 1 
K 65 15 70 40 42 3 55 12 
Ca 620 10 700 100 590 10 670 40 
Ti 0.072 0.006 0.013 0.001 0.073 0.006 0.019 0.000 
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Table 3 (cont.) 

Analyte 
  
  

1 hour 24 hour 
T2.6 T4.2 T2.6 T4.2 

Avg. S.D. Avg. S.D. Avg. S.D. Avg. S.D. 

Metals and cations (mg L-1) 
Cr 0.25 0.03 0.001 0.000 0.21 0.01 0.001 0.000 
Mn 110 10 162 7 103 6 157 6 
Fe 130 10 0.14 0.03 90 10 0.11 0.03 
Co 0.24 0.02 0.062 0.002 0.21 0.01 0.057 0.001 
Ni 0.59 0.04 0.45 0.01 0.55 0.03 0.46 0.02 
Cu 65 5 18.1 0.8 58 3 18 1 
Zn 80 10 360 10 67 4 360 20 
As 0.08 0.01 0.022 0.001 0.061 0.004 0.023 0.001 
Se 0.070 0.007 0.054 0.004 0.062 0.005 0.057 0.005 
Mo 0.003 0.001 0.001 0.000 0.002 0.000 B.D.L. 
Ag B.D.L. B.D.L. B.D.L. B.D.L. 
Cd 0.22 0.02 0.85 0.04 0.20 0.01 0.84 0.03 
Sn 0.002 0.001 0.002 0.000 0.002 0.000 0.001 0.000 
Sb B.D.L. B.D.L. B.D.L. B.D.L. 
Ba 0.032 0.001 0.028 0.003 0.030 0.003 0.024 0.001 

Pb 1.03 0.02 0.4 0.2 0.9 0.1 0.4 0.1 
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Table 4: Particle size analysis.  As determined in triplicate by the pipet method (Jackson, 1985). 

Size fraction 

T2.6 T3.9 T4.2 T5.4 

Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. 
Sand 

2 mm – 50 µm 59.5 0.2 50 1 62.6 0.7 59.2 0.7 
Silt 

50 µm – 2µm 24.1 0.5 33 1 19 2 25 1 
Clay 

< 2 µm 11 1 7.9 0.7 11.1 0.7 8 1 

sum 95 91  93 92 
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Table 5: Particle size by laser diffractometer.  Measurements were performed at the Center for Environmental Physics and 
Mineralogy at the University of Arizona on a laser diffractometer (Beckman Coulter LS 13 320, Miami, Fl).  Textural class 
abbreviations: fine (F), medium (M), coarse (C), very (V). 

Particle 
diameter 

(mm) Size class 
T2.6 T3.9 T4.2 T5.4 

Avg. S.D. Avg. S.D. Avg. S.D. Avg. S.D. 
500 - 1000 C Sand 1.2 0.2 0.9 0.2 3.475 0.09574 0.9 0.1 
250 - 500 M Sand 7.5 0.3 5.6 0.6 14.2 0.5 5.6 0.2 
100 - 250 F Sand 22.9 0.6 21.5 0.2 25.7 1.0 22.6 0.3 
50 - 100 VF Sand 12.4 0.3 13.5 0.3 11.0 0.3 14.0 0.2 
50 - 2000 Sand 43.9 0.8 41.5 0.5 54.4 1.9 43.2 0.5 
20 - 50 C Silt 11.2 0.2 13.6 0.3 8.6 0.3 12.1 0.3 
5 - 20 M Silt 8.7 0.3 12.2 0.2 7.9 0.4 8.7 0.4 
2 - 5 F Silt 5.0 0.1 6.3 0.1 4.5 0.3 3.80 0.08 
2 - 50 Silt 25.0 0.5 32.0 0.4 20.9 1.0 24.5 0.8 
< 2 Clay 31.2 0.9 26.5 0.4 24.7 1.0 32.3 1.0 

 Mean Diameter (mm) 85.0   76.4   126.6   77.7   
Textural Class: Clay Loam Loam Sandy Clay Loam Clay Loam 
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Table 6: Lead sorption experiments.  Procedures outlined in Appendix B. 

Initial [Pbaq] 
(mM) 

Avg. 
(mg kg-1) 

S.D. 
(mg kg-1) 

Pb sorbed birnessite (12-07) 
3.0 25,000 1,000 
0.1* 800 10 
0.03 235  

Pb sorbed hematite (5-07) 
1* 9,700 1,400 
3 27,600 300 
10 97,000 13,000 

Pb sorbed compost (3-06) 
0.5* 510  

2 2014  
5 4915  

* Samples used in XAS collection 
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Table 7: Zinc sorption experiments.  Procedures outlined in Appendix C. 

Initial [Znaq] 
(mM) 

Avg. 
(mg kg-1) 

S.D. 
(mg kg-1) 

Zn sorbed birnessite (5-07) 
1 4,760 90 
3 13,120 80 
10 157,000 13,000 

Zn sorbed hematite (5-07) 
1 1,900 100 
3 4,800 1,200 
10 9,000 2,000 
Zn sorbed ferrihydrite (12-08) 

1.0 330,000 30,000 
0.1 34,100 212 

Zn sorbed compost (5-07) 
0.5 275 3 
2 1,292 3 
5 23,600 400 

Zn sorbed calcite (11-06) 
1 2,230 30 
3 2,500 100 
10 20,600 80 

Zn sorbed jarosite (12-08) 
5.0 111 5 
1.0 27 4 
0.1 1 1 

* Samples used in XAS collection 
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Table 8: Elemental analysis of evaporite salt. Obtained from greenhouse trial using T4.2.  
Dissolution was performed by dissolving 1g evaporite in 2kg 18MΩ water. 
measure Avg. 

pH 4.653 
EC 866064.9 

Avg. mg kg-1 
DOC 10052 
TN 552 

Aniona 
F- 15 
Cl- 17 

NO3
- 0 

SO4
2- 496 

Cations 
Na 6934 
Mg 1130 
Al 7480 
Si 1936 
P 153 
K 1573 
Ca 129790 
Ti 5 
V 1 
Cr 0 
Mn 5857 
Fe 70 
Co 22 
Ni 26 
Cu 2399 
Zn 20823 
As 3 
Se 0 
Zr 1 
Mo 2 
Ag 0 
Cd 52 
Sn 1 
Sb 7 
Ba 2 
Pb 622 
Bi 0 
U 3 
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Figure 1: Raman spectra.  From minerals not contained in the RRUFF database (Downs, 2006).  

200 400 600 800 1000 1200

birnessite (syn)
ferrihydrite (syn)
johannsenite (EM no ID)

jarosite (syn)

plumbojarosite (UAM 2953)
plumbojarosite (UAM 5751)

plumbojarosite (UAM no ID)

schwertmannite (syn)

N
or

m
al

iz
ed

 (
ar

b.
 u

ni
ts

)

Raman shift (cm-1)

Zn
0.8

talc (syn)



 
 

218 

 
 

REFERENCES 

Downs, R.T., 2006. The RRUFF Project: an integrated study of the chemistry, 
crystallography, Raman and infrared spectroscopy of minerals. Program and 
Abstracts of the 19th General Meeting of the International Mineralogical Association 
in Kobe, Japan.O03-13.  

Jackson, M.L., 1985. Soil Chemical Analysis. Parallel Press, Madison, Wisconsin.  

Vazquez-Ortega, A., 2008. Mobilization of lead and zinc in acid sulfate mine tailings 
Masters thesis in Soil and Water Science, University of Arizona.  

 


