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ABSTRACT 

 
Thallium is a complex and intriguing heavy element, having both chalcophile and lithophile 

characteristics, as well as demonstrating a larger range of isotopic fractionation than theoretically 

predicted. Thallium typically occurs in low concentrations in geologic settings, however, certain 

environments can concentrate thallium, in particular, ore-forming processes, where thallium can 

be used as a vector of mineralization. However, elevated thallium concentrations can also pose 

environmental and human health risks given the toxicity and ability of thallium to 

bioaccumulate. Therefore, this dissertation contains three studies that evaluate thallium 

geochemistry and its implications at a range of scales: globally, by characterizing mineralogical 

thallium distribution and fractionation patterns across a wide range of geologic environments and 

settings; regionally, by modeling variations in thallium behavior in an area with multiple igneous 

intrusive centers that have been variably hydrothermally altered; and locally, by quantifying the 

degree to which biologic systems can concentrate and fractionate thallium and the role of the 

underlying mineralogy in thallium biosignatures. 

The analysis of 185 mineral samples, including silicates and sulfides, from over 80 localities 

reveals a systematic mineralogical distribution and fractionation pattern for thallium, regardless 

of geologic setting or environment. This is thought to be the result of crystal chemical controls 

coupled, secondarily, with original source enrichment or depletions. This study documents 

mineralogical controls on thallium chemical and isotopic fractionation for the first time, which 

has implications regarding the natural weathering of thallium-bearing substrates, regional cycling 

of thallium, and the potential bioremediation of thallium contamination. 

This dissertation also presents mineralogical thallium data from the Battle Mountain district 

in north-central Nevada. Here, thallium distribution and fractionation are shown to be controlled 
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on a first-order by hydrothermal alteration and on a second-order by previously noted crystal 

chemistry. These results demonstrate the utility of thallium geochemistry in and around ore-

forming settings, yet also highlight the limitations of such applications given the ease with which 

geochemical signatures can be overprinted during subsequent alteration. 

Locally, thallium has the ability to easily and readily enter the food chain during uptake and 

bioaccumulation by plants, particularly those in the Brassicaceae family. Here, plants can 

partition thallium into edible plant parts and fractionate thallium systematically across plant 

structures. The final chapter of this dissertation analyzes Brassica juncea grown in various 

thallium-amended substrates to determine the degree to which biological processes can alter 

thallium geochemical signatures. This understanding presents opportunities for bioprospecting or 

bioremediation and adds further insight into the localized redistribution of thallium from one or 

more sources over time. 
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INTRODUCTION 

 

Thallium (Tl) is a rare and toxic element that is primarily found as a trace constituent in a 

variety of rock-forming minerals, with an average crustal abundance of 0.7 ppm (Shaw, 1952; 

Heinrichs et al., 1980; Wedepohl, 1995). Even with limited natural enrichment, the extreme 

toxicity of thallium has led it to be added to the U.S. EPA list of priority toxic pollutants, with 

adverse health effects including gastroenteritis, polyneuropathy, and alopecia, which can 

ultimately precede death (WHO/IPCS, 1996; Xiao et al., 2012). Thallium behavior can be 

complex in geological settings, which is a result of its dual role as a lithophile and chalcophile 

element, as well as the fact that it can be found in two valence states , Tl+ and Tl3+. Tl+ 

substitutes for similar-sized alkali elements like Rb+ and K+ in minerals such as silicates and 

sulfates, and also for similar-sized Ag+ and Pb2+ in sulfides and sulfosalts (Shaw, 1952; Heinrichs 

et al., 1980). The large ionic radius and other similarities to the alkali metals render thallium 

highly incompatible during igneous processes, thus concentrating thallium in the continental 

crust and allowing for redistribution during processes such as metamorphism or metasomatism. 

The oxidized form makes thallium more particle reactive in solution than alkali metals, allowing 

for strong adsorption onto existing minerals (Jacobson, McBride, et al., 2005; Vaněk et al., 2011; 

Peacock and Moon, 2012). Furthermore, some strongly oxidizing minerals have the ability to 

oxidize Tl+ to Tl3+ before incorporating Tl3+ into their crystal structure (Jacobson, McBride, et 

al., 2005; Vaněk et al., 2011; Peacock and Moon, 2012). 

These geochemical differences also contribute to the isotopic fractionations observed in the 

Tl+/Tl3+ isotopic system (Schauble, 2007; Schauble, 2013; Nielsen et al., 2017). Published data 

show larger-than-expected natural isotopic fractionations greater than 35 e205Tl (Nielsen et al., 

2017). The large range of fractionation represents a variety of geologic processes that induce 
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fractionation, including low-temperature hydrothermal alteration processes, which lead to lower 

e205Tl values, as well as areas of intense oxidation, such as oxidized marine ferromanganese 

nodules, which result in very high e205Tl values (Rehkämper et al., 2002; Nielsen et al., 2004; 

Nielsen et al., 2013).  

Given the unique geochemistry of thallium, ore-forming systems, particularly Carlin-type 

gold deposits, present a unique environment to study thallium geochemical behavior. Here, 

thallium has been used as a pathfinder element for mineralization for decades (Ikramuddin et al., 

1983; Ikramuddin et al., 1986; Massa and Ikramuddin, 1986; Warren and Horsky, 1986; Murao 

and Itoh, 1992). Thallium distribution in Carlin-type systems, as well as other ore-forming 

settings, may be controlled by alteration processes and fluid fluxes, which also result in small 

degrees of isotopic fractionation (Baker et al., 2010). However, most thallium geochemical 

studies have focused on whole-rock data and overlooked separated mineral data, which may 

provide a detailed assessment of the minerals required for the observed thallium isotope effects 

during alteration. While whole-rock thallium geochemical data has revealed that geologic and 

anthropogenic processes can alter thallium geochemistry, particularly thallium isotope 

compositions, whole-rock data limits the spatial resolution to that of overall lithology or region 

(Nielsen et al., 2011; Prytulak et al., 2013; Kersten et al., 2014; Nielsen et al., 2017).  

In areas with elevated thallium concentrations, thallium can pose inherent environmental 

risks. As previously noted, the chemical similarity between Tl+ and K+ allows for substitution not 

only in rock-forming minerals, including silicates and sulfates (Shaw, 1952; Heinrichs et al., 

1980), but also in biologic systems (Jacobson, Klitzke, et al., 2005; Krasnodębska-Ostręga et al., 

2012). As such, certain plant species have been shown to bioaccumulate this metal in their 

tissues at relatively high concentrations with no adverse effects, particularly those of the plant 
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family Brassicaceae (LaCoste et al., 2001; Pavlícková et al., 2006; Krasnodębska-Ostręga et al., 

2012; Jia et al., 2013; Vaněk et al., 2015). Many species within Brassicaceae are not only active 

bioaccumulators of thallium, but are also food crops, such as mustard, broccoli, Brussels sprouts, 

cabbage, cauliflower, and kale. This leads to both environmental and human health risks. 

Therefore, research on thallium geochemistry with an emphasis on the environmental stability of 

thallium-bearing mineralogical phases is essential for our understanding of thallium behavior in 

geologic and environmental systems. Without this information, the behavior of thallium and 

other heavy metal toxins can be misunderstood, leading to environmental degradation with 

attendant human health concerns. As such, understanding thallium distribution and the 

geochemical controls on thallium behavior is approached in this dissertation at a variety of 

scales.  

Appendix A presents thallium distribution and isotopic compositions on a global scale. 

Nearly 200 mineralogical samples, including 84 K-feldspar samples, 45 mica samples, and 38 

sulfide samples were selected from approximately 80 localities. Samples span a range of 

geologic environments and include igneous, metamorphic, and metasomatic systems and focus 

on coexisting mineral species to examine the distribution of thallium between silicates and 

sulfides. This provides mineralogical patterns of thallium distribution and fractionation as well as 

controls on this behavior for the first time. These analyses form the largest published 

geochemical dataset on mineralogical thallium patterns to date. 

The primary finding of Appendix A is that, regardless of geologic environment or process, 

there are systematic mineralogical controls on thallium enrichment and isotope compositions. 

Although thallium concentrations studied vary by more than four orders of magnitude, K-bearing 

micas present the strongest mineralogical thallium enrichment, followed by K-feldspar, with 
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sulfides being the least thallium enriched. These patterns in thallium enrichment are interpreted 

here to be a reflection of crystal chemical differences and the incompatible, dominantly 

lithophile nature of thallium. The preferential distribution of thallium into micas and K-feldspar 

is consistent with the similarity in charge and ionic radius of Tl+ and K+. Within sulfide samples, 

only those that were Pb- or As-bearing present elevated thallium concentrations, owing to the 

crystal chemistry of such phases, with relatively small coordination environments for large ions 

such as Tl+. Furthermore, the lack of appreciable thallium in most sulfides is a result of the fact 

that only in instances where a sulfide melt is present or produced do sulfides become the primary 

host for thallium (Kiseeva and Wood, 2013; Nielsen et al., 2014). 

Thallium isotope compositions presented in Appendix A also present a strong, previously 

undocumented, mineralogical control. Here, the lowest e205Tl values are attributed to sheet 

silicates, such as micas, with framework silicates displaying slightly higher e205Tl values, and 

sulfides contributing the highest e205Tl values overall. These results are in agreement with 

previous observations and theoretical studies showing the tendency of covalent bonds, high bond 

strengths, and high oxidation states to favor heavy isotopes. Although our samples come from 

dozens of localities and geologic environments, the isotopic fractionation pattern described here 

remains constant for coexisting mineral samples; the overall magnitude of fractionation varies 

across localities, but sulfides always contain higher e205Tl values than any coexisting silicates. 

This work documents, for the first time, mineralogical controls on thallium distribution and 

fractionation, which has applications in exploration, environmental remediation, and 

understanding large-scale geologic processes, such as crustal recycling, among others. 

Given the strong mineralogical control on thallium behavior on a large scale, Appendix B 

investigates the mineralogical controls on thallium (re)distribution on a regional scale. This was 
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done in the Battle Mountain, NV area as it is a well-documented major Au(-Cu) district with 

prevalent hydrothermal alteration characteristic of an evolving fluid. Here, certain geologic 

variables can be controlled, such as age of emplacement, temperature or depth of emplacement, 

and geochemical variability of intrusive stocks. Thallium has previously been shown to 

concentrate and fractionate to large degrees in low-temperature hydrothermal systems, such as 

porphyry copper systems (Nielsen et al., 2006; Baker et al., 2010; Coggon et al., 2014). 

Additionally, there has been a long-noted association between thallium and some ore-forming 

systems, particularly Carlin-type gold deposits, where thallium has been used as a pathfinder 

element for alteration and associated mineralization for decades (Ikramuddin et al., 1983; 

Ikramuddin et al., 1986; Massa and Ikramuddin, 1986; Warren and Horsky, 1986; Murao and 

Itoh, 1992). As such, the Battle Mountain district provides a unique opportunity to trace thallium 

geochemical changes on a mineralogical scale in an area with associated mineralization and 

voluminous hydrothermal alteration. 

To do so, Appendix B analyzes a suite of 55 mineral separates which were obtained from 43 

hand samples in the district. The samples include various silicates, dominantly K-feldspar and 

phlogopite, along with pyrite and scapolite. These samples span the range from unaltered 

intrusive rocks through subsequent potassic and later sodic-calcic alteration. Here thallium 

displays lithophile characteristics, with a strong correlation with potassium (K). Thus, thallium 

concentrations increase during K-alteration and decrease during subsequent Na-Ca alteration, 

where K is being removed from the system. Furthermore, during hydrothermal alteration, 203Tl is 

more easily remobilized and redistributed than 205Tl, particularly from sheet silicates, resulting in 

lower e205Tl values during K-alteration, and contrastingly higher e205Tl values during Na-Ca 

alteration. We present here mineralogical data demonstrating the preferential removal and 
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redistribution of 203Tl from silicate samples during hydrothermal alteration events. These 

variations in thallium distribution and isotope composition reflect a first-order hydrothermal 

alteration control coupled with a, now familiar, second-order mineralogical control. While these 

results highlight the opportunity to use thallium enrichment and isotope compositions as useful 

tools in understanding evolving fluid chemistry or additional fluid fluxes, they also draw 

attention to the difficulty in using thallium isotope compositions as fingerprints for mineralizing 

fluids given that isotopic compositions can be so easily overprinted during subsequent alteration. 

However, for ore deposits associated with specific forms of alteration, thallium geochemistry 

presents an additional isotopic system to use for geochemical exploration and modeling. 

Appendices A and B emphasized a systematic behavior of thallium across a range of 

geologic environments and throughout various geologic processes on both global and regional 

scales. The geochemistry of thallium, therefore, has many applications in understanding geologic 

processes at a range of scales. However, there are attendant environmental and human health 

concerns given the extreme toxicity of thallium. These concerns are only heightened when 

coupled with the ability of some plant species, particularly those in the Brassicaceae family, to 

bioaccumulate thallium within edible crops (LaCoste et al., 2001; Pavlícková et al., 2006; 

Krasnodębska-Ostręga et al., 2012; Jia et al., 2013; Vaněk et al., 2015). While posing a human 

health risk, plant species able to bioaccumulate thallium also present other opportunities, such as 

the potential for phytomining or bioprospecting.  

Appendix C documents biologically-induced thallium geochemical changes within Brassica 

juncea on a local scale and interprets how the underlying geology and/or mineralogy may control 

or affect thallium distribution and biosignatures. We particularly focus on B. juncea given its 

heartiness in climates similar to those in the Battle Mountain, NV area, where thallium 
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phytomining or remediation may be germane. This is due to the close proximity of Battle 

Mountain to the Carlin Trend, which hosts elevated levels of thallium (Ikramuddin et al., 1983; 

Ikramuddin et al., 1986; Massa and Ikramuddin, 1986; Warren and Horsky, 1986; Murao and 

Itoh, 1992; Cline et al., 2005). Appendix C not only demonstrates that Tl enrichment in B. juncea 

is predominantly within edible plant parts, which may present a serious health concern, but also 

that thallium bioaccessibility is controlled by the underlying mineralogy and geology. These 

results have strong implications in environmental planning and remediation, where it may be 

necessary to document the underlying geology in order to accurately assess contamination 

potential. Furthermore, some areas with more elevated substrate thallium concentrations may 

pose little to no risk given the relative weathering stability of the mineralogy within that strata. 

Appendix C also documents a systematic biologically-induced fractionation of thallium 

during uptake and plant growth. Here, there are clearly plant-specific fractionation patterns, with 

higher e205Tl values in the stem relative to the substrate e205Tl value, and with increasingly lower 

e205Tl for later forming plant parts. Progressive plant growth strongly fractionates Tl isotopes, 

discriminating against 205Tl as the plant matures. Thus, 205Tl values are systematically higher in 

the early-formed stem than in plant elements formed later. These results demonstrate that 

multiple generations of B. juncea may be necessary for complete phytoextraction of thallium, 

which is feasible considering that the majority of thallium is within leaves and flower stems. 

Therefore, leaves of thallium-concentrated plants may be harvested multiple times in the plants 

life cycle, leaving the root system intact, and allowing for multi-seasonal remediation campaigns. 

Moreover, even with decreasing thallium concentrations, isotopic patterns should remain 

consistent. Thallium enrichment and fractionation patterns within biologic systems, therefore, 
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may provide a new source to identify additional influxes of contamination, where the thallium 

concentrations and isotopic pattern may shift during plant growth.  
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ABSTRACT 

This study presents new thallium (Tl) concentration and isotopic composition data for 

potassium feldspar (K-feldspar), micas, sulfides, and other minerals using solution multi-

collector inductively-coupled plasma mass spectrometry (MC-ICP-MS). The samples studied 

represent a diverse set of igneous, metamorphic, and metasomatic rock types. Purified separates 

of minerals anticipated to be Tl-bearing were analyzed; in many cases coexisting minerals were 

measured to examine the distribution of Tl and its isotopes between coexisting phases. This 

study is the first of its kind to document mineralogical controls on Tl chemical and isotopic 

fractionation. 

Thallium contents in rock-forming minerals and common sulfides vary from below detection 

limit (here, approximately 0.2 ppm Tl in the mineral utilizing an IsoProbe MC-ICP-MS) to 3200 

ppm. In this present study, mica and feldspar samples can reach Tl concentrations well over 20 

ppm, compared to only 0.7 ppm in average crust. In contrast, only 14 of 38 common sulfide 
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samples contain Tl at levels above the detection limit. Measured Tl isotope ratios, reported as 

ε205Tl relative to the NIST 997 standard solution, range from -12.1 ± 0.6 to +18.0 ± 1.4 (2s). 

Most samples analyzed fall within the published range of ε205Tl (-20 to +15) (Nielsen et al., 

2017). Although most sulfides show limited Tl enrichment, they display the highest ε205Tl values 

among coexisting minerals, with Fe-rich micas having the lowest ε205Tl values. 

The patterns in enrichment are best interpreted to reflect crystal chemical differences and the 

incompatible, dominantly lithophile nature of Tl. In turn, isotopic fractionation also reflects 

control by the bonding environment as well as redox conditions. The preferential distribution of 

Tl into micas and K-feldspar found here is consistent with the similarity in charge and ionic 

radius of Tl+ and K+. The higher ε205Tl values in sulfides agree with previous observations and 

theoretical studies showing the tendency of covalent bonds, high bond strengths, and high 

oxidation states to favor heavy isotopes. This work highlights important areas for future research 

regarding the natural weathering of Tl-bearing substrates, understanding regional cycling of Tl, 

and potential bioremediation of Tl contamination. 

Keywords: solution multi-collector inductively-coupled plasma mass spectrometry (MC-ICP-

MS), mineralogical thallium, inter-mineral Tl partitioning, metasomatism 

1. INTRODUCTION 

Thallium is a rare element in the Earth, with an average crustal abundance of 0.7 ppm (Shaw, 

1952; Heinrichs et al., 1980; Wedepohl, 1995) and is primarily found as a trace constituent in a 

variety of rock-forming minerals. However, it is a significant component in approximately 80, 

mostly rare, minerals (Back, 2014). Despite the scarcity of Tl-dominant minerals, Tl offers value 

as a geochemical tracer for several reasons: (1) Tl occurs in two valence states (Tl+ and Tl3+), 

with associated differences in ionic size and bonding; (2) it shows both lithophile and 
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chalcophile tendencies; (3) it has two naturally occurring isotopes (203Tl [29.5%] and 205Tl 

[70.5%]); and (4) sparse Tl present in abundant rock-forming minerals such as feldspar and mica 

offers insight into diverse crustal processes (Rossotti 1998).  

 Tl+ substitutes for similar-sized alkali elements like Rb+ and K+ in minerals such as silicates 

and sulfates, and also for similar-sized Ag+ and Pb2+ in sulfides and sulfosalts (Shaw, 1952; 

Heinrichs et al., 1980). This is because Tl+ is the same charge and comparable in size to K+ and 

Rb+: XIITl+ is 1.70 Å, compared to 1.64 Å and 1.86 Å for XIIK+ and XIIRb+, respectively 

(Shannon, 1976). During crystallization Tl behaves as an incompatible element, meaning Tl+ can 

be enriched in the residual melt, and like K+, can be mobilized by post-magmatic hydrothermal 

processes (Shaw, 1952; Ikramuddin et al., 1983; Wedepohl, 1995; Nielsen et al., 2016; Prytulak 

et al., 2017). However, with one electron configuration conducive to forming covalent bonds, Tl 

also shows a tendency to bond with chalcogenides, such as sulfur, allowing for significant 

incorporation of Tl in some sulfides (Jones et al., 1993; Wood et al., 2008; Nielsen et al., 2011; 

Kiseeva and Wood, 2013). 

In its oxidized state, VITl3+ is comparable in size (0.89 Å) to elements such as VIPb2+, VIHg2+, 

VIIn3+, and VISb3+ (Shannon, 1976). However, Tl3+ occurs as an essential component in only two 

of the roughly 80 Tl-bearing minerals, typically found in near-surface environments and highly 

oxidized systems (Nielsen et al., 2017). This behavior is due to the ‘inert pair effect’, where 

valence s electrons behave more like core electrons and allow for more stability in the reduced 

state, as opposed to the oxidized state, as is the case for Tl ([Xe] 4f14 5d10 6s2 6p1), (Kyono et al., 

2000; Kyono and Kimata, 2001; Schauble, 2007; Schauble, 2013).  

These geochemical differences also contribute to the isotopic fractionations observed in the 

Tl+/Tl3+ system (Schauble, 2007; Schauble, 2013; Nielsen et al., 2017). Published data show 
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larger-than-expected natural isotopic fractionations greater than 35 e205Tl, where the e-notation 

denotes deviation from the NIST 997 reference material, in parts per 10,000: 
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As such, Schauble (2007) conducted theoretical work to determine the effect of mass-

independent fractionation on e205Tl values. Given that Tl3+ has two fewer s electrons than Tl+ 

(Tl+: [Xe] 4f14 5d10 6s2, Tl3+: [Xe] 4f14 5d10), Schauble’s work predicted that, in this case, it is 

energetically more favorable for 205Tl to be enriched in Tl3+ and 203Tl to be enriched in Tl+, a 

relationship further discussed by Peacock and Moon (2012), and Yang and Liu (2015). 

Theoretical predictions suggest this could lead to as much as 3‰ (30 e205Tl units) differences 

between oxidized and reduced Tl species (Schauble, 2007; Yang and Liu, 2015). Interestingly, 

the highest reported ε205Tl values of » +15 come from oxidized marine ferromanganese nodules, 

where the presence of Tl3+ is inferred to play a major role (Rehkämper et al., 2002; Nielsen et al., 

2004; Nielsen et al., 2013). The process of adsorption, and later incorporation, of Tl by Mn-

oxides, namely birnessite ((Na,Ca)0.5(Mn4+,Mn3+)2O4 •1.5 H2O), has also been identified as a 

source of isotopic fractionation resulting in much higher ε205Tl values (Peacock and Moon, 2012; 

Nielsen et al., 2013; Voegelin et al., 2015; Nielsen et al., 2017, Howarth et al., 2018). 

Previous studies on Tl isotopes have focused on data collected from whole-rock analyses, 

with inter-mineral Tl isotope fractionation remaining relatively unexplored except for sparse 

work on ore-forming environments. For instance, Hettmann et al. (2014a, 2014b) analyzed Tl 

isotopes in sulfides, sulfosalts, and melt inclusions from the Lengenbach deposit, Switzerland, as 

well as amphiboles and astrophyllite ((K,Na)3(Fe,Mn)7Ti2Si8O24(O,OH)7) samples from the 
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Ilímaussaq complex, Greenland. Thallium geochemistry was used in these studies primarily to 

understand geologic processes at these two localities, and not specifically to understand inter-

mineral Tl partitioning. These studies identified various processes that play a role in Tl isotope 

fractionation, namely the presence of a sulfide melt and low-T hydrothermal fluids. But, the 

analysis of whole-rock samples limits the geochemical information that can be extracted to that 

of overall lithology or alteration assemblages. As such, our study focuses on coexisting mineral 

species to examine the distribution of Tl between silicates and sulfides. The goal of this study is 

not to rigorously calibrate a distribution coefficient, but rather to simply attempt to assess from 

gross textural, chemical, and optical zoning in thin section that equilibrium may be supported, 

meaning the patterns observed here may be consistent across geologic environments. This 

method provides new perspective on lithophile/chalcophile behavior, as well as conditions 

responsible for more varied mineral isotopic compositions, such as silicate/sulfide mineral 

partitioning, as has been noted by Brett et al. (2018), with much more refined spatial resolution. 

The is the first systematic documentation of the mineralogical distribution and fractionation 

across a wide range of environments and localities. 

2. SAMPLES 

2.1 Sample selection 

Samples from over seventy global localities were analyzed (Table 1). The samples represent 

a variety of igneous rocks from ultramafic to felsic, metamorphic rocks spanning a broad range 

of bulk composition and P-T stability, and fluid-rich systems from granite pegmatites to diverse 

metasomatites, including a number of occurrences hosting various styles of Fe, Mn, base metal, 

and precious metal mineralization. The samples were chosen based on several factors: (1) the 

presence of one or, ideally, multiple minerals that could host trace Tl (e.g. K-feldspar; K-mica; 
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other minerals with a large cation site; various sulfides); (2) material coarse enough in grain size 

to pick pure mono-mineralic grains; and (3) enough material to run multiple duplicate analyses, 

if necessary. Given the emphasis on inter-mineral compositional and isotopic distributions, we 

focused on those samples that allowed separation of coexisting Tl-bearing minerals. Thallium 

concentration data were collected on over 150 mineral samples and Tl isotope data were then 

collected on a sub-set of nearly one hundred of the sufficiently Tl-enriched samples, including 13 

sets of coupled, coexisting silicate/sulfide minerals. 

2.2 Mineral homogeneity: Testing of secondary in-house standards 

In addition to the NIST metal standards for Pb and Tl (NIST 981 and NIST 997), several 

natural Pb (±Tl)-rich mineral samples were selected as in-house standards. Pb-bearing in-house 

mineral standards were desirable as they allowed the assessment of the quality of the sample 

preparation procedure, and particularly for the isotopic work, the reproducibility of samples 

processed through cation exchange columns. Backscattered electron images (BSE) and 

accompanying electron probe microanalysis (EPMA) studies were completed to determine the 

homogeneity of these mineral grains, as well as the extent of potential contamination from 

microscopic inclusions of secondary mineral phases, which could potentially be Pb- and/or Tl-

bearing (Figure 1). Broken Hill orthoclase (BH-O) was chosen as an external standard due to its 

high Pb concentration (up to nearly 20,000 ppm Pb; however, Tl concentrations have not been 

previously reported), homogeneous compositional and isotopic characterization (208Pb/206Pb = 

2.22910 ± 2s (0.0004)), and availability of large, mainly pure samples (Stevenson and Martin, 

1986).  

Additionally, two blue-green microcline (“amazonite”) samples, one from Amelia 

Courthouse, Virginia (AC-A) and another from Pike’s Peak, Colorado (PP-A), a tan microcline 



 

 29 

sample from Eagle County, Colorado (EC-M), and a biotite sample from Maria Mine, Cananea, 

Mexico (MAR-2-B), were chosen for concentration and/or isotopic reproducibility studies. These 

samples had previously been analyzed multiple times by MC-ICP-MS in the Geosciences 

department at the University of Arizona to determine their Tl and Pb contents. 

3. METHODS 

Sample preparation for concentration and isotope ratio samples is detailed below. All acids 

employed in chemical digestions were doubly-distilled and full strength (12M HCl, 16M HNO3, 

29M HF). Deionized 18 MΩ-grade Milli-Q water from a Millipore purification system was used 

where noted (MQ). Subsequent Tl and Pb concentrations (henceforth [Tl] and [Pb]), with 

ancillary Pb isotopes, as well as ε205Tl values were collected using a Thermo 

Scientific/GV/Micromass IsoProbe MC-ICP-MS located in the Department of Geosciences at the 

University of Arizona. 

3.1 Stage 1: [Tl] and [Pb] with ancillary Pb isotope ratios 

3.1.1 Sample preparation 

We established a procedure for a first-stage dissolution of a small sample amount (~1 mg) for 

concentration analysis, thereby avoiding labor-intensive preparatory work required for other 

approaches, such as multi-stage chromatographic extractions. This provided accurate Tl and Pb 

concentration values, as well as the predetermination of material required for later isotopic 

analyses. Mineral separates of approximately 1.0 mg were placed into 14 mL Falcon 

polypropylene round-bottom tubes. A maximum sample size of ~1.0 mg was required due to the 

total dissolved solid (TDS) limits of the IsoProbe. Silicate samples were then dissolved using 1 

mL HF. Sulfide samples were dissolved using 3:1 HCl:HNO3 aqua regia. All tubes were left 

unsealed and placed in a water bath under a fume hood at approximately 80-90°C until the acid 
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fully evaporated (generally 3-4 days). After full evaporation, approximately 0.2 mL of HNO3 

was added along with approximately 0.2 mL of MQ and each Falcon tube was capped. This 

solution was left for a minimum of 3 days to allow for complete re-dissolution of the precipitate 

following acid evaporation. The samples were subsequently brought up to 10 mL with additional 

MQ.  

Three feldspars that span a range of concentrations, AC-A, PP-A, and EC-M, were separated 

into multiple 1.0 mg sample splits and measured to ensure that grains across a hand sample were 

homogeneous with respect to [Tl]. An additional 20.0 mg aliquot was also analyzed for sampling 

size comparison (Figure 2). A fourth well-characterized feldspar, BH-O, had a 20.0 mg sample 

aliquot repeatedly analyzed over several months to ensure signal stability and consistency over 

time (Figure 2). Regardless of sample size, mineral location within the hand sample, or period of 

analysis, concentrations can be estimated to a precision of ± 10% or better for individual grains 

and across hand samples. 

3.1.2 MC-ICP-MS analyses 

Sets of three to five unknowns were bracketed by both a mixed NIST 981-NIST 997 solution 

standard (50 ppb Pb [NIST 981]; 5 ppb Tl [NIST 997]), for external correction for mass 

fractionation, and by a Broken Hill orthoclase solution, for data quality analysis via external 

reproducibility. The raw data were processed offline in MS Excel to obtain mass fractionation 

corrected Pb isotope ratios relative to the NIST 981-NIST 997 standard solution. [Tl] and [Pb] 

were calculated based on the voltage in relation to the NIST 981-NIST 997 standard solution 

through monitoring 205Tl and 208Pb intensities. Solutions with greater than 0.02 ppb Tl yield a 

detectable signal over the background (~1-2 mV initially, 5-6 mV after several consecutive days 
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of analyses). For a 1 mg sample dissolved in 10 mL solution, this corresponds to a concentration 

in the mineral of approximately 200 ppb Tl. 

As a first step, [Pb] and Pb isotope ratio data were collected concurrently with [Tl] data prior 

to any column purification (Table 2 and Table 3). These allowed determinations of the nominal 

sample size needed to produce a 25 ppb Tl eluent for isotopic ratio measurements and whether 

two or three column passes would be necessary to produce a Pb-free eluent. Concentration 

values for non-essential Pb ranged from below detection limit (5 ppm for concentration readings) 

to over 1.5 weight percent for Långban, Sweden phlogopite (LB-P). Furthermore, lead isotope 

ratios were collected and reported for any sample with a mineral concentration of 10 ppm or 

greater (Table 2); isotopic data collected for minerals with lower [Pb] typically had high 

associated errors and were not considered reproducible. Lead isotopic compositions collected 

here, prior to purification and without an external Tl spike, were found to be within error of 

previously published Pb isotopic ratios: lead isotope ratios for BH-O and PP-A were within error 

of TIMS Pb isotope ratios collected at the University of Arizona. BH-O 208Pb/206Pb ratios were 

also within error (± 2s) of previously published values (Table 3) (Stevenson and Martin, 1986). 

The data were considered robust enough for concurrent collection prior to any time consuming 

and tedious column purification. 

3.2 Stage 2: Tl isotopes 

3.2.1 Sample preparation and chemical separation 

To ensure an accurate, stable isotopic analysis, multi-stage chromatographic extractions were 

used to fully separate Tl from the sample matrix. As such, the sample masses required to obtain 

eluent concentrations of 20-50 ppb Tl were weighed into 15 mL Savillex screw-cap vials. 

Samples were dissolved with a standard HF-HNO3 technique, with the addition of an aqua regia 
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step for sulfides or samples with persistent fluorides. Following dissolution, Tl was chemically 

isolated using a procedure which followed protocol established by Rehkämper and Halliday 

(1999), Nielsen et al. (2004), and Baker et al., (2009) with slight modification: (1) a two-stage 

column chromatographic method was used for all samples, with an additional third-stage column 

procedure implemented for samples that contained high Pb, such as galena. First, second, and, 

where necessary, third column passes utilized a 1.5 mL chromatography column with a 0.1 mL 

resin bed; and (2) after first and second column passes, the thallium fraction was brought up in 

0.1M HCl-10% Br2 and left overnight. During second and third column passes, the resin was 

equilibrated with 2 x 0.1 mL 1M HCl-5% Br2 followed by 2 x 0.1 mL 1M HCl-1% Br2. Thallium 

fractions were diluted to 25 ppb, after which NIST 981 Pb standard was added at a ratio of 1:1 to 

externally correct for mass bias. Previous studies have utilized standards with a Pb:Tl ratio 

ranging from 1.5 up to 6 (Baker et al., 2009; Prytulak et al., 2013; Hettmann et al., 2014b). When 

utilizing standards with such a high Pb:Tl ratio on the IsoProbe, significant errors resulted. When 

a Pb:Tl ratio near unity was coupled with an on-peak zero blank subtraction, we saw the most 

accurate results on the IsoProbe, with an associated 2s error equivalent to e205Tl = ± 0.7 (Figure 

3). 

3.2.2 MC-ICP-MS analyses 

Sets of three unknown samples were bracketed with the mixed NIST-997-NIST-981 Tl and 

Pb isotope standard. Standard solutions of NIST-997-NIST-981 were analyzed five times, 

sequentially, bracketing the unknowns. Each analysis consisted of 40 one second integrations, 

which were averaged to monitor instrumental stability and drift. Three sequential analyses, each 

with 40 one second integrations, of each unknown sample were analyzed in sequence for 

reproducibility. An on-peak zero blank was collected between each set of analyses. Data quality 



 

 33 

was monitored by the analysis of multiple USGS reference materials, BCR-2 and Nod-A-1. A 

procedural blank in the absence of sample was used to verify no measurable Tl was introduced 

during the digestion or separation procedure. 

3.2.3 Tl isotopic homogeneity and reproducibility 

To test sample Tl isotope homogeneity, multiple splits of the mineral separates from AC-A, 

PP-A, and MAR-2-B were analyzed (Table 4 and Figure 4). These results confirm that the 

samples are homogenous within ± 0.7 (2s). To test external reproducibility, two reference 

materials were analyzed, BCR-2 and Nod-A-1, both of which had been previously characterized 

(Nielsen et al., 2017). Both reference materials were within error of the published values (Table 

4). 

4. RESULTS 

4.1 Mineral inclusion identification 

All the minerals employed as in-house standards were evaluated by BSE imaging followed 

by EPMA to determine their [Pb] and potential Tl-bearing inclusions. Measured Pb in most of 

the larger inclusions was below the EPMA detection limit (200 ppm), although the apatite 

inclusion within BH-O contained 615 ppm of Pb (Table 5). The scattered galena inclusions in 

BH-O were too small to be quantitatively analyzed without overlap of the host feldspar but were 

assumed to be essentially stoichiometric PbS. In the rare instances where small inclusions of a 

non-structural-Tl-bearing mineral were present, the contribution to total Tl is negligible. For 

example, in the case of BH-O, the [Tl] of the galena was measured at 29.7 ± 2.8 ppm (2s), 

within a factor of 10 of the bulk orthoclase [Tl] (Table 2). Given that such inclusions are minor 

(<<1% of the total mass) the maximum effect would amount to <1% of the bulk [Tl]. A similar 

calculation shows that Tl-rich inclusions would also have a negligible effect on the bulk Tl 
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isotopic composition; for example, ε205Tl would increase by a maximum of 0.4 ε units for a bulk 

feldspar with ε205Tlbulk = 0 contaminated by 1 vol% (a conservative assumption in this case) of a 

galena inclusion with ε205Tlinclusion = +30. It is important to note the limit of currently published 

ε205Tl values is roughly 35 ε205Tl units, so this represents a “worst case” contribution here. 

4.2 Global [Tl] variability, with ancillary Pb data 

This study determined [Tl] from 185 mineral samples, which were grouped by geologic 

setting (Table 1). Additionally, EPMA data were collected for 70 samples, which distinguished 

mica types and geochemical variations within micas and feldspars (Table 6). Overall, [Tl] for 

minerals without structural Tl varied by more than four orders of magnitude, from below 

detection limit (approximately 0.2 ppm Tl on our instrument) to 3200 ppm in baumhauerite 

(Pb3As4S9) from Lengenbach Quarry, Switzerland (LEN-B) (Table 2). In general, Tl was 

enriched within K+-bearing silicates and within Pb2+- and As3+-bearing sulfides. In contrast, K+-

poor silicates and Cu- and Fe-bearing sulfides generally had little to no Tl enrichment. Several 

minerals that contained Tl as a structural component were also examined, such as hutchinsonite 

((Tl, Pb)2As5S9) and parapierrotite (TlSb5S8) (Table 2).  

4.2.1 Silicate [Tl] 

[Tl] was measured for 140 silicate samples, including K-feldspar, biotite, muscovite, 

hastingsite, and scapolite, among others. Generally, the 45 mica samples show a bimodal 

distribution of [Tl] with 22 of 45 falling between 0.5 and 1.5 ppm and 8 of 45 containing >5 ppm 

Tl, with an overall [Tl] range from BDL to 22 ppm. The average for all mica samples was 3.3 

ppm Tl. Mica [Tl] demonstrated a weak correlation with mica type, where more Mg-rich mica 

compositions generally contained the highest [Tl] (Figure 5). The 84 K-feldspar samples present 

a right-skewed unimodal distribution of [Tl] with 66 of 84 samples containing less than 1 ppm 



 

 35 

Tl. The range of [Tl] for K-feldspar is much greater than for mica, from BDL to either 180 ppm, 

including the IS12-11B-K outlier, or from BDL to 22 ppm, excluding it. The average of all K-

feldspar samples analyzed was 3.3 ppm Tl with IS12-11B-K, or 1.2 ppm without. Overall, micas 

contain more Tl than K-feldspars, a pattern highlighted when comparing coexisting pairs. Of 23 

pairs analyzed, 21 had more Tl in the mica compared with the K-feldspar (Figure 6). 

4.2.2 Sulfide [Tl] 

[Tl] were measured for 38 sulfide samples including chalcopyrite, pyrite, pyrrhotite, and 

stibnite, among others (Table 2). In comparison to the silicates, the sulfides without essential Pb 

or Tl were generally Tl-poor but Pb-enriched (Figure 7). Of the 38 sulfide samples analyzed, 

only 14 yielded measurable Tl; this included two minerals where Tl is an essential element (La 

Libertad, Peru hutchinsonite and Lookout Pass, UT, USA parapierrotite). Sulfide samples show a 

bimodal distribution of [Tl], with 29 of 38 sulfide samples below 1 ppm Tl. Of those 29 samples 

less than 1 ppm, 22 were BDL, or over half overall. A small number of remaining samples (5 of 

38) contain >5 ppm Tl. [Tl] for non-essential Tl-bearing sulfides ranged from BDL to nearly 30 

ppm, with an average of 1.3 ppm, if an outlier baumhauerite sample from Lengenbach Quarry in 

Switzerland (LEN-B) and two samples from La Libertad, Peru (pyrite (LL-P) and orpiment (LL-

O)) are excluded. La Libertad, Peru is a known locality for Tl-bearing hutchinsonite, so small 

inclusions or contamination by a Tl-rich mineral cannot be definitively excluded, particularly 

within the pyrite, which was the only pyrite analyzed here with measurable Tl. Some sulfide 

minerals consistently yielded no measurable Tl, including sphalerite and pyrrhotite. 

4.3 Tl isotope ratios  

Thallium isotope ratios were collected on 81 mineral samples, both silicates and sulfides 

(Table 2, Figure 8). The overall range spans more than 30 ε units, from -12.1 to +18.0. The vast 
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majority (75 of 77, 97%) fell within the range of published ε205Tl values, i.e. between -20 and 

+15 ε205Tl (Nielsen et al., 2017). Thirty samples analyzed were micas, with a range of ε205Tl 

values from -12.1 to +18.0 and an average ε205Tl = -1.8. If we exclude one upper outlier ε205Tl 

value, which has a large associated error due to limited sample mass and resulting low [Tl] 

eluent, the observed range drops to ε205Tl = -12.1 to +5.3 and has an average ε205Tl = -2.5. Mica 

ε205Tl values exhibited a normal distribution with the peak between ε205Tl = -4 to -2. 25 of 30 

mica samples analyzed had ε205Tl < 0. Isotopic ratios for mica samples were influenced by mica 

compositions, with higher ε205Tl values attributed to muscovite samples and more moderate to 

lower ε205Tl values corresponding with various biotite compositions (Table 6, Figure 9). Forty-

one samples analyzed were K-feldspar, with a range of ε205Tl values from -5.1 to +9.4 and an 

average ε205Tl = -1.1. K-feldspar ε205Tl values show a right-skewed unimodal distribution, with 

30 of 41 samples having ε205Tl < 0. The remaining 11 samples ranged from 0 to +10 ε205Tl. 

Sulfide ε205Tl values were limited to only seven samples, and although our dataset is limited, all 

sulfide samples measured in this study have higher ε205Tl values. The range of ε205Tl values for 

sulfides is +1.6 to +17.8, with an average of +5.8 ε205Tl. These samples display a normal 

distribution of ε205Tl values, with 3 of 6 samples falling between ε205Tl = +4.0 to +6.0. Three 

additional minerals were analyzed and fell into a miscellaneous category (jarosite, scapolite, and 

cryptomelane/hollandite). ε205Tl values for each are as follows: jarosite (CJ-222) = +2.9, 

scapolite (VC-04) = -1.2, and cryptomelane/hollandite (PR-C) = +11.4. 

5. DISCUSSION 

Mineral samples in this study were grouped based on broad categories, such as igneous 

(felsic, intermediate, and other), metamorphic, and metasomatic (with subsequent metal 

associations) to aid in later discussion (Table 1). Some mineral types were excluded from these 
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groupings for the following reasons: amphibole and tourmaline, which yielded no measurable Tl 

in this study, as well as Tl-rich samples, which contain orders of magnitude higher [Tl]. It is 

interesting to note that previous work by Hettmann et al. (2014b) demonstrated Tl enrichment in 

ore-stage amphiboles, therefore a more thorough investigation of Tl geochemistry of amphiboles 

associated with mineralization may be warranted. Five samples fall into the Tl-rich category, and 

include those from La Libertad, Peru, given their associated Tl mineralization, along with 

baumhauerite from Lengenbach quarry and parapierrotite from Lookout Pass, UT. 

Our mineralogically-oriented study aimed to understand mineralogical controls on Tl 

distribution, not necessarily to quantitatively model Tl behavior in geologic environments. What 

is it we can first interpret regarding mineralogical controls and mineral partitioning? Then using 

this basic information, what can we infer across geologic environments? What speculations can 

be made regarding the importance of mineralogical Tl behavior to understanding geologic 

partitioning and processes? 

5.1 Tl concentration variability 

5.1.1 Silicates 

Mineral partitioning is a principle control in Tl redistribution and variability across a range of 

scales and environments, which results in a consistent distribution of Tl among silicate phases. 

The distribution coefficient of Tl between mica and K-feldspar, C 0DE/

F.1/G
=

(IJ
K
)MNOP

(IJ
K
)QRSPT

, (assuming 

stoichiometric K for K-feldspar and biotite) shows a distinct preference of Tl for mica, and 

overall incompatible behavior; all eleven mineral pairs with coexisting silicates from this study 

have a calculated C 0DE/

F.1/G
 ³ 1, with an upper threshold of C 0DE/

F.1/G
 = 24.1 (Table 7).  
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The preference of Tl into micas compared to K-feldspar and other silicates can be interpreted 

based on the crystal chemistry of these phases, in particular by the substitution of Tl+ for K+ 

(e.g., Heinrichs et al., 1980). The K+ (alkali) site in micas is slightly larger than in K-feldspar 

(4.14 Å versus 3.76 Å, respectively), therefore it follows that the larger Tl+ ion prefers the larger 

site (1.64 Å for XIIK+ and 1.70 Å for XIITl+). Additionally, the inert pair, or lone pair, effect 

produces an irregular coordination environment of anions around Tl, preventing abundant Tl-

aluminosilicate minerals in nature, particularly with a feldspar or feldspar-like structure (Kyono 

and Kimata, 2001). Thallium polyhedra have the largest polyhedron volume of all IXM-O 

polyhedra in natural minerals and disproportionately long Tl-O bond lengths, making the larger 

bonding environment provided by the mica structure chemically more suited for the 

incorporation of Tl (Kyono and Kimata, 2001). As noted earlier, there is a preferential uptake of 

Tl+ by mica structures and preferential uptake of Pb2+ by feldspar structures. Although there is 

still an inert-pair effect associated with Pb2+, the magnitude of this effect is larger for Tl+ than 

Pb2+, allowing for less interference with Pb2+ bonding within the feldspar structure than Tl+ 

bonding (Kyono and Kimata, 2001). Furthermore, mineral composition also seemingly plays a 

role in Tl incorporation within the mica structure, a pattern noted by Brett et al. (2018). Our most 

concentrated mica samples were phlogopite or muscovite samples, with much higher Mg 

concentrations as compared with Fe (Mg/Σ(Mg+Fe) > 0.8) (Figure 5). This is, again, consistent 

with Tl+ more easily substituting for the larger ion, in this case VIMg2+ (0.72 Å), rather than 

VIFe2+ (0.61 Å) (Shannon, 1976).  

So, what large-scale inferences can be made based on this mineralogical Tl behavior? Given 

its relative incompatibility in silicates, [Tl] should increase during magmatic differentiation, 

leading to elevated [Tl] in more felsic magmas (Hettmann et al., 2014b; Prytulak et al., 2017). 
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Our results support this in that minerals sampled from felsic igneous rocks average 4.63 ppm 

[Tl], whereas minerals from more intermediate rocks average only 0.77 ppm [Tl] (Table 8). We 

generally did not analyze numerous minerals from more mafic compositions as we would expect 

limited to no Tl enrichment. Nonetheless, our results here do imply that with increasing 

magmatic differentiation, increased [Tl] is observed. Of the six igneous samples that contained 

silicate mineral pairs, all had more enriched micas with C 0DE/

F.1/G
 that ranged from 1.0 to 24.1. 

Even with this extremely enriched mica from the K2 granite, a mass balance calculation 

demonstrates that typical granitic whole-rock [Tl] are reproducible, with an average 

concentration of 0.72 ppm (Turekian and Wedepohl, 1961). Here we can calculate a whole-rock 

[Tl] between 0.38 and 0.84 ppm, assuming a whole-rock composition (vol%) of 20-60% K-

feldspar and 5-10% mica. 

Furthermore, metamorphic and metasomatic processes should also enrich Tl, given the 

incompatible nature. The handful of samples here considered metamorphic – i.e., nominally iso-

chemically metamorphosed – represent diverse facies and bulk compositions and yielded 

similarly consistent patterns. Two metamorphic samples contained silicate pairs, or in one case 

triplets, with noticeable mica enrichment: C 0DE/

F.1/G
 ranged from 4.3 to 8.6. The Tl enrichment 

patterns observed here are thought to primarily be a reflection of the protolith and the variability 

within; for example, metamorphic samples of pelitic bulk composition would have Tl contents 

that would reflect the Tl abundances of the precursor clastic sedimentary minerals, but also with 

any Tl gains or losses presumably accompanying K gains or losses during prograde 

devolatilization reactions. Three metasomatic samples also displayed these consistent enrichment 

patterns, with C 0DE/

F.1/G
 ranging from 3.1 to 5.3. Our most Tl-enriched metasomatic mica samples 

here were K-altered, further emphasizing the incompatible nature of Tl in geologic systems.  
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5.1.2 Sulfides 

The irregular distribution of Tl in sulfides appears consistent with crystal chemical 

considerations. Higher concentrations are present only in Pb and As sulfides and sulfosalts where 

sites may be appropriate for Tl+. Previous laser ablation work has revealed Tl enrichment 

patterns in sulfides mimicked those of Pb, though at much lower concentrations (Cook et al., 

2011). The low concentrations in other minerals such as sphalerite and pyrite may reflect defects 

with those structures or sub-microscopic inclusions of Tl-enriched phases. There are several 

limiting factors for appreciable Tl substitution in Fe2+-bearing (and Zn2+- Cu2+-bearing) sulfide 

species: (1) the overall sulfidation state of the magma during crystallization may be below 

saturation; (2) Tl+ is more comparable in size to Pb2+ than Fe2+ or Cu2+: VITl+ is 1.50 Å, 

compared to 1.19 Å, 0.61 Å, and 0.73 Å for VIPb2+, VIFe2+, and VICu2+, respectively (Shannon, 

1976); and (3) the coordination polyhedra of Cu and Fe in many sulfides are smaller than for 2nd 

and 3rd row elements in other sulfides, making it more difficult to accommodate a larger ion such 

as VITl+ or VITl3+. We owe the lack of appreciable Tl in most sulfides to the fact that only in 

instances where a sulfide melt is present, do sulfides become the primary host for Tl (Kiseeva 

and Wood, 2013; Nielsen et al., 2014). Otherwise, it is believed that K-silicates control the 

overall inventory of Tl in common rocks and ores. Given the limited number of replicates of 

each sulfide mineral species (n ≤ 11) it is difficult to discuss [Tl] patterns in sulfides in much 

more detail, other than to note the association of elevated [Tl] with species that include larger 

ionic radii elements, longer bond lengths, and can accommodate an ion with an inert pair, e.g., 

Pb2+. 

Although we have limited sulfide samples, we can provide some speculative framework as to 

why particular groups of sulfides show little to no Tl enrichment in our present study, such as Fe 



 

 41 

sulfides. Our lowest [Tl] from all metasomatic minerals comes from Fe-dominated systems 

(average [Tl] = 0.73 ppm); there were zero sulfide samples with measurable Tl from Fe-

dominated systems and limited Tl enrichment in Fe-bearing sulfides overall. In contrast, our 

highest average [Tl] came from Au systems (6.36 ppm), Mn systems (11.10 ppm), and Cu 

systems, where three of five samples had [Tl] greater than 10 ppm and came from Besshi-type 

deposits, a subcategory of volcanogenic massive sulfide (VMS) deposits (8.08 ppm). The sulfide 

enrichment patterns are surely a reflection of source and processes: there is a similar relationship 

between overall Tl enrichment in minerals and ore deposit or geologic setting. 

There has been a long-noted association of elevated [Tl] with epithermal Au deposits 

(Warren and Horsky, 1986), where Tl has been used as a pathfinder element for decades 

(Ikramuddin et al., 1986); Rehkämper et al. (2002), Peacock and Moon (2012) and Nielsen et al. 

(2013) have established the scavenging ability of Tl by Mn-oxides, such as birnessite. Moreover, 

in Mn-rich soils, the sorption of Tl by Mn-oxides decreases plant uptake of Tl by up to 50% and 

leads to elevated soil [Tl] (Vaněk et al., 2011); Nielsen et al. (2006) has demonstrated high [Tl] 

of hydrothermal fluids associated with black smokers, the modern-day equivalent to VMS 

deposits, where [Tl] are more than two orders of magnitude higher than seawater and are 

attributed to the leaching of oceanic crust. And unlike mid oceanic VMS deposits, Besshi-type 

deposits develop in rifting settings which have an additional Tl input from considerable 

continental clastic sedimentary fluxes. It is no surprise, then, that these settings produced our 

most concentrated mineralogical samples, as well. Considering the reflection of mineralogical 

distribution patterns in geologic-scale processes, future work should focus on ore forming or 

geologic environments known to have elevated [Tl], particularly Tl substitution within Pb- and 

As-bearing sulfide species. This will provide a more thorough understanding of 
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chalcophile/lithophile behavior of Tl without limitations associated with low [Tl] encountered 

here. Nonetheless, our more limited sulfide sample suite has demonstrated the overwhelming 

lithophile behavior of thallium across a variety of geologic environments.  

5.2 Tl isotopic variability 

5.2.1 General trends among mineral species 

The majority of mineralogical samples here fall within the previously published range of 

ε205Tl values (~35 ε205Tl). Few other mineralogical studies have been done, but in those that are 

comparable, our results are within error of previously studied mineral samples. Samples falling 

outside of the range of previously published whole-rock ε205Tl values can be explained by simple 

mass balance; published data are for bulk samples, which represent weighted averages of the 

constituent minerals, so mineralogical variability is to be expected. A mineralogical study by 

Hettmann et al. (2014a) determined Tl isotopic ratios in a Tl-rich ore-forming environment, the 

Lengenbach sulfide deposit in Switzerland, measuring a range of -4.1 to +1.9 ±0.5 (2s) ε205Tl for 

sulfide and sulfosalt samples. Here, we present isotopic composition data for two samples from 

Lengenbach, one K-feldspar and one sulfosalt, baumhauerite, with ε205Tl = +1.5 (±0.4) and +2.0 

(±0.8), respectively. Each of these samples is within error of the data published by Hettmann et 

al. (2014a). Furthermore, our mineral data (Table 2) are consistent with published bulk analyses, 

even though they themselves are more varied. For example, an isotopic mass balance for our data 

on the Ajo, Arizona porphyry copper deposit yields ε205Tl = -1.5 to +2.8, assuming a whole-rock 

composition (vol%) of 1-5% chalcopyrite, 35-65% feldspar, and 10-15% mica. In this first-

degree approximation, even with our highest individual mineral Tl isotope signature (AJ-23-17 

chalcopyrite, ε205Tl = +17.8), our calculated whole-rock ε205Tl value is still within the general 

range of published data for ore-forming systems. This range is only slightly higher than that 
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reported by Baker et al. (2010) in the single published study on porphyry copper systems (ε205Tl 

= -5.1 to + 0.1).  

It is evident that mineral composition plays some role in ε205Tl values, particularly for mica 

samples. The highest ε205Tl values for mica species with additional EPMA data are from 

muscovite samples, with ε205Tlavg = +4.6 (n=2) (Figure 9). There is one phlogopite sample with a 

high ε205Tl value at +4.3, however this sample (KO-B) is from Khit Ostrov, Russia, an area 

mined for large uraninite crystals (UO2). The presence of uraninite may have led to the oxidation 

of Tl present here, resulting in a higher ε205Tl value than other phlogopite samples. Even with 

this outlier, phlogopite samples have more moderate ε205Tl values, with ε205Tlavg = -2.7 (n=4). 

The lowest ε205Tl values, with ε205Tlavg = -3.3 (n=9), are attributed to more Fe-rich annite 

samples. Once again, crystal chemistry dictates mineralogical fractionation patterns, where Fe-

rich micas, although lower overall [Tl], preferentially incorporate 203Tl, resulting in much lower 

ε205Tl values.  

5.2.2 Tl isotopic variability among coexisting mineral species 

There is a regular fractionation pattern among coexisting mineral species that appears 

consistent with the now-familiar crystal chemical controls: the lowest ε205Tl values are attributed 

to Fe-rich biotites, with, relatively, higher ε205Tl values for coexisting feldspars, and, overall, the 

highest ε205Tl values for sulfides. ε205Tl values were measured for coexisting mineral pairs or 

triplets from 13 localities, which are representative of primary igneous mineralization, as well as 

metasomatic Mn-Zn and metasomatic Pb mineralization (Figure 10). With one exception, the 

highest ε205Tl values come from sulfides, with lower associated K-feldspar ε205Tl values, and the 

lowest ε205Tl values attributed to Fe-rich mica samples. In one set, K-feldspar contained slightly 

lower ε205Tl values than the associated mica, Tien Shan Mountains, Tajikistan (TS) (Figure 10). 
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In the case of Tien Shan, the samples may have undergone cation exchange, leading to a higher 

ε205Tl value as the lighter 203Tl may have been preferentially remobilized from the mica structure 

during alteration, as demonstrated by Hettmann et al. in the Ilímaussaq complex, Greenland 

(2014b). For each of the remaining 12 coexisting pairs or triplets, calculated U MNOP
QVRSPT

, where 

U MNOP
QVRSPT

= 	

IJWXY

IJWXZ
MNOP

IJWXY

IJWXZ
QVRSPT

	≈ 	
\ 72MNOP	]	^*,***
WXY

\ 72QVRSPT	]	^*,***
WXY , was always less than 1. This indicates the 

preferential retention of 203Tl within the mica structure as compared with the feldspar structure 

during crystallization. Furthermore, URNJNOP_`
RaJbNc`

 was also always less than 1, demonstrating the 

retention of 205Tl within sulfide structures. 

These consistent mineralogical Tl isotope patterns are likely the result of crystal chemical 

controls established in section 5.1.1., which are also responsible for Tl enrichment. Schauble 

(2004) demonstrated that the heavy isotope (205Tl) is partitioned into the site with the strongest, 

or stiffest, bonds, i.e. a high oxidation state, low coordination numbers, and/or covalent bonds. 

As such, it follows that mica should have the lowest ε205Tl value among coexisting minerals, 

with K-feldspar yielding moderate ε205Tl values given the low coordination bonding, and sulfides 

yielding the highest ε205Tl values reflecting the covalent bonding environment. 

One additional location, Prabornaz Mine, Italy, an area with metamorphosed Mn-bearing 

quartzite, contained coupled Mn-muscovite and Mn-oxide (a mix of cryptomelane 

[K(Mn4+7Mn2+)O16] and hollandite [Ba(Mn4+6Mn3+2)O16]) samples. The Mn-muscovite sample 

had ε205Tl = +5.3 ± 0.3, a higher ε205Tl value than other Fe-rich mica samples analyzed, while the 

coexisting Mn-oxide had ε205Tl = +11.4 ± 0.3. The adsorption and resultant uptake of Tl by Mn-

crusts, which display the highest ε205Tl values reported to date, has previously been recognized 
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as a source for pronounced Tl isotope fractionation (Rehkämper et al., 2002; Nielsen et al., 2013; 

Nielsen et al., 2017). Therefore, our higher ε205Tl values in this Mn-rich locale are likely a result 

of the more oxidizing conditions imposed by the abundant high valence Mn-oxides present, 

combined with the chemical and structural controls imposed by the muscovite (Rehkämper et al., 

2002; Peacock and Moon, 2012; Nielsen et al., 2013; Voegelin et al., 2015; Nielsen et al., 2017; 

Howarth et al., 2018). Still, the muscovite sample here displayed a lower ε205Tl value than the 

coexisting oxide. 

 Our mineralogical data display several striking patterns: (1) on the whole, our data present 

the lowest ε205Tl values for Fe-rich biotite, the highest ε205Tl values for sulfides, and ε205Tl 

values for K-feldspar somewhere in between; (2) for coexisting mineral suites, the same behavior 

is observed: the lowest ε205Tl values for mica and the highest ε205Tl values for accompanying 

sulfides; and (3) an overall range of ε205Tl values greater than observed in whole-rock data. For 

coexisting silicates and sulfides, the large-alkali-bearing ionic silicate crystal structure allows for 

the preferential uptake of 203Tl, while the covalent sulfide crystal structure allows the uptake of 

205Tl. Our results also reveal that although the environmental factors may differ during Tl 

crystallization (e.g. metasomatic mineralization versus igneous processes) the Tl fractionation 

pattern remains consistent. The magnitude may vary depending on local geochemical controls, 

but the overall pattern remains the same.  

6. CONCLUSIONS 

The mineralogical results presented here demonstrate several things: (1) there are consistent 

mineralogical and geochemical patterns and controls on Tl distribution and fractionation; (2) Tl 

concentration and isotopic data for mineral species is more variable than whole-rock data; (3) 

some geochemical information related to conditions of formation for geologic environments may 



 

 46 

be lost when analyzing larger, homogenized samples; and (4) there is still a need for further work 

in Tl isotope ratios related to ore-forming systems to better characterize and understand the 

behavior of Tl, and similar elements, in these environments.  

A systematic behavior among mineral separates displays Tl enrichment in silicates, 

particularly mica, with a lower ε205Tl value, and correlating Tl depletion and higher ε205Tl value 

in sulfides. This is thought to be a consequence of retention of light 203Tl within the large alkali 

site provided by mica, and the preference of 205Tl for the covalently-bound sulfide structure. This 

mineralogically-controlled distribution and fractionation remains, regardless of the geologic 

environment or processes.  

This compilation presents a baseline for further work related to ore-forming systems and 

unique terrestrial geologic environments. However, future work with systematic analyses of 

distinct geologic settings or localities is necessary to better understand Tl signatures associated 

with specific processes or deposit types. Still, this first-pass analysis provides a direct application 

to better understand the limits of and controls on Tl geochemistry in geologic settings. 

Quantifying the extent to which various geological processes, for example magmatic 

differentiation or hydrothermal alteration, can affect [Tl] and ε205Tl values for mineral samples 

has important implications in estimating the timing relationships of areas, as well as the various 

fluids involved in crystallization, and would be a welcomed complementary study to add to our 

current understanding of Tl behavior. 
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FIGURE CAPTIONS 

Figure 1. Backscattered electron images of mineral samples. Shown here are Broken Hill 

orthoclase (A.), zoom in of Broken Hill orthoclase showing small galena inclusions (B.), Amelia 

Courthouse amazonite (C.), Eagle County microcline (D.), Pike’s Peak amazonite (E.), and 

Maria biotite (E.). Inclusions and exsolution lamellae are labeled in each image. The light grey 

host material is orthoclase (A.-B.), microcline (C.-E.), and biotite (F.). 

Figure 2. Results of multiple splits of mineral separates from March 2014 to July 2015. In A-

C, individual 1.0 mg mineral separates are depicted with small diamonds and the overall average 

of 1.0 mg analyses is depicted with a large diamond (and represented with a horizontal dashed 

line). An additional 20.0 mg mineral split was analyzed (depicted by a large circle) to ensure 

there was no sample size bias. Presented here are Amelia Courthouse amazonite (A.), Pike’s 

Peak amazonite (B.), and Eagle County microcline (C.). Panel D depicts a repeat analysis over 

several months of a 20.0 mg aliquot of Broken Hill orthoclase. Individual analyses of the single 

aliquot are denoted by a small circle with a large circle and horizontal dashed line depicting the 

long-term average for multiple analyses of the 20.0 mg aliquot. For comparison, a 1.0 mg 

mineral split was also analyzed, shown here with a large diamond. All are shown with ± 2s. 
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Figure 3. Results of multiple analyses of varying ratios of mixed NIST-997 and NIST-981, 

with accompanying errors. The measured Tl isotope ratios were corrected for mass 

discrimination relative to 207Pb/206Pb = 0.91464 for NIST-981. The long-term (8 month) NIST-

981 corrected NIST-997 mean for the IsoProbe is 205Tl/203Tl = 2.38662 (horizontal dashed line). 

The mean is shown with ± 2s (0.0006). All measurements shown, except where noted, 

implemented an off-peak zero beforehand. Pb:Tl ratios are as follows: circle = 0.1, X = 0.7, 

triangle = 1, diamond = 1 with an on-peak zero. 

Figure 4. Results of multiple splits of mineral separates for Amelia Courthouse, amazonite 

(A.), Pike’s Peak amazonite (B.), and Maria biotite (C.). Individual mineral splits are denoted 

with a small diamond (AC-A), triangle (PP-A), or square (MAR-2-B), with the overall mean 

depicted with a large circle in each panel (and horizontal dashed line). All three are plotted 

concurrently in panel D, with minerals depicted as follows: diamond = Amelia Courthouse 

amazonite, triangle = Pike’s Peak amazonite, and square = Maria biotite, with each average 

shown with a large circle (and horizontal dashed line). The overall range is from ε205Tl = -2.3 to 

+3.5. Samples are plotted with ± 2s. 

Figure 5. [Tl] values for various phyllosilicates as compared to Fe and Mg ratios. The symbol 

shape denotes the mineral type (square = annite, diamond = phlogopite, circle = muscovite, and 

triangle = chlorite), while the symbol color represents the geologic environment of formation 

(blue = felsic igneous, orange = intermediate igneous, grey = other igneous, yellow = 

metamorphic, green = metasomatic K, and red = metasomatic Mn). Composition data were 

acquired via EPMA and are shown in Table 6. 



 

 52 

Figure 6. [Tl] values (ppm) after normalization to average crustal concentrations. Crustal [Tl] 

= 0.7 ppm. Black = K-feldspar, red = annite, green = chlorite, yellow = muscovite, and orange = 

phlogopite. 

Figure 7. Raw [Tl] and [Pb] values (ppm) after normalization to average crustal 

concentrations. Crustal [Tl] = 0.7 ppm and crustal [Pb] = 14.8 ppm. Silicate and sulfide samples 

are shown here. Samples with Tl or Pb as a structural component, such as the Broken Hill, NSW 

galena, were excluded from Figure 7 given their weight percent concentration values. Some 

silicate samples were excluded here due to low numbers of replicates, such as scapolite. These 

samples can still be seen in Table 4, however. 

Figure 8. Thallium isotope ratios of mineral separates, silicates and sulfides. The black 

dashed horizontal bar denotes average continental crust (ε205Tl = -2.0). Arrows on the right-hand 

side show the range of ε205Tl values for each mineral type: grey = sulfide, red = mica, black = K-

feldspar. 

Figure 9. Thallium isotope ratios for various phyllosilicates as compared to Fe and Mg ratios. 

The symbol shape denotes the mineral type (square = annite, diamond = phlogopite, circle = 

muscovite, and triangle = chlorite), while the symbol color represents the geologic environment 

of formation (blue = felsic igneous, orange = intermediate igneous, grey = other igneous, yellow 

= metamorphic, green = metasomatic K, and red = metasomatic Mn). Composition data were 

acquired via EPMA and are shown in Table 6. 

Figure 10. Thallium isotope ratios of coexisting mineral separates, silicates and sulfides, 

from various suites of samples. The black horizontal bar denotes average continental crust (ε205Tl 

= -2.0). The relative sizes of the various ions involved in substitution are also depicted here. 
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Table 1. Sample location and description with accompanying minerals analyzed in this study. 

sample ID locality geologic environment rock type subcategory minerals* 

AC Amelia Courthouse, VA, USA feldspar from pegmatite mine igneous felsic k-spar 

AJ-23-14 Ajo, AZ, USA porphyry Cu deposit igneous intermediate bt, cpy, k-spar 

AJ-23-15 Ajo, AZ, USA porphyry Cu deposit igneous intermediate k-spar, cpy 

AJ-23-17 Ajo, AZ, USA porphyry Cu deposit igneous intermediate k-spar, cpy 

AJ-23-4 Ajo, AZ, USA porphyry Cu deposit igneous intermediate bt, cpy, k-spar 

AJ-98-2 Ajo, AZ, USA porphyry Cu deposit igneous intermediate bt, k-spar 

BA Bou Azzer, Morocco 5-element suite mining district metasomatic Co skutterudite 

BAH Serra de Jacobina, Bahia, Brazil alteration near mesothermal Au deposit metasomatic K-OH musc 

BC-76 Birch Creek, NV, USA granite igneous felsic bt, k-spar, musc 

BD03 Bailey Day, Battle Mountain, NV, USA potassic altered granodiorite metasomatic K k-spar 

BD03-V Bailey Day, Battle Mountain, NV, USA potassic altered granodiorite vein metasomatic K k-spar 

BD05 Bailey Day, Battle Mountain, NV, USA potassic altered granodiorite metasomatic K bt 

BD12 Bailey Day, Battle Mountain, NV, USA intense potassic altered hornblende granodiorite metasomatic K k-spar 

BE Betroka, Madagascar sapphirine-bearing granulite metamorphic  phlogopite 

BH Broken Hill, NSW, Australia Pb-Zn-(Ag) deposit metasomatic Mn-Zn cpy, galena, k-spar, sphalerite 

BM Butte, MT, USA Cu-Pb-Zn(-Ag-W) deposit metasomatic Cu-As digenite, enargite 

BNY Balmat, NY, USA meta-evaporite metasomatic Mn-Zn py 

BS Bor, Serbia copper mining district, including Cu-Mo porphyry metasomatic Cu-As covellite 

BT Brain Tree, Orange County, VT, USA quartz monzodiorite igneous other bt, k-spar 

BZ Bozeman corundum mine, Gallatin County, MT, USA gneiss from Bozeman corundum deposit metamorphic  bt, k-spar 

CA Candelaria, Chile Iron-Oxide-Copper-Gold deposit metasomatic Fe cpy 

CB-06 Copper Basin, Battle Mountain, NV, USA hornblende granodiorite porphyry igneous intermediate py 

CB-13 Copper Basin, Battle Mountain, NV, USA potassic altered granodiorite porphyry metasomatic K k-spar 

CB03 Copper Basin, Battle Mountain, NV, USA hornblende granodiorite porphyry igneous intermediate k-spar 

CB04 Copper Basin, Battle Mountain, NV, USA intense potassic altered granodiorite porphyry metasomatic K k-spar 

CB04-V Copper Basin, Battle Mountain, NV, USA intense potassic altered granodiorite vein metasomatic K k-spar 

CB17 Copper Basin, Battle Mountain, NV, USA potassic altered granodiorite porphyry metasomatic K k-spar 

CB21 Copper Basin, Battle Mountain, NV, USA hornblende granodiorite porphyry igneous intermediate k-spar 

CB39 Copper Basin, Battle Mountain, NV, USA intense potassic altered granodiorite porphyry metasomatic K k-spar 

CB41 Copper Basin, Battle Mountain, NV, USA sodic-calcic altered granodiorite porphyry metasomatic Na-Ca k-spar 

CC-96 Cripple Creek, CO, USA alkalic Au deposit igneous felsic k-spar 

CD-T Coeur d'Alene, ID, USA Ag-Pb-Zn-Au-Cu ore region metasomatic Pb-Sb tetrahedrite 

CHE Chester, Windsor County, VT, USA gneiss metamorphic  mica 
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sample ID locality geologic environment rock type subcategory minerals* 

CJ-222 Creede, CO, USA epithermal Au metasomatic Au-H jarosite 

CM Christiansen Ranch, Madison County, MT, USA tourmaline-bearing granite igneous felsic tour, k-spar 

CR Chara River, Siberia, Russia K-metasomatite metasomatic K-Fe k-spar 

CSD Custer, SD, USA metamorphosed muscovite schist metamorphic  mica, tour 

DIP Dara-i-Pioz, Tajikistan rare-element enriched granite igneous felsic reedmergnerite 

DJ Damtjern Lake, Fen, Norway alnoitic lamprophyre igneous other bt 

DT Ducktown, TN, USA Besshi-type deposit metasomatic Cu bt, cpy, py, po 

EC Eagle County, CO, USA Pb-Zn-Ag deposit igneous felsic k-spar 

EC-07-b Elder Creek, Battle Mountain, NV, USA weak potassic altered quartz eye porphyry metasomatic K bt, k-spar 

EC-07a Elder Creek, Battle Mountain, NV, USA weak potassic altered quartz eye porphyry metasomatic K k-spar 

EC-11a Elder Creek, Battle Mountain, NV, USA weak potassic altered granodiorite porphyry metasomatic K k-spar 

EC-11b Elder Creek, Battle Mountain, NV, USA weak potassic altered granodiorite porphyry metasomatic K k-spar 

EC-22-B Elder Creek, Battle Mountain, NV, USA weak potassic altered granodiorite metasomatic K bt 

EC-23b2 Elder Creek, Battle Mountain, NV, USA intense sodic-calcic altered quartz eye porphyry metasomatic Na-Ca k-spar 

EC-26-B Elder Creek, Battle Mountain, NV, USA intense sodic-calcic altered granodiorite metasomatic Na-Ca bt, k-spar 

EC-27a Elder Creek, Battle Mountain, NV, USA intense potassic altered quartz eye porphyry metasomatic K k-spar 

EC-27b2 Elder Creek, Battle Mountain, NV, USA intense potassic altered quartz eye porphyry metasomatic K k-spar 

EC-28 Elder Creek, Battle Mountain, NV, USA weak potassic altered granodiorite metasomatic K k-spar 

EC-52 Elder Creek, Battle Mountain, NV, USA intense potassic altered quartz eye porphyry metasomatic K k-spar 

EC-57 Elder Creek, Battle Mountain, NV, USA weak potassic altered granodiorite metasomatic K k-spar 

EC-57-V Elder Creek, Battle Mountain, NV, USA intense potassic altered granodiorite vein metasomatic K k-spar 

EH El Hoyazo, Nijar, Spain lower crustal granulite xenolith metamorphic  bt, k-spar 

EIF Eifel, Germany haüyne-bearing phonolite igneous felsic haüyne, k-spar 

EU Santa Eulalia, Chihuahua, Mexico carbonate replacement metasomatic Pb-Zn py, sphalerite 

FNJ Franklin, NJ, USA Zn-Pb orebody metasomatic Mn-Zn py, lollingite, sphalerite 

GET Getchell Mine, NV, USA Carlin-type Au deposit metasomatic Au realgar 

GG Gilgit region, Pakistan zircon-bearing alkali granite igneous felsic k-spar 

HB Heimberg quarry, Harz, Germany diabase quarry metasomatic Ni-As gersdorffite 

HL Hemlo, Ontario, Canada replacement Au mineralization metasomatic Au py, stibnite, bt 

IL Ilímaussaq complex, South Greenland alkaline to peralkaline magmatic complex igneous felsic k-spar 

IM Imilchil, Morocco Iron-Oxide-Copper-Gold deposit metasomatic Fe k-spar 

IS12-10A Iron Springs, UT, USA Iron-Oxide-Copper Gold deposit metasomatic Fe k-spar 

IS12-10H Iron Springs, UT, USA Iron-Oxide-Copper Gold deposit metasomatic Fe apatite, magnetite 

IS12-11A Iron Springs, UT, USA Iron-Oxide-Copper Gold deposit metasomatic Fe bt, k-spar 



 

 55 

sample ID locality geologic environment rock type subcategory minerals* 

IS12-11B Iron Springs, UT, USA Iron-Oxide-Copper Gold deposit metasomatic Fe k-spar 

IS12-12B Iron Springs, UT, USA Iron-Oxide-Copper Gold deposit metasomatic Fe bt, k-spar 

IS12-13 Iron Springs, UT, USA Iron-Oxide-Copper Gold deposit metasomatic Fe k-spar, magnetite 

IS12-J-6 Iron Springs, UT, USA Iron-Oxide-Copper Gold deposit metasomatic Fe bt, k-spar 

IS12-J-8A Iron Springs, UT, USA Iron-Oxide-Copper Gold deposit metasomatic Fe k-spar 

IT Itremo commune, Madagascar pegmatite igneous felsic k-spar 

JB Johnsburg, Warren County, NY, USA B-bearing marble metamorphic  phlogopite 

JV Jayville mine, NY, USA Iron-Oxide-Copper Gold deposit metasomatic Fe hastingsite 

K2 K-2 region, Pakistan metamorphosed K2 “granite” igneous felsic bt, k-spar 

KIP Kipawa complex, Quebec, Canada agpaitic intrusion igneous felsic k-spar 

KO Khit Ostrov, Karelia, Russia syenitic gneiss metamorphic  bt, k-spar, musc 

LB Långban, Sweden carbonate-hosted Fe-Mn deposit metasomatic Mn-Zn hyalophane, phlogopite 

LD-02 Late Dikes, Battle Mountain, NV, USA sodic-calcic altered granodiorite porphyry dike metasomatic Na-Ca bt 

LEN Lengenbach Quarry, Switzerland metamorphosed Pb-As-Tl-Zn deposit metasomatic Pb baumhauerite, k-spar 

LL La Libertad, Peru Cu=Pb-Zn-Ag-Au deposit metasomatic Cu-As hutchinsonite, orpiment, py 

LM Lyon Mountain, NY, USA Fe-ore deposit metasomatic Fe k-spar 

LP-01 Long Peak, Battle Mountain, NV, USA potassic altered granodiorite porphyry stock metasomatic K bt 

MAN-3 Manhattan, NV, USA Carlin-type Au deposit metasomatic Au k-spar 

MAR Maria deposit, Cananea, Mexico Cu-rich pegmatite igneous felsic k-spar, tour, bt 

ME Mt. Elliot, Queensland, Australia Iron-Oxide-Copper-Gold deposit metasomatic Fe cpy 

MM Mt. Malosa, Malawi REE enriched alkali pegmatite igneous felsic amphibole, k-spar 

MOD Modum, Norway Besshi-type deposit metasomatic Cu py 

MOR Morgedal, Telemark, Norway Cu orebody metasomatic Cu djurleite, bt 

MPSYN Mountain Pass, CA, USA carbonatite/syenite igneous felsic bt, k-spar 

NS09 North Stock, Battle Mountain, NV, USA potassic altered hornblende granodiorite metasomatic K k-spar 

NS09-V North Stock, Battle Mountain, NV, USA potassic altered hornblende granodiorite vein metasomatic K k-spar 

OKA-96 Oka, Quebec, Canada carbonatite igneous other bt 

OS Osborne, Queensland, Australia Iron-Oxide-Copper-Gold deposit metasomatic Fe bt, cpy, po 

PAH-2 Pahtohavara, Sweden Iron-Oxide-Copper-Gold deposit metasomatic Fe k-spar 

PAL-122 Palabora, South Africa potassic alteration associated with carbonatite igneous other bt, cpy, k-spar 

PAR Lookout Pass, Toole County, UT, USA thallium prospect metasomatic Au parapierrotite 

PC-01 Paiute Canyon, Battle Mountain, NV, USA weak sodic-calcic altered granodiorite porphyry metasomatic Na-Ca bt 

PC-02 Paiute Canyon, Battle Mountain, NV, USA sodic-calcic altered granodiorite porphyry metasomatic Na-Ca k-spar 

PC-06 Paiute Canyon, Battle Mountain, NV, USA potassic altered granodiorite porphyry metasomatic K k-spar 
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sample ID locality geologic environment rock type subcategory minerals* 

PC-07b Paiute Canyon, Battle Mountain, NV, USA sodic-calcic altered granodiorite porphyry metasomatic Na-Ca k-spar 

PC-08 Paiute Canyon, Battle Mountain, NV, USA sodic-calcic altered granodiorite porphyry metasomatic Na-Ca k-spar 

PC-14-B Paiute Canyon, Battle Mountain, NV, USA crowded granodiorite porphyry igneous intermediate bt, k-spar 

PC-15 Paiute Canyon, Battle Mountain, NV, USA potassic altered granodiorite porphyry metasomatic K k-spar 

PG-03 Poorman's Gulch, Battle Mountain, NV, USA granodiorite quartz eye porphyry igneous intermediate bt 

PP Pike's Peak, Colorado, USA granite igneous felsic k-spar 

PR-MNM Prabornaz Mine, Italy metamorphosed Mn-bearing quartzite metasomatic Mn musc, cryptomelane/hollandite 

S332 Malmberget, Sweden Iron-Oxide-Copper-Gold deposit metasomatic Fe k-spar 

SC-NS San Carlos, Tamaulipas, Mexico nepheline syenite igneous intermediate k-spar, sphene 

SG-01 Snow Gulch, Battle Mountain, NV, USA crowded granodiorite porphyry igneous intermediate bt 

SG-05 Snow Gulch, Battle Mountain, NV, USA weak potassic altered granodiorite porphyry metasomatic K bt, k-spar 

SG-06 Snow Gulch, Battle Mountain, NV, USA potassic altered granodiorite porphyry metasomatic K k-spar 

SG-07 Snow Gulch, Battle Mountain, NV, USA potassic altered granodiorite porphyry metasomatic K k-spar 

SG-08 Snow Gulch, Battle Mountain, NV, USA crowded granodiorite porphyry igneous intermediate bt, k-spar 

SH Sterling Hill, NJ, USA Zn-Pb orebody metasomatic Mn-Zn hendricksite 

SV-225 Summitville, CO, USA high sulfidation porphyry Cu-Mo deposit metasomatic Au-H alunite 

TRI Tri-State District, MO, KS, OK, USA carbonate-hosted Pb-Zn deposit metasomatic Pb-Zn cpy 

TS Tien Shan Mountains, Tajikistan nepheline syenite metamorphic  bt, k-spar 

UK-B1 Cornwall, United Kingdom Sn-bearing granite igneous felsic bt, k-spar 

VC-03 Vail Canyon, Battle Mountain, NV, USA granodiorite quartz eye porphyry igneous intermediate bt 

VC03A Vail Canyon, Battle Mountain, NV, USA granodiorite quartz eye porphyry igneous intermediate k-spar 

VC04 Vail Canyon, Battle Mountain, NV, USA intense sodic-calcic altered granodiorite metasomatic Na-Ca scapolite 

VC04-V Vail Canyon, Battle Mountain, NV, USA intense sodic-calcic altered granodiorite metasomatic Na-Ca scapolite 

VC15 Vail Canyon, Battle Mountain, NV, USA intense sodic-calcic altered granodiorite metasomatic Na-Ca k-spar 

VC23 Vail Canyon, Battle Mountain, NV, USA potassic altered granodiorite metasomatic K k-spar 

VC23-V Vail Canyon, Battle Mountain, NV, USA potassic altered granodiorite vein metasomatic K k-spar 

VM Vena Mines, Sweden Cu-Co ore metasomatic Cu cobaltite 

WM-UN Woods Mine, New South Wales, Australia metamorphosed Mn-metasomatite metasomatic Mn K-ungarettiite 
* Mineral abbreviations are defined as follows: bt = biotite, cpy = chalcopyrite, k-spar = K-feldspar, musc = muscovite, po = pyrrhotite, py = pyrite, 
tour = tourmaline. 
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Table 2. Thallium and lead data, concentrations and isotope ratios, for analyzed samples. N/A denotes where samples were unable to be analyzed due to limited sample mass. 
Uncharacteristically large 2s (> ± 1.0) are associated with limited sample mass, and thus, very low Tl eluent concentrations, leading to increased uncertainty. 

sample ID mineral [Tl] ppm ε205Tl ± 2s [Pb] ppm 204Pb/206Pb ± 2s 207Pb/206Pb ± 2s 208Pb/206Pb ± 2s 

AC-A amazonite 21.95 -0.1 0.6 380 0.0555 0.0002 0.8638 0.0034 2.0956 0.0047 

AJ-23-14-B chlorite 0.89 N/A N/A BDL — — — — — — 

AJ-23-14-C chalcopyrite 0.77 N/A N/A 54 0.0549 0.0000 0.8535 0.0001 2.0879 0.0001 

AJ-23-14-K orthoclase 0.95 N/A N/A 20 0.0587 0.0001 0.8562 0.0006 2.0837 0.0003 

AJ-23-15-C chalcopyrite BDL — — 33 0.0552 0.0001 0.8541 0.0002 2.0899 0.0003 

AJ-23-15-K orthoclase 0.79 N/A N/A 11 0.0585 0.0005 0.8559 0.0004 2.0855 0.0013 

AJ-23-17 feldspar 0.68 -0.9 0.2 17 0.0563 0.0001 0.8586 0.0003 2.0909 0.0003 

AJ-23-17-C chalcopyrite 0.20 17.8 1.4 17 0.0552 0.0002 0.8540 0.0001 2.0866 0.0012 

AJ-23-4-B chlorite 0.90 -6.2 0.6 27 0.0539 0.0001 0.8227 0.0001 2.0458 0.0003 

AJ-23-4-C chalcopyrite BDL — — 57 0.0550 0.0000 0.8525 0.0002 2.0859 0.0004 

AJ-23-4-K feldspar 0.25 9.4 0.3 14 0.0543 0.0002 0.8257 0.0002 2.0473 0.0003 

AJ-98-2-K orthoclase BDL — — 15 0.0541 0.0003 0.8269 0.0015 2.0493 0.0026 

AJ-98-2B biotite 1.93 N/A N/A 14 0.0676 0.0004 0.8225 0.0004 2.0210 0.0014 

BAH-M muscovite 0.73 3.8 0.6 BDL — — — — — — 

BA-S skutterudite BDL — — 8 — — — — — — 

BC-76-B biotite 2.42 -3.3 0.5 9 — — — — — — 

BC-76-K feldspar 0.99 -3.6 0.3 59 0.0602 0.0001 0.8976 0.0001 2.2378 0.0003 

BD03 feldspar BDL — — 7 — — — — — — 

BD03-V feldspar BDL — — 10 0.0434 0.0004 0.8125 0.0005 2.0224 0.0020 

BD05 biotite 0.56 -3.2 0.7 5 — — — — — — 

BD12 feldspar 0.63 -5.0 0.1 13 0.0537 0.0003 0.8144 0.0003 2.0194 0.0005 

BE-P phlogopite 2.33 -12.1 0.6 BDL — — — — — — 

BH-C chalcopyrite BDL — — BDL — — — — — — 

BH-G galena 29.66 4.4 0.7 770000 0.0625 0.0000 0.9612 0.0002 2.2282 0.0005 

BH-O orthoclase 2.96 -0.7 0.3 4700 0.0625 0.0000 0.9615 0.0004 2.2291 0.0011 

BH-S sphalerite BDL — — 13 0.0653 0.0013 0.9535 0.0036 2.2105 0.0082 

BM-D digenite BDL — — 10 0.0567 0.0002 0.8675 0.0005 2.1323 0.0020 

BM-E enargite 0.60 N/A N/A 190 0.0558 0.0000 0.8667 0.0002 2.1313 0.0007 

BNY-P pyrite BDL — — BDL — — — — — — 

BS-C covellite 0.26 4.4 0.8 14 0.0551 0.0002 0.8517 0.0006 2.0941 0.0006 

BT-B biotite 1.04 N/A N/A BDL — — — — — — 

BT-K orthoclase BDL — — 14 0.0537 0.0003 0.8389 0.0002 2.0724 0.0003 
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sample ID mineral [Tl] ppm ε205Tl ± 2s [Pb] ppm 204Pb/206Pb ± 2s 207Pb/206Pb ± 2s 208Pb/206Pb ± 2s 

BZ-B biotite 2.22 -3.7 0.8 BDL — — — — — — 

BZ-K feldspar 0.40 -1.7 0.5 68 0.0596 0.0000 0.9298 0.0001 2.1877 0.0004 

CA-C chalcopyrite BDL — — 7 — — — — — — 

CB-06 pyrite BDL — — 7 — — — — — — 

CB-13 feldspar 0.76 -3.5 0.6 10 0.0544 0.0003 0.8132 0.0010 2.0134 0.0018 

CB03 feldspar BDL — — 20 0.0525 0.0001 0.8162 0.0006 2.0255 0.0008 

CB04 feldspar 1.33 -3.1 1.0 10 0.0527 0.0002 0.8129 0.0005 2.0148 0.0011 

CB04-V feldspar 1.96 -2.4 0.6 9 — — — — — — 

CB17 feldspar 1.45 -3.1 0.2 BDL — — — — — — 

CB21 feldspar BDL — — 20 0.0526 0.0002 0.8171 0.0012 2.0269 0.0016 

CB39 feldspar 1.88 -5.0 0.7 21 0.0539 0.0001 0.8119 0.0003 2.0124 0.0014 

CB41 feldspar 1.00 -0.8 0.2 BDL — — — — — — 

CC-96 feldspar 2.42 N/A N/A 17 0.0555 0.0001 0.8629 0.0006 2.1138 0.0024 

CD-T tetrahedrite BDL — — BDL — — — — — — 

CHE-M mica BDL — — BDL — — — — — — 

CJ-222 jarosite 448.92 2.9 0.4 34000 0.0525 0.0000 0.8194 0.0000 1.9872 0.0001 

CM-K feldspar 1.52 1.6 0.7 63 0.0586 0.0000 0.9217 0.0003 2.1079 0.0005 

CM-T tourmaline BDL — — 7 — — — — — — 

CR-K feldspar 0.43 7.9 15.9 8 — — — — — — 

CSD-M mica 2.85 -3.2 0.1 17 0.0383 0.0000 0.6435 0.0003 1.4902 0.0010 

CSD-T tourmaline BDL — — 5 — — — — — — 

DIP-R reedmergnerite BDL — — 29 0.0511 0.0001 0.8044 0.0005 1.9663 0.0007 

DJ-B phlogopite 0.23 N/A N/A BDL — — — — — — 

DT-B biotite 13.53 -7.1 0.3 22 0.0547 0.0001 0.8478 0.0004 2.0759 0.0009 

DT-C chalcopyrite BDL — — BDL — — — — — — 

DT-PO pyrrhotite BDL — — 1300 0.0538 0.0000 0.8400 0.0000 2.0494 0.0001 

DT-PY pyrite BDL — — 17 0.0543 0.0001 0.8463 0.0005 2.0619 0.0005 

EC-07-B biotite 2.00 -4.4 0.4 62 0.0124 0.0001 0.8155 0.0002 2.0297 0.0004 

EC-07a orthoclase 0.44 -3.5 0.7 12 0.0508 0.0004 0.8160 0.0021 2.0218 0.0028 

EC-07b orthoclase BDL — — 14 0.0514 0.0001 0.8176 0.0008 2.0265 0.0018 

EC-11a orthoclase BDL — — 12 0.0434 0.0003 0.8138 0.0008 2.0348 0.0016 

EC-11b orthoclase BDL — — 12 0.0521 0.0004 0.8167 0.0014 2.0247 0.0013 

EC-22-B biotite 1.56 -3.7 0.4 20 0.0127 0.0009 0.8162 0.0015 2.0203 0.0023 

EC-23b2 orthoclase BDL — — 10 0.0517 0.0005 0.8167 0.0015 2.0252 0.0027 
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sample ID mineral [Tl] ppm ε205Tl ± 2s [Pb] ppm 204Pb/206Pb ± 2s 207Pb/206Pb ± 2s 208Pb/206Pb ± 2s 

EC-26 orthoclase BDL — — 12 0.0534 0.0003 0.8153 0.0007 2.0222 0.0009 

EC-26-B biotite 1.30 -3.7 0.5 BDL — — — — — — 

EC-27a orthoclase 0.82 -3.0 0.4 11 0.0438 0.0003 0.8107 0.0006 2.0248 0.0014 

EC-27b2 orthoclase 1.00 4.4 0.2 12 0.0000 0.0000 0.8157 0.0035 2.0165 0.0047 

EC-28 orthoclase BDL — — 10 0.0427 0.0003 0.8119 0.0007 2.0311 0.0010 

EC-52 orthoclase 0.86 -4.4 0.5 11 0.0535 0.0006 0.8172 0.0067 2.0207 0.0098 

EC-57 orthoclase 0.36 -2.9 0.3 15 0.0425 0.0010 0.8201 0.0067 2.0299 0.0099 

EC-57-V orthoclase 1.12 -4.1 0.8 9 — — — — — — 

EC-M microcline 0.93 -1.6 0.7 BDL — — — — — — 

EH-B biotite 1.44 -1.7 0.8 9 — — — — — — 

EH-S feldspar BDL — — 16 0.0536 0.0002 0.8379 0.0003 2.0830 0.0005 

EIF-H haüyne BDL — — BDL — — — — — — 

EIF-S sanidine 0.29 3.0 0.5 6 — — — — — — 

EU-A pyrite BDL — — 7 — — — — — — 

EU-S sphalerite BDL — — BDL — — — — — — 

FNJ-L lollingite BDL — — BDL — — — — — — 

FNJ-PO pyrrhotite BDL — — BDL — — — — — — 

FNJ-S sphalerite BDL — — BDL — — — — — — 

GET-R realgar 0.27 N/A N/A BDL — — — — — — 

GG-K feldspar BDL — — 29 0.0537 0.0001 0.8368 0.0005 2.0866 0.0013 

HB-G gersdorffite BDL — — 6 — — — — — — 

HL-P pyrite BDL — — 200 0.0636 0.0016 0.9136 0.0025 2.2183 0.0034 

HL-S stibnite 0.22 N/A N/A 240 0.0751 0.0000 1.0836 0.0001 2.4822 0.0003 

HL-B biotite 22.42 N/A N/A 14 0.0603 0.0001 0.9077 0.0003 2.1373 0.0002 

IL-O orthoclase BDL — — BDL — — — — — — 

IM-O feldspar 0.54 0.0 0.1 5 — — — — — — 

IS12-10A feldspar BDL — — 14 0.0568 0.0002 0.8604 0.0005 2.1397 0.0008 

IS12-10H-A apatite BDL — — BDL — — — — — — 

IS12-10H-M magnetite BDL — — BDL — — — — — — 

IS12-11A-B biotite 1.16 N/A N/A 15 0.0595 0.0002 0.8549 0.0005 2.1217 0.0007 

IS12-11A-S orthoclase BDL — — 12 0.0568 0.0003 0.8593 0.0006 2.1358 0.0006 

IS12-11B-K feldspar 179.52 -2.3 0.3 200 0.0553 0.0000 0.8568 0.0001 2.1316 0.0001 

IS12-12B-B biotite 0.88 N/A N/A 51 0.0566 0.0001 0.8559 0.0002 2.1289 0.0005 

IS12-12B-S feldspar 0.37 N/A N/A 35 0.0555 0.0001 0.8567 0.0003 2.1330 0.0003 
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sample ID mineral [Tl] ppm ε205Tl ± 2s [Pb] ppm 204Pb/206Pb ± 2s 207Pb/206Pb ± 2s 208Pb/206Pb ± 2s 

IS12-13-K feldspar 0.63 N/A N/A 6 — — — — — — 

IS12-13-M magnetite BDL — — BDL — — — — — — 

IS12-J-6-B biotite 0.57 N/A N/A BDL — — — — — — 

IS12-J-6-K feldspar BDL — — 13 0.0567 0.0003 0.8598 0.0005 2.1394 0.0012 

IS12-J-8A feldspar 0.22 N/A N/A BDL — — — — — — 

IT-O orthoclase 10.04 N/A N/A 100 0.0507 0.0000 0.8014 0.0001 1.9587 0.0006 

JB-P phlogopite 5.08 -0.5 0.5 BDL — — — — — — 

JV-H hastingsite BDL N/A N/A 7 — — — — — — 

K2-B biotite 6.05 N/A N/A 22 0.0519 0.0000 0.8378 0.0002 2.0966 0.0005 

K2-S feldspar 0.39 N/A N/A 22 0.0540 0.0001 0.8412 0.0003 2.0881 0.0012 

KIP-O feldspar 2.23 -1.6 0.5 BDL — — — — — — 

KO-B phlogopite 0.55 4.3 1.2 BDL — — — — — — 

KO-K feldspar BDL — — 14 0.0668 0.0001 0.9984 0.0004 2.4376 0.0002 

KO-M muscovite 0.96 N/A N/A 25 0.0746 0.0001 1.0609 0.0009 2.4228 0.0003 

LB-H hyalophane 3.13 -4.3 0.4 6700 0.0643 0.0000 0.9768 0.0001 2.2418 0.0002 

LB-P phlogopite 6.45 -2.3 0.6 16000 0.0637 0.0000 0.9769 0.0002 2.2438 0.0008 

LD-02 biotite BDL — — 540 0.0490 0.0003 0.7999 0.0006 1.9902 0.0008 

LEN-B baumhauerite 3283.72 2.0 0.8 420000 0.0541 0.0000 0.8460 0.0000 2.0827 0.0000 

LEN-S feldspar 3.40 1.5 0.4 6 — — — — — — 

LL-H hutchinsonite 2285.01 -1.0 0.1 87000 0.0536 0.0000 0.8356 0.0003 2.0672 0.0006 

LL-O orpiment 852.63 N/A N/A 1000 0.0535 0.0000 0.8353 0.0001 2.0661 0.0004 

LL-P pyrite 25.83 N/A N/A 440 0.0532 0.0000 0.8351 0.0001 2.0673 0.0003 

LM-O feldspar BDL — — BDL — — — — — — 

LP-01 biotite 1.14 -1.3 0.5 BDL — — — — — — 

MAN-3 feldspar 2.53 -1.3 0.4 BDL — — — — — — 

MAR-2-B biotite 3.92 -2.4 0.5 19 0.0518 0.0001 0.8636 0.0008 2.1030 0.0016 

MAR-S feldspar BDL — — BDL — — — — — — 

MAR-T tourmaline BDL — — BDL — — — — — — 

ME-C chalcopyrite BDL — — BDL — — — — — — 

MM-NA amphibole BDL — — BDL — — — — — — 

MM-O feldspar 0.70 0.7 0.9 8 — — — — — — 

MOD-P pyrite BDL — — BDL — — — — — — 

MOR-D djurleite 11.01 N/A N/A BDL — — — — — — 

MOR-M biotite 15.02 -1.4 0.4 6 — — — — — — 
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sample ID mineral [Tl] ppm ε205Tl ± 2s [Pb] ppm 204Pb/206Pb ± 2s 207Pb/206Pb ± 2s 208Pb/206Pb ± 2s 

MPSYN-B biotite 2.66 -3.1 0.3 27 0.0655 0.0002 0.9072 0.0002 2.1726 0.0004 

MPSYN-K feldspar 4.02 -2.5 0.4 23 0.0628 0.0001 0.9127 0.0011 2.2029 0.0023 

NS09 feldspar 0.71 -1.8 0.7 14 0.0569 0.0004 0.8181 0.0037 2.0214 0.0048 

NS09-V feldspar 0.65 -3.1 0.5 7 — — — — — — 

OKA-96-B phlogopite 0.63 18.0 5.3 BDL — — — — — — 

OS-B phlogopite 1.49 N/A N/A 10 0.0538 0.0003 0.8412 0.0006 2.0397 0.0019 

OS-C chalcopyrite BDL — — 280 0.0625 0.0000 0.9617 0.0003 2.2296 0.0012 

OS-P pyrrhotite BDL — — BDL — — — — — — 

PAH-2-S feldspar BDL — — BDL — — — — — — 

PAL-122-B phlogopite 0.26 -2.7 0.3 BDL — — — — — — 

PAL-122-C chalcopyrite 0.20 4.5 0.6 N/A N/A N/A N/A N/A N/A N/A 

PAL-K feldspar 0.55 0.4 0.2 BDL — — — — — — 

PAR parapierrotite 150314.98 1.6 0.6 BDL — — — — — — 

PC-01 biotite 1.51 -4.3 0.6 5 — — — — — — 

PC-02 orthoclase 0.32 -1.9 0.5 8 — — — — — — 

PC-06 orthoclase BDL — — 8 — — — — — — 

PC-07b orthoclase 0.24 N/A N/A 7 — — — — — — 

PC-08 orthoclase BDL — — 11 0.0492 0.0001 0.8135 0.0031 2.0208 0.0047 

PC-14-B biotite 1.21 -2.1 0.6 6 — — — — — — 

PC-14-S orthoclase 0.20 2.2 0.6 13 0.0441 0.0003 0.8162 0.0003 2.0251 0.0015 

PC-15 orthoclase BDL — — 10 0.0540 0.0002 0.8151 0.0003 2.0244 0.0013 

PG-03 biotite 0.73 N/A N/A 5 — — — — — — 

PP-A amazonite 9.81 3.5 0.7 340 0.0598 0.0000 0.9224 0.0004 2.1875 0.0017 

PR-CH cryptomelane/hollandite 9.21 11.4 0.3 N/A N/A N/A N/A N/A N/A N/A 

PR-MNM muscovite 3.78 5.3 0.3 BDL — — — — — — 

S332 feldspar BDL — — BDL — — — — — — 

SC-NS-K feldspar 0.32 N/A N/A 25 0.0532 0.0001 0.8113 0.0001 2.0162 0.0002 

SC-NS-S sphene BDL — — BDL — — — — — — 

SG-01 biotite 0.63 0.4 0.1 14 0.0552 0.0002 0.8118 0.0004 2.0128 0.0012 

SG-05-B biotite 1.05 -4.8 0.2 12 0.0558 0.0002 0.8148 0.0008 2.0180 0.0009 

SG-05-S feldspar BDL — — 14 0.0528 0.0002 0.8159 0.0009 2.0249 0.0011 

SG-06 orthoclase BDL — — 14 0.0535 0.0002 0.8181 0.0020 2.0268 0.0035 

SG-07 orthoclase 0.81 -1.7 0.1 14 0.0552 0.0001 0.8166 0.0003 2.0238 0.0001 

SG-08-B biotite 1.07 -2.9 0.5 8 — — — — — — 
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SG-08-S feldspar 0.20 -0.6 0.9 18 0.0533 0.0002 0.8141 0.0012 2.0222 0.0017 

SH-H hendricksite 20.62 -1.9 0.3 140 0.0604 0.0001 0.9077 0.0004 2.1377 0.0005 

SV-225 alunite BDL — — 13 0.0553 0.0003 0.8668 0.0006 2.0834 0.0023 

TRI-C chalcopyrite 0.43 -1.0 0.2 100 0.0444 0.0000 0.7071 0.0000 1.8325 0.0008 

TS-B biotite 1.44 -3.4 0.4 BDL — — — — — — 

TS-S feldspar 0.52 -5.1 0.5 6 — — — — — — 

UK-B1-B biotite 7.92 0.0 0.4 5 — — — — — — 

UK-B1-K feldspar 5.01 N/A N/A 50 0.0528 0.0001 0.8314 0.0002 2.0380 0.0006 

VC-03 biotite 1.36 N/A N/A 11 0.0590 0.0003 0.8124 0.0003 2.0058 0.0010 

VC03A feldspar BDL — — 6 — — — — — — 

VC04 scapolite 0.57 -1.2 0.4 5 — — — — — — 

VC04-V scapolite BDL — — BDL — — — — — — 

VC15 feldspar BDL — — 8 0.0527 0.0002 0.8167 0.0021 2.0249 0.0028 

VC23 feldspar 0.22 -2.6 0.6 9 — — — — — — 

VC23-V feldspar BDL — — 7 — — — — — — 

VM-C cobaltite BDL — — 8 — — — — — — 

WM-UN K-ungarettiite BDL — — BDL — — — — — — 
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Table 3. Selected results of Pb isotope ratios, with reference values where applicable. TIMS values were collected in-house at the University of Arizona. *Published values come 
from Stevenson and Martin, 1986. 

locality mineral method and sample size 208Pb/206Pb ± 2s 
Broken Hill orthoclase MC-ICP-MS (1.0 mg) 2.2299 0.0003 
  MC-ICP-MS (20.0 mg) 2.2291 0.0005 
  TIMS 2.2294 0.0003 
  published* 2.2291 0.0007 
     
Amelia Courthouse amazonite MC-ICP-MS (1.0 mg) 2.0956 0.0024 
  MC-ICP-MS (20.0 mg) 2.0940 0.0002 
     
Pike’s Peak amazonite MC-ICP-MS (1.0 mg) 2.1875 0.0008 
  MC-ICP-MS (20.0 mg) 2.1879 0.0004 
  TIMS 2.1881 0.0002 
     
Eagle County microcline MC-ICP-MS (1.0 mg) 1.9575 0.0424 
  MC-ICP-MS (20.0 mg) 1.9199 0.0049 
     
Iron Springs K-feldspar MC-ICP-MS (1.0 mg) 2.1312 0.0001 
  TIMS 2.1316 0.0005 
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Table 4. Results of Tl isotope analysis, with reference values where applicable. n = number of individual splits of each material analyzed for repetition. The reference values for 
BCR-2 and Nod-A-1 are from Nielsen et al. (2017). 

 

 
reference materials  ε205Tl ± 2s n 
BCR-2 this study -2.1 0.6 3 
 reference value -2.5 0.4  
Nod-A-1 this study +11.0 0.5 5 
 reference value +10.7 0.5  
NIST-610 glass this study +6.3 0.6 5 
     

locality mineral ε205Tl ± 2s n 
Amelia Courthouse amazonite -0.1 0.6 5 
Pike’s Peak amazonite +3.5 0.7 5 
Maria biotite -2.4 0.5 4 



 

 65 

Table 5. Microprobe (EPMA) lead compositions in feldspar and biotite samples. 

 
locality mineral description [Pb] (ppm) 
Broken Hill* orthoclase orthoclase host 4202 
  apatite inclusion 615 
  albite inclusion BDL 
    
Amelia Courthouse, VA, USA amazonite microcline host 524 
  albite lamellae BDL 
    
Pike’s Peak, CO, USA amazonite microcline host 688 
  albite lamellae BDL 
    
Eagle County, CO, USA microcline clean microcline host BDL 
  ratty microcline dissolution BDL 
    
Maria Mine, Cananea, Mexico biotite biotite host BDL 
  chlorite inclusion BDL 
*also contains inclusions of PbS; see text    



 

 66 

Table 6. Mineral composition formulae, along with Tl concentrations and isotope ratios, for samples where additional EPMA data was collected. N/A denotes where samples were 
unable to be analyzed due to limited sample mass. 

sample ID mineral [Tl] ppm ε205Tl ± 2s formula 
BH-C chalcopyrite BDL — — Cu0.98Fe1.01S2.01 

AJ-23-4-B chlorite 0.9 -6.2 0.6 (□0.99)(Mg3.21FeT
1.50Al1.07Mn0.02Ti0.01Zn0.01□0.16)[Si2.91Al1.09O10]([OH]7.91F0.09) 

PR-CH cryptomelane/hollandite 9.21 11.4 0.3 (K0.50Ba0.43Sr0.20Na0.06)(Mn4+
6.76Fe3+

0.63Mn3+
0.34Al0.06Co0.01)O16 

AJ-23-4-K feldspar 0.25 9.4 0.3 (K0.95Na0.02Ba0.01)[Si2.97Al1.03O8] 
BD12 feldspar 0.63 -5 0.1 (K0.90Na0.05Ba0.01)[Si2.98Al1.02O8] 
BZ-K feldspar 0.4 -1.7 0.5 (K0.81Na0.18)[Si2.95Al1.05O8] 
CB-13 feldspar 0.76 -3.5 0.6 (K0.90Na0.09)[Si2.98Al1.02O8] 
CB04 feldspar 1.33 -3.1 1 (K0.91Na0.06Ba0.01)[Si2.98Al1.02O8] 

CB04-V feldspar 1.96 -2.4 0.6 (K0.90Na0.04Ba0.01)[Si2.95Al1.05O8] 
CB17 feldspar 1.45 -3.1 0.2 (K0.91Na0.04Ba0.01)[Si2.97Al1.03O8] 
CB39 feldspar 1.88 -5 0.7 (K0.82Na0.06Ba0.04)[Si2.91Al1.09O8] 
CR-K feldspar 0.43 7.9 15.9 (K0.99Na0.01Mg0.01)[Si2.99Al0.94Fe3+

0.07O8] 
K2-S feldspar 0.39 N/A N/A (K0.89Na0.07)[Si2.97Al1.03O8] 
KIP-O feldspar 2.23 -1.6 0.5 (K0.93Na0.05)[Si2.97Al1.02O8] 
KO-K feldspar BDL — — (Na0.72Ca0.28)[Si2.68Al1.32O8] 

MPSYN-K feldspar 4.02 -2.5 0.4 (K0.96Na0.03)[Si2.98Al0.97Fe3+
0.05O8] 

NS09 feldspar 0.71 -1.8 0.7 (K0.92Na0.06)[Si3.00Al1.00O8] 

PAL-K feldspar 0.55 0.4 0.2 (K0.97Na0.03)[Si2.98Al0.98Fe3+
0.04O8] 

SC-NS-K feldspar 0.32 N/A N/A (K0.62Na0.35Ca0.02Sr0.01)[Si2.94Al1.05O8] 
SG-05-S feldspar BDL — — (K0.90Na0.08Ba0.01)[Si2.97Al1.03O8] 
SG-08-S feldspar 0.2 -0.6 0.9 (K0.89Na0.09)[Si2.99Al1.01O8] 

TS-S feldspar 0.52 -5.1 0.5 (K0.91Na0.03Ba0.01)[Si2.97Al1.03O8] 
VC03A feldspar BDL — — (K0.86Na0.12Ba0.01)[Si2.96Al1.03O8] 
VC04 feldspar 0.57 -1.2 0.4 (K0.90Na0.08Ba0.01)[Si2.97Al1.02O8] 
VC23 feldspar 0.22 -2.6 0.6 (K0.89Na0.08)[Si2.99Al1.01O8] 

VC23-V feldspar BDL — — (K0.87Na0.10)[Si2.98Al1.01O8] 
AJ-23-14-K feldspar 0.95 N/A N/A (K0.87Na0.1)[Si2.99Al1.00O8] 
AJ-23-15-K feldspar 0.79 N/A N/A (K0.92Na0.05)[Si2.98Al1.02O8] 

EC-07a feldspar 0.44 -3.5 0.7 (K0.90Na0.06Ba0.01)[Si2.98Al1.02O8] 
EC-11b feldspar BDL — — (K0.85Na0.11Ba0.02)[Si2.95Al1.05O8] 
EC-23b2 feldspar BDL — — (K0.86Na0.12)[Si2.99Al1.01O8] 
EC-27a feldspar 0.82 -3 0.4 (K0.88Na0.10)[Si2.98Al1.01O8] 
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sample ID mineral [Tl] ppm ε205Tl ± 2s formula 
EC-28 feldspar BDL — — (K0.91Na0.08)[Si2.98Al1.02O8] 
EC-52 feldspar 0.86 -4.4 0.5 (K0.89Na0.09)[Si2.99Al1.01O8] 
EC-57 feldspar 0.36 -2.9 0.3 (K0.92Na0.06)[Si2.98Al1.02O8] 

EC-57-V feldspar 1.12 -4.1 0.8 (K0.92Na0.06Ba0.01)[Si2.98Al1.02O8] 
IL-O feldspar BDL — — (K0.97Na0.01)[Si2.98Al1.02O8] 
IT-O feldspar 10.04 N/A N/A (K0.91Na0.08)[Si2.97Al1.03O8] 

PC-02 feldspar 0.32 -1.9 0.5 (K0.87Na0.10)[Si2.99Al1.01O8] 
PC-06 feldspar BDL — — (K0.90Na0.08)[Si2.99Al1.01O8] 
PC-08 feldspar BDL — — (K0.89Na0.05Ba0.01)[Si2.96Al1.03O8] 

PC-14-S feldspar 0.2 2.2 0.6 (K0.91Na0.06Ba0.01)[Si2.97Al1.03O8] 
PC-15 feldspar BDL — — (K0.90Na0.08Ba0.01)[Si2.98Al1.02O8] 
SG-07 feldspar 0.81 -1.7 0.1 (K0.91Na0.06Ba0.01)[Si2.97Al1.03O8] 
EIF-S feldspar 0.29 3 0.5 (K0.88Na0.09Ba0.02Sr0.02)[Si2.91Al1.06Fe3+

0.02O8] 
BH-G galena 29.66 4.4 0.7 Pb1.00S1.00 
JV-H hastingsite BDL N/A N/A (Na0.42K0.39□0.19)(Ca1.81Na0.19)(Fe2+

2.63Mg1.19Fe3+
1.01Al0.08Mn2+

0.06Ti0.03Zn0.01)[Si6.28Al1.71O22]([OH]1.07F0.62Cl0.26O0.06) 
BT-B mica - annite 1.04 N/A N/A (K0.95Ba0.01Na0.01□0.03)(FeT

1.58Mg0.97Al0.21Ti0.11MnT
0.02□0.11)[Si2.75Al1.25O10]([OH]1.74O0.22F0.04) 

BZ-B mica - annite 2.22 -3.7 0.8 (K0.92Na0.02□0.06)(FeT
1.19Mg1.01Al0.29Ti0.22V0.02Mn0.01Ni0.01Cr0.01□0.24)[Si2.59Al1.41O10]([OH]1.94Cl0.04F0.02) 

CSD-M mica - annite 2.85 -3.2 0.1 (K0.93□0.07)(FeT
1.48Mg0.72Al0.40Ti0.14MnT

0.04□0.22)[Si2.73Al1.27O10]([OH]1.49O0.28F0.24) 
EC-07-B mica - annite 2 -4.4 0.4 (K0.92Na0.02Ba0.01□0.06)(Mg1.62FeT

0.98Ti0.19Al0.04Mn0.01V0.01Cr0.01□0.16)[Si2.78Al1.22O10]([OH]1.75F0.23Cl0.02) 
EH-B mica - annite 1.44 -1.7 0.8 (K0.84Na0.05Ca0.01Ba0.01)(FeT

1.44Mg0.73Al0.40Ti0.32)[Si2.80Al1.20O10]([OH]1.32O0.63F0.04) 
K2-B mica - annite 6.05 N/A N/A (K0.96Na0.01)(FeT

1.58Mg0.66Al0.42Ti0.17MnT
0.05)[Si2.70Al1.30O10]([OH]1.63O0.34F0.03) 

MPSYN-B mica - annite 2.66 -3.1 0.3 (K0.90Ba0.03Na0.02□0.05)(Mg1.60FeT
0.95Ti0.26Mn0.02□0.16)[Si2.87Al0.95Fe3+

0.17O10]([OH]1.64F0.35) 
PC-14-B mica - annite 1.21 -2.1 0.6 (K0.89Na0.02Ba0.02□0.07)(Mg1.58FeT

0.95Ti0.20Al0.08MnT
0.01□0.17)[Si2.77Al1.23O10]([OH]1.85F0.13Cl0.01) 

SG-05-B mica - annite 1.05 -4.8 0.2 (K0.85Na0.02Ca0.01Ba0.01□0.11)(Mg1.41FeT
1.15Ti0.22Al0.03MnT

0.01□0.16)[Si2.76Al1.24O10]([OH]1.94F0.05Cl0.01) 
SG-08-B mica - annite 1.07 -2.9 0.5 (K0.88Na0.02Ba0.02□0.08)(Mg1.34FeT

1.23Ti0.18Al0.07MnT
0.02□0.15)[Si2.74Al1.26O10]([OH]1.90F0.08Cl0.01) 

TS-B mica - annite 1.44 -3.4 0.4 (K0.99Na0.01)(FeT
2.30Al0.31Ti0.18Mg0.04MnT

0.04Zn0.01)[Si2.70Al1.30O10]([OH]1.62O0.37F0.01) 

SH-H mica - hendricksite 20.62 -1.9 0.3 (K0.83Ba0.07Na0.05)(Mg1.72Zn0.58FeT
0.32MnT

0.27Ti0.05)[Si2.78Al1.22O10]([OH]1.51F0.39O0.09Cl0.01) 

BAH-M mica - muscovite 0.73 3.8 0.6 (K0.82Na0.04□0.14)(Al1.68Cr0.15Mg0.13Ti0.08FeT
0.04V0.01□0.91)[Si3.09Al0.91O10]([OH]1.79O0.16F0.05) 

PR-MNM mica - muscovite 3.78 5.3 0.3 (K0.91□0.09)(Al1.22Mg0.56MnT
0.12FeT

0.09Ti0.02□0.97)[Si3.60Al0.40O10]([OH]1.93O0.04F0.03) 
AJ-23-14-B mica - muscovite 0.89 N/A N/A (K0.84Na0.04□0.12)(Al1.70Mg0.20FeT

0.18Cu0.03Ti0.01□0.88)[Si3.11Al0.89O10]([OH]1.97F0.03) 
BE-P mica - phlogopite 2.33 -12.1 0.6 (K0.95Na0.05)(Mg2.63Ti0.17FeT

0.11Al0.09)[Si2.75Al1.25O10]([OH]1.07F0.58F0.34) 
DJ-B mica - phlogopite 0.23 N/A N/A (K0.87Na0.06Ba0.02)(Mg2.13FeT

0.38Ti0.27Al0.21Ni0.01)[Si2.71Al1.29O10]([OH]1.41O0.53F0.06) 
JB-P mica - phlogopite 5.08 -0.5 0.5 (K0.86Na0.07Ba0.02)(Mg2.68Al0.23FeT

0.04Ti0.04)[Si2.80Al1.20O10]([OH]1.58F0.34O0.08Cl0.01) 
KO-B mica - phlogopite 0.55 4.3 1.2 (K0.78Na0.03□0.19)(Mg1.79FeT

0.61Al0.45Ti0.10Cr0.01Ni0.01□0.03)[Si2.69Al1.31O10]([OH]1.79O0.19F0.02) 
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sample ID mineral [Tl] ppm ε205Tl ± 2s formula 
LB-P mica - phlogopite 6.45 -2.3 0.6 (K0.86Na0.04Ba0.01)(Mg2.53FeT

0.18Al0.16MnT
0.10Ti0.02Zn0.01)[Si2.88Al1.11O10]([OH]1.89F0.07O0.04) 

OS-B mica - phlogopite 1.49 N/A N/A (K0.84Na0.02Ca0.01)(Mg1.87FeT
0.93Al0.13Ti0.02MnT

0.04Zn0.01)[Si2.88Al1.11O10]([OH]1.58F0.36O0.04Cl0.01) 
BH-S sphalerite BDL — — (Zn0.76Fe2+

0.16Mn2+
0.07)S1.00 

CSD-T tourmaline BDL — — (Na0.77Ca0.02K0.01□0.20)(Mg1.29Fe2+
1.15Al0.31Fe3+

0.12Ti0.10Mn2+
0.01)Al6.00[Si5.83Al0.17O18](BO3)3(OH)3([OH]0.45F0.24O0.31) 
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Table 7. Calculated distribution coefficient (D) for Tl within mica and K-feldspar in coexisting minerals. 

locality sample ID Dmica/kspar rock type 
Ajo, AZ, USA AJ-23-14 1.5 igneous - intermediate 
 AJ-23-4 5.5 igneous - intermediate 
    
Birch Creek, NV, USA BC-76 3.8 igneous - felsic 
    
Bozeman, MT, USA BZ 8.6 metamorphic 
    
Elder Creek, Battle Mountain, NV, USA EC-07 5.3 metasomatic - K 
    
Iron Springs, UT, USA IS12-12b 3.7 metasomatic - Fe 
    
K-2 region, Pakistan K2 24.1 igneous - felsic 
    
Långban, Sweden LB 3.1 metasomatic – Mn-Zn 
    
Mountain Pass, CA, USA MPSYN 1.0 igneous - felsic 
    
Tien Shan Mountains, Tajikistan TS 4.3 metamorphic 
    
Cornwall, United Kingdom UK-B1 2.5 igneous - felsic 
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Table 8. Average [Tl] and ε205Tl values for various rock types. [Tl] and ε205Tl values shown here are averages for each rock type. ADL = above detection limit.  

rock type [Tl] (ppm) samples ADL ε205Tl 

igneous 
felsic 4.63 18/23 -0.7 
intermediate 0.77 17/25 +1.9 
other 0.54 5/6 +5.0 

     
metamorphic  1.78 10/13 -3.0 

     

metasomatic 

Au 6.36 4/6 +1.1 
Cu 8.08 5/11 -1.3 
Fe 0.73 8/22 -1.2 
K 0.99 24/35 -2.3 
Mn-Zn 11.10 6/12 +1.7 
Na-Ca 0.73 5/11 -2.1 
Pb 1.92 2/5 +0.8 
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Figure 3. 
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Figure 6.
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Figure 7.
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Figure 8.
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Figure 9.
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Figure 10. 
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APPENDIX B: THALLIUM DISTRIBUTION AND ISOTOPE VARIATIONS OF THE 
BATTLE MOUNTAIN DISTRICT, NORTH-CENTRAL NEVADA 
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ABSTRACT 

Thallium (Tl) is a highly incompatible element and, as such, dominantly resides in the 

continental crust, where it can be easily remobilized during hydrothermal alteration. Previous 

work has demonstrated the effects of hydrothermal alteration on Tl distribution and fractionation 

but noted the need for a more in-depth analysis on the mineralogic scale to better understand the 

controls responsible for the observed Tl fractionation during hydrothermal alteration. Here, we 

present new Tl isotope composition and concentration data for a suite of 55 mineral separates 

obtained from 43 samples from the Battle Mountain area, a major Au(-Cu) district in northern 

Nevada. The samples range from unaltered intrusive igneous rocks through varying types and 

degrees of hydrothermally altered rocks, notably including minerals such as K-feldspar, K-micas,  

scapolite, and sulfides. 
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Measured Tl concentrations vary by more than an order of magnitude, from below detection 

limit (0.2 ppm in this study) to 2.0 ppm, while e205Tl ranges between -5.0 to +4.4 (e205Tl is the 

deviation of the 205Tl/203Tl isotope ratio of a sample from a standard in parts per 104). [Tl] 

correlates positively with [K], thus [Tl] increases in K-alteration and [Tl] decreases during Na-

Ca alteration. During hydrothermal alteration, 203Tl is more easily (re)mobilized and 

(re)distributed, particularly from mica samples, resulting in lower Tl e205Tl values during K-

alteration, with the lowest e205Tl values being observed in mica samples. In contrast, later Na-Ca 

alteration increases e205Tl values, where K, and Tl, are removed. These variations reflect: 1) a 

first-order hydrothermal alteration control, including the metasomatic transport of Tl during the 

formation and breakdown of K-bearing (and thus, Tl-bearing) minerals; and 2) a second-order 

mineralogical control, where the distribution of Tl is governed by the partitioning of Tl+ into K-

bearing phases, which also results in a small fractionation effect. 

1. INTRODUCTION 

Thallium is a highly incompatible element that is enriched in the continental crust. In the two 

decades since isotopic measurements were first done on the two stable isotopes of Tl, it has been 

shown to have an overall variability in the 205Tl/203Tl ratio of more than 35e (Shaw, 1952; 

Heinrichs et al., 1980; Wedepohl, 1995; Baker et al., 2010; Nielsen et al., 2017). Thallium has 

been shown to accumulate, and fractionate, in low-temperature hydrothermal systems, such as 

ocean floor alteration and in porphyry copper systems (Nielsen et al., 2006; Baker et al., 2010; 

Coggon et al., 2014). Additionally, there has been a long-noted association between Tl and some 

ore-forming systems, particularly Carlin-type gold deposits, where Tl has been used as a 

pathfinder element for alteration and associated mineralization for decades (Ikramuddin et al., 

1983; Ikramuddin et al., 1986; Massa and Ikramuddin, 1986; Warren and Horsky, 1986; Murao 
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and Itoh, 1992). Previous work (Baker et al., 2010) has shown that alteration may control Tl 

distribution and fractionation in some of these systems but noted the need for discrete mineral 

data to provide a detailed assessment of the minerals responsible for the observed Tl isotope 

effects during alteration. Rader et al. (2018) showed that mineralogical controls indeed play a 

role in Tl distribution and fractionation on a global scale, but suggested a follow-up, regional 

study to further quantify the extent of this phenomenon. The Battle Mountain district contains 

multiple intrusive centers of Eocene age with voluminous variably Au-bearing hydrothermal 

alteration (Theodore, 1996; King, 2017). In a larger context, the Battle Mountain district is an 

igneous end-member of a spectrum of world-class, typically Tl-bearing gold-bearing deposits 

(Cline et al., 2005). Recent work by King (2017) has shown that the Battle Mountain district 

contains a range of igneous-related hydrothermal alteration characteristic of an evolving fluid, 

including K-enriched and K-depleted types. The diverse and contrasting hydrothermal alteration 

present provides the context to evaluate whether hydrothermal processes related to gold-rich 

systems can alter Tl concentrations and isotopic ratios, and if so, to what extent. 

The aim of this present study is, therefore, to quantify the effect of hydrothermal alteration 

on mineral-scale Tl redistribution and fractionation across a well-characterized district. Do 

hydrothermally altered rocks directly reflect the isotopic signatures of host rocks, or does the 

process of alteration itself superimpose an isotopic shift in what we measure? We present an 

analysis of Tl geochemical changes from unaltered rocks through multiple types of 

hydrothermally altered rocks. Such results have parallels in other hydrothermal and igneous 

settings. 
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2. SAMPLES AND GEOLOGY 

2.1. Study area description 

The Battle Mountain district is located in north-central Nevada near the northern end of the 

Battle Mountain – Eureka mineralized trend, a northwest-southeast alignment of metal mining 

districts (Figure 1) The geology of the district has been described in detail in a number of 

previous studies (Roberts and Arnold, 1965; Theodore and Blake, 1975; Theodore, 1996; King, 

2017) and, as such, only a brief summary is provided here. In the district, a complex set of thrust 

faults with disparate Paleozoic rocks have been intruded by Jurassic, Cretaceous, and Eocene 

granitoids (Roberts and Arnold, 1965; Theodore and Blake, 1975; Theodore, 1996). Host rocks 

in the region are generally siliceous (sandstones, cherts, and quartzites) and argillaceous 

sedimentary rocks (shale) with localized carbonates. The host rocks are thought to play little role 

in contributing to the Tl inventory of the area, with most Tl coming from igneous intrusive 

centers in the district. However, these host rocks do form the three major thrust plates in the 

region (the Roberts Mountain allochthon, the Dewitt allochthon, and the Golconda allochthon) 

and may help control fluid flow through the district (Roberts and Arnold, 1965; Theodore and 

Blake, 1975; Theodore, 1996; King, 2017). 

2.1.1. Igneous rocks 

The thrust blocks described above are intruded by a number of igneous bodies; there are 

about two dozen intrusive centers of three ages: Jurassic, Cretaceous, and Eocene (Figure 1; 

King, 2017). This study focuses on Eocene magmatism and related hydrothermal events, which 

are dominated by a series of petrographically similar granodiorite porphyry intrusions that were 

emplaced between about 42 and 39 Ma (King, 2017). The similarity in timing and composition 

of the igneous rocks suggests that they are closely related and perhaps developed as multiple 
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shallow (≤ 5 km depth) cupolas from a common magma chamber (Table 1). Samples here are 

from a larger collection from King (2017) and include the Elder Creek porphyry system, the 

Long Peak Stock, a system of late dikes, or the larger Copper Basin porphyry system, which 

includes the Snow Gulch Stock, Paiute Canyon Stock, Poorman’s Gulch Stock, North Stock, 

Bailey Day Stock, and Vail Canyon Stock (Figure 1). The fresh, unaltered intrusions can be 

generally characterized by porphyritic plagioclase (30-50%), quartz (10-50%), hornblende 

(<30%), and biotite (<30%), with a fine-grained groundmass of quartz and plagioclase ± K-

feldspar with occasional quartz eyes (King, 2017). For detailed whole-rock geochemistry, the 

reader is referred to King (2017). 

2.1.2. Hydrothermal systems 

The igneous rocks described above are variably altered by potassic (K-), sodic-calcic (Na-

Ca), calcic (Ca), and potassic-calcic (K-Ca) alteration. The K-alteration suites are characterized 

by the presence of quartz veins, biotitization of hornfels, and secondary K-feldspar, biotite, and 

quartz in the intrusions. These features have been interpreted as magmatic-hydrothermal 

features, such as those present in porphyry-type mineral deposits, by Theodore (1996) and King 

(2017). The Na-Ca alteration family contains Na- or Ca-plagioclase, actinolite, diopside, epidote, 

and chlorite, with occasional scapolite. These Na-Ca alteration features have been interpreted as 

the byproduct of a secondary, external, non-magmatic fluid based on hydrogen isotopic evidence 

and due to their prevalent overprinting with no clear association with any particular intrusive 

phase (King, 2017). 

2.2. Samples 

For this study, 55 mineral separates were obtained from 43 hand samples, predominately 

phlogopite mica and K-feldspar. Individual mineral grains were selected for Tl concentration 
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analysis, with the aid of staining (where appropriate) and a picking scope. Bulk mineral separates 

were necessary for Tl isotope composition measurements and were selected in the same way as 

individual grains. However, given the volume of sample required for isotopic analysis, some 

bulk samples analyzed may have contained misidentified grains, such as Na- or Ca-plagioclase 

for K-feldspar samples (Table 1). Inadvertent incorporation of such phases has negligible effect 

on the overall Tl isotopic composition, as these phases are not Tl-bearing, as demonstrated by 

Rader et al. (2018).  

There were 40 K-feldspar samples analyzed, 10 phlogopite samples, three annite samples, 

and one each pyrite and scapolite samples obtained for analysis. Of those 55 mineral samples, 15 

come from the vicinity of the Elder Creek porphyry system, 38 were from the larger Copper 

Basin porphyry system, and one each from both the Long Peak Stock and the late dikes (Figure 

1). The mineral samples analyzed here are primary igneous minerals or hydrothermal alteration 

products (Table 1). Whole-rock samples were previously analyzed for major and selected trace 

elements and select mineral samples were further characterized by EPMA (electron probe 

microanalyzer). These analyses formed the basis for the previous characterization of the igneous 

rock type and alteration assemblage of each sample (Table 1) (King, 2017). 

3. ANALYTICAL METHODS 

Sample preparation for analysis of Tl concentration and isotope ratios is as follows. All acids 

employed in chemical digestions were doubly-distilled and full strength (12M HCl, 16M HNO3, 

29M HF). Deionized 18 MΩ-grade Milli-Q water from a Millipore purification system was used 

where noted (MQ). Subsequent Tl and Pb concentrations (henceforth [Tl] and [Pb]), with 

ancillary Pb isotopes, as well as ε205Tl values were collected using a Thermo 
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Scientific/GV/Micromass IsoProbe MC-ICP-MS located in the Geosciences department at the 

University of Arizona. 

3.1. Sample digestion and preparation 

3.1.1. Thallium concentration sample preparation 

Mineral separates of approximately 1.0 mg were placed into 14 mL Falcon polypropylene 

round-bottom tubes. A maximum sample size of ~1.0 mg was required due to the total dissolved 

solid (TDS) limits of the IsoProbe. Silicate samples were then dissolved using 1 mL HF. Sulfide 

samples were dissolved using 3:1 HCl:HNO3 aqua regia. All tubes were left unsealed and placed 

in a water bath under a fume hood at approximately 80-90°C until the acid fully evaporated 

(generally 3-4 days). After full evaporation, approximately 0.2 mL of HNO3 was added along 

with approximately 0.2 mL of MQ and each Falcon tube was capped. This solution was left for a 

minimum of 3 days to allow for complete re-dissolution of the precipitate following acid 

evaporation. The samples were subsequently brought up to 10 mL with additional MQ. 

3.1.2. Thallium isotope composition sample preparation 

To ensure an accurate, stable isotopic analysis, multi-stage chromatographic extractions were 

used to fully separate Tl from the sample matrix. As such, the sample masses required to obtain 

eluent concentrations of 20-50 ppb Tl were weighed into 15 mL Savillex screw-cap vials. 

Samples were dissolved with a standard HF-HNO3 technique, with the addition of an aqua regia 

step for sulfides or samples with persistent fluorides. Following dissolution, Tl was chemically 

isolated using a procedure which followed protocol established by Rehkämper and Halliday 

(1999), Nielsen et al. (2004), and Baker et al., (2009) with slight modification, detailed in Rader 

et al. (2018). 
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3.2. Thallium concentration measurements by MC-ICP-MS 

Sets of three to five unknowns were bracketed by both a mixed NIST 981-NIST 997 solution 

standard (50 ppb Pb [NIST 981]; 5 ppb Tl [NIST 997]), for external correction for mass 

fractionation, and by a Broken Hill orthoclase solution, for data quality analysis via external 

reproducibility. The raw data were processed offline in MS Excel to obtain mass fractionation 

corrected Pb isotope ratios relative to the NIST 981-NIST 997 standard solution. [Tl] and [Pb] 

were calculated based on the voltage in relation to the NIST 981-NIST 997 standard solution 

through monitoring 205Tl and 208Pb intensities, as detailed in Rader et al. (2018). Using this 

method, concentrations can be estimated to a precision of ± 10% or better for individual grains 

and across hand samples. Solutions with greater than 0.02 ppb Tl yield a detectable signal over 

the background (~1-2 mV initially, 5-6 mV after several consecutive days of analyses). For a 1 

mg sample dissolved in 10 mL solution, this corresponds to a concentration in the mineral of 

approximately 200 ppb Tl, or 0.2 ppm. 

As a first step, [Pb] and Pb isotope ratio data were collected concurrently with [Tl] data. 

These allowed determinations of the nominal sample size needed to produce a 25 ppb Tl eluent 

for isotopic ratio measurements and whether two or three column passes would be necessary to 

produce a Pb-free eluent. Lead isotope ratios were collected and reported for any sample with a 

mineral concentration of 10 ppm or greater; isotopic data collected for minerals with lower [Pb] 

typically had high associated errors and were not considered reproducible. 

3.3. Thallium isotope composition measurements by MC-ICP-MS 

The Tl isotope measurements utilized both external normalization to NIST-981 and standard 

sample bracketing. Sets of three unknown samples were bracketed with the mixed NIST-997-

NIST-981 Tl and Pb isotope standard. Standard solutions of NIST-997-NIST-981 were analyzed 
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five times, sequentially, bracketing the unknowns. Each analysis consisted of 40 one second 

integrations, which were averaged to monitor instrumental stability and drift. Three sequential 

analyses, each with 40 one second integrations, of each unknown sample were analyzed in 

sequence for reproducibility. An on-peak zero blank was collected between each set of analyses. 

Data quality was monitored by the analysis of multiple USGS reference materials, BCR-2 and 

Nod-A-1. A procedural blank in the absence of sample was used to verify no measurable Tl was 

introduced during the digestion or separation procedure. All results are reported in e205Tl 

notation, which is defined as: 	

" #$ =

⎝

⎜
⎛
) #$*+,

#$*+- .
/01234

) #$*+,

#$*+- .
5678	99:

− 1

⎠

⎟
⎞ × 10,000*+,  

The NIST-997 Tl isotope reference material was used as e205Tl = 0 reference standard 

throughout. 

4. RESULTS 

4.1. Thallium concentrations 

Thallium concentrations in the minerals analyzed ranged from below detection limit (BDL; 

i.e., <~0.2 ppm) to 2.0 ppm, more than an order of magnitude overall. Of the 55 mineral samples 

studied here, 35 yielded detectable Tl: 23 of 40 K-feldspar samples, nine of ten phlogopite 

samples, and all three annite samples. The pyrite and scapolite samples both contained no 

measurable Tl. 

4.1.1. Mineral type 

From the 35 samples with measurable Tl, the overall average [Tl] was 0.91 ppm. K-feldspar 

samples were right skewed, with an average [Tl] of 0.77 ppm and a range of BDL – 1.96 ppm. 
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Mica samples, on the other hand, were slightly left skewed, with an average [Tl] of 1.18 ppm and 

a range of BDL – 2.00 ppm (Table 1). Additionally, there were six samples with coexisting 

(formed in chemical equilibrium) K-feldspar and mica separates, either phlogopite or annite 

(Figure 2). Regardless of rock or alteration type, each sample with coexisting minerals contained 

a more Tl-enriched mica than K-feldspar. 

4.1.2. Mineral association 

Mineralogical [Tl] was compared with whole-rock elemental data, where available (Table 1). 

[Tl] for both K-feldspar and mica samples are loosely correlated with whole-rock K2O (R2 = 0.49 

and R2 = 0.42, respectively), although mica are much more enriched in Tl at low whole-rock 

K2O concentrations (< 5% K2O) (Figure 3). Mineralogical [Tl] was also compared with whole-

rock [Tl] to determine overall mass balance (Figure 4). Mica universally displayed higher [Tl], 

compared with whole-rock values, by nearly threefold on average. By contrast, K-feldspar 

samples contain less Tl than whole-rock values in most cases. Only three samples contained 

coexisting K-feldspar and mica with accompanying whole-rock elemental data for comparison: 

EC-07, PC-14, and VC-03. Although these samples are limited, they were used to calculate 

whole-rock [Tl] from modal mineralogy and each fell within error of the measured whole-rock 

[Tl] (Figure 4). 

4.1.3. Rock type 

Mineralogical [Tl] varies as a function of alteration of the original granodiorite intrusions 

(Figure 5). Unaltered rocks average [Tl] = 0.66 ppm, weakly K-altered rocks average [Tl] = 0.74 

ppm, strongly K-altered rocks average [Tl] = 1.26 ppm, and later Na-Ca-altered rocks average 

[Tl] = 0.84 ppm. Furthermore, mineralogical [Tl] is positively correlated with K2O and 
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negatively correlated with Na2O (Figure 6). Interestingly, these enrichment and depletion 

patterns are most strongly correlated within K-feldspar samples (Figure 6, A. and C.). 

4.2. Thallium isotope compositions 

e205Tl values ranged from -5.0 to + 4.4, an overall range of nearly 10 e units. Of the 35 

mineral samples with measurable Tl, we were able to obtain e205Tl values on 32 of them; three of 

them did not provide sufficient sample material for analysis. 22 of the 32 samples analyzed for 

e205Tl values were bulk K-feldspars and the remaining ten were bulk mica samples, 

predominantly phlogopite. 

4.2.1. Mineral type 

The overall average was e205Tl = -2.5 for 32 analyses. K-feldspar samples were right skewed 

with a range of e205Tl = -5.0 to +4.4 ± 0.3 (2s) and an average e205Tl = -2.2. Twenty of the 22 K-

feldspar samples were evenly distributed between e205Tl = -5 and 0. Mica samples had a slightly 

smaller and negatively skewed range, with e205Tl = -4.8 to +0.4 ± 0.3 (2s) and a lower average 

e205Tl = -3.0. Nine out of ten mica samples had e205Tl < 0, with six of ten samples having e205Tl 

< -3.0. Furthermore, for every pair of coexisting K-feldspar and mica samples, the mica 

consistently returned lower e205Tl values than K-feldspar by, on average, 2.5 units, regardless of 

mica composition (Figure 7). 

4.2.2. Rock type and alteration 

Thallium isotope compositions show no correlation with age or temperature of emplacement 

(Figure 8). e205Tl values versus [Tl] (a second-order reflection of alteration) reveals a strong 

correlation between e205Tl values and [Tl] (Figure 9, A.). From the same samples, [Tl] is 

negatively correlated with e205Tl values. Likewise, when mineralogical e205Tl values are plotted 

as a function of hydrothermal alteration, this fractionation pattern becomes more distinct (Figure 
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9, B.). During progressive K-alteration, Tl isotope compositions transition from a large range of 

higher e205Tl values for unaltered rocks (e205Tl = -2.9 to +2.2, average = -0.6) to a narrower 

range of lower e205Tl values during progressive K-alteration (e205Tl = -5.0 to -1.6, average = -3.2 

and -3.7, respectively, for weak K- and strong K-alteration). During subsequent Na-Ca alteration, 

the Tl isotope composition shifts to higher e205Tl values (e205Tl = -4.3 to -0.8, average = -2.1). 

Furthermore, mineralogical e205Tl versus K2O are negatively correlated, but positively 

correlated for Na2O (Figure 10). Samples with K2O > ~4%, our most strongly K-altered samples, 

have the lowest e205Tl values measured here, with e205Tl < -2. Na-Ca altered and unaltered 

samples have significantly higher e205Tl values with e205Tl values, as well as much lower K2O 

concentrations (K2O < 4%) (Figure 10, A.-B.). Na2O shows opposing behavior, with a cutoff 

around ~3% [Na2O]: any samples above that cutoff (unaltered and Na-Ca altered) have higher 

e205Tl values (e205Tl > -3, average e205Tl = -1.5) as compared to weakly and strongly K-altered 

samples ( e205Tl values £ -2, average e205Tl = -3.5) (Figure 10, C.-D.). 

 
5. DISCUSSION 

5.1. Thallium concentrations 

5.1.1. Distribution of Tl 

Thallium is a highly incompatible element with both lithophile and chalcophile properties 

(Shaw, 1952; McGoldrick et al., 1979; Heinrichs et al., 1980; Calderoni et al., 1983; Wedepohl, 

1995). As such, it may be expected that Tl would behave as a chalcophile element in many 

sulfur-bearing ore-forming systems and environments; however, previous work has demonstrated 

dominantly lithophile behavior across a variety of environments, with chalcophile behavior being 

reserved for areas that produce a distinct sulfide melt (McGoldrick et al., 1979; Kiseeva and 
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Wood, 2013; Nielsen et al., 2014; Hettmann et al., 2014; Nielsen et al., 2017; Rader et al., 2018). 

A similar behavior is observed in this study, with Tl displaying dominantly lithophile 

characteristics. Thallium concentrations show good correlation with whole-rock K2O (Figure 3, 

A.) for both mica and K-feldspar, particularly where hydrothermally altered (section 5.1.2.). 

Mineralogically, Tl distribution patterns are more diverse. Mica samples tend to display more 

chalcophile characteristics than K-feldspars, as noted by the strong correlations between Tl and 

Cu (R2 = 0.68) and Tl and As (R2 = 0.93) (Figure 3, B.-C.), and have much higher [Tl] at low 

whole-rock K concentrations (Figure 3, A.). This behavior reflects the ability of mica to 

concentrate Tl, even in less lithophile settings with low whole-rock K concentrations. Indeed, in 

every sample with coexisting K-feldspar and mica, the mica concentrates Tl over fivefold, as 

compared with K-feldspar (Figure 2). Interestingly, neither mica nor K-feldspar samples show a 

correlation with Rb, another geochemically similar alkali element, suggesting there may be 

alternate factors controlling Tl (re)distribution in these highly metasomatized systems (Figure 3, 

D.). 

 Although our [Tl] range by more than an order of magnitude, mineralogical [Tl] is consistent 

with whole-rock [Tl]. Three samples with coexisting K-feldspar and mica were used to calculate 

a whole-rock [Tl] based on modal percentages and mineralogic contributions for the igneous 

rock. In each instance, whole-rock [Tl] were reproduced, within error, of the measured whole-

rock [Tl], indicating good mineralogical agreement with whole-rock data. Moreover, given the 

composition of the granodiorites present in the Battle Mountain district, K-feldspar and mica 

samples without accompanying mineral pairs are still consistent with estimated [Tl] based on 

measured whole-rock [Tl]. For example, although phlogopite concentrates Tl, mica only 
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comprises 10-25% of the host rock. Therefore, it is to be expected that mica would provide a 10-

25% contribution to the whole-rock [Tl] composition (Figure 4). 

5.1.2. Controls on Tl distribution 

Owing to the geochemical similarity between Tl and other alkali metals, such as K, Rb, and 

Cs, Tl is a highly incompatible element. As such, Tl becomes concentrated in the continental 

crust and is mobile during metasomatism and weathering (Shaw, 1952; Baker et al., 2010; 

Coggon et al., 2014). The Battle Mountain district is highly metasomatized, including Na-Ca- 

and varying degrees of K-alteration. Samples from this region clearly indicate Tl abundances 

vary strongly and systematically during progressive alteration and display incompatible, 

lithophile behavior (Figures 5 and 6). As K is introduced to the system during weak and strong 

K-alteration, Tl is also concentrated; average [Tl] = 0.74 and 1.26 ppm for weak and strong K-

alteration, respectively. During later events of Na-Ca alteration, where K is being replaced with 

Na, Tl abundances also systematically decrease; Na-Ca altered rocks average [Tl] = 0.84 ppm. 

This is of particular interest given the potential of Tl as a pathfinder element in magmatic 

hydrothermal systems. Thallium has been shown to precipitate during fluid outflow and 

acidification within aureoles near porphyry systems, with a strong correlation to various 

hydrothermal alteration halos (Halley et al., 2015).  

Looking at hydrothermal alteration in more detail, there is also a distinct mineralogical 

control (Figures 5 and 6), where mica samples are much more concentrated in Tl than similarly 

altered K-feldspar samples. This mineralogical control holds true across all alteration types, as 

well as within unaltered samples (Figure 5). Rader et al. (2018) demonstrated the near ubiquity 

of Tl enrichment in micas, as opposed to other coexisting silicates, due to crystal chemical 

controls, so the ability of mica to concentrate Tl here is to be expected. The mineralogical and 



 

 96 

alteration Tl patterns observed suggest that during hydrothermal alteration Tl is easily mobilized 

and redistributed in a very similar pattern as K, particularly within K-bearing micas. It is 

important to note that of our least K-altered samples, that is samples with K2O less than 4% or 

Na2O greater than 3%, those with the highest [Tl] are mica samples, further suggesting the ease 

with which Tl can be incorporated into sheet silicates during metasomatism. Taken together, 

these observations demonstrate that the Tl abundances of the Battle Mountain district are 

primarily governed on a first-order basis by hydrothermal alteration and on a second-order basis 

by mineralogy. 

5.2. Thallium isotope compositions 

5.2.1. Igneous processes 

On a first-order scale, various igneous processes or differences in parental magma 

compositions may be thought responsible for the large range of Tl isotope compositions 

observed here. However, nearly 10 e units of variation would be extremely unusual for purely 

magmatic variations; Tl is essentially immune to fractionation by magmatic processes (Prytulak 

et al., 2017). Furthermore, the chemical composition of the plutons in this region are very similar 

to one another, reducing the possibility of large ranges of e205Tl values due to source material 

variations (Table 1). In fact, several intrusive centers span nearly the entire range of e205Tl 

reported here, such as Paiute Canyon, where e205Tl ranges from -4.3 to +2.2 (Figure 8). 

Regardless of age or emplacement temperature, we see a large range of e205Tl values for single 

locations; only Elder Creek displays a limited range of e205Tl values, with e205Tl = -4.4 to -3.0. 

Elder Creek is unique in that it is a pluton dominated by K-alteration, with every Tl-bearing 

sample analyzed from that pluton being either weakly or strongly K-altered. It is conceivable, 

then, for alteration to be a controlling factor for fractionation, particularly given the conclusion 
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here that the [Tl] are primarily governed by alteration, and secondarily by mineralogy. e205Tl 

values versus [Tl] (a second-order reflection of alteration) demonstrates a strong correlation 

between e205Tl values and [Tl] (Figure 9, A.). 

5.2.2. Hydrothermal processes 

Thallium isotopic compositions in the Battle Mountain district are controlled, at least 

partially, by hydrothermal alteration. There is a distinct decrease in e205Tl values during 

progressive K-alteration and later overprinting by Na-Ca alteration (Figure 9, B.). This 

demonstrates the preferential mobilization of 203Tl during both K- and Na-Ca alteration: during 

K-alteration where K and Tl are being added to the system, e205Tl values are much lower 

compared to unaltered e205Tl values. Therefore, 203Tl must be added to the system. Likewise, as 

K and Tl are stripped during later Na-Ca alteration, e205Tl values are higher compared to K-

altered samples, suggesting 203Tl is remobilized. There is also a distinct cutoff for both K2O and 

Na2O with regard to e205Tl values (Figure 10). This slight, but significant, enrichment of 203Tl 

during progressive K-alteration is likely a reflection of minor Tl isotopic fractionation during 

fluid-mineral partitioning. 

Mineral-specific analysis further strengthen the view that fluid-mineral partitioning is playing 

a role in Tl isotopic fractionation. The large range of Tl isotopic compositions for each alteration 

type, particularly for unaltered and Na-Ca altered samples, can, at least partially, be explained by 

slightly different fractionation factors for different minerals. For example, unaltered samples 

span a range of nearly 6 e205Tl units, from ~ e205Tl = -3 to +3. However, annite samples 

contribute the most negative e205Tl values to this range, with annite at e205Tl = -2.9 and -2.1. The 

same can be demonstrated for Na-Ca altered samples, with phlogopite e205Tl = -4.3, more than 

one e205Tl unit lower than any other Na-Ca altered sample (Figure 9). In general and across all 



 

 98 

alteration types, K-feldspars yield higher e205Tl values (average e205Tl = -2.2) as compared with 

micas, which contribute the lowest e205Tl values observed (average e205Tl = -3.0). Furthermore, 

this mineral partitioning is enhanced when analyzing coexisting mineral samples in chemical 

equilibrium (Figure 7). Here, it can be seen that for every pair of coexisting feldspar and mica 

samples, e205Tlmica <e205Tkspar. Even for samples shown here without a mineral pair (the feldspar 

sample of two pairs did not contain measurable Tl, and therefore a e205Tl could not be 

determined), the mica samples all have negative e205Tl values, as compared with the standard. 

The previously observed preferential (re)mobilization of 203Tl during both K- and Na-Ca 

alteration leads to the fractionation observed here, as 203Tl is more easily (re)mobilized from the 

larger, more weakly bound alkali site in the mica structure as compared with feldspar. 

6. CONCLUSIONS 

The igneous rocks in the Battle Mountain district record a complex history of magmatism 

and extensive hydrothermal alteration. The Tl concentrations here vary by more than an order of 

magnitude (from BDL (<0.2 ppm) to 2.00 ppm) and are well correlated with other alkali 

elements. This suggests that Tl primarily behaves as a lithophile element in this setting. Tl 

contents during alteration appear to be primarily governed by the production or destruction of K-

bearing (and thus Tl-bearing) phases, such as K-feldspar and mica. Beyond these first-order 

alteration controls on Tl distribution, mineralogic controls play a significant role in Tl 

(re)distribution, with sheet silicates, such as phlogopite and annite in this study, being much 

more enriched in Tl during initial emplacement and subsequent K-alteration.  

The Tl isotope compositions of the Battle Mountain samples span a range of e205Tl values 

from -5.0 to +4.4, nearly 10 e205Tl units. This variability primarily reflects Tl mobilization during 

hydrothermal alteration and secondarily reflects fluid-mineral partitioning during alteration. 
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Lower e205Tl values are associated with progressive K-alteration, where 203Tl is preferentially 

remobilized and redistributed. Furthermore, the mica structure appears to be more amenable to 

the incorporation of 203Tl, leading to a pronounced fractionation between coexisting mineral 

phases. These results demonstrate the potential difficulty in using Tl isotope compositions as 

fingerprints for mineralizing fluid sources due to the ease with which isotopic compositions can 

be overprinted during alteration. However, Tl isotope compositions may be used as an indicator 

of mineralization, particularly in deposits associated with specific alteration events or phases, 

and for understanding the evolving fluid chemistry during deposition and mineralization. 
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FIGURE CAPTIONS 

Figure 1. Map of the Battle Mountain Region, Nevada, showing the locations of the igneous 

centers sampled here (modified from King, 2017). 

Figure 2. Coexisting K-feldspar and mica [Tl]. Patterns denote the mineral type (hatch = K-

feldspar, waves = phlogopite mica, and triangles = annite mica) while colors denote alteration 

type for each sample: black = unaltered, pink = weak K altered, red = strong K altered. 

Figure 3. Mineral-specific [Tl] versus whole-rock lithophile and chalcophile elements (K2O 

%, [Cu], [As], and [Rb]). 



 

 102 

Figure 4. Mineral-specific [Tl] versus whole-rock (WR) [Tl] for K-feldspar and mica 

samples. Three samples with coexisting K-feldspar and phlogopite were used to calculate whole-

rock [Tl], depicted as grey circles (EC-07, PC-14, VC-03). Other coexisting samples did not 

have accompanying whole-rock elemental data for comparison. A one-to-one correlation is noted 

with the grey dashed line; samples falling above this line are more enriched in Tl than the WR 

total while samples falling below this line are depleted in Tl compared to the WR total. Samples 

used in the calculation of WR [Tl] are solid. Calculated WR samples fall within error of this line, 

indicating good mineralogical agreement with WR data. The grey shaded area distinguishes the 

field for 30% or less mineralogical contribution to WR [Tl]. 

Figure 5. Mineralogical [Tl] as a function of alteration. Horizontal black bars for each 

alteration type denote the average [Tl] for that alteration style.  

Figure 6. [Tl] as a function of alteration vs. K2O and Na2O for the Battle Mountain rocks. 

The symbol colors denote different dominant alteration styles while the symbol type denotes 

different minerals analyzed (square = feldspar, triangle = phlogopite mica, diamond = annite 

mica). 

Figure 7. Coexisting K-feldspar (square) and mica samples (phlogopite = triangle, annite = 

diamond) e205Tl. The symbol colors denote different dominant alteration styles (black = 

unaltered, pink = weak K altered, red = strong K altered). 

Figure 8. Intrusive center Tl isotope compositions shown as a function of age (A.) and 

temperature of emplacement (B.). The symbol colors denote different dominant alteration styles 

while the symbol type denotes different minerals analyzed (square = feldspar, triangle = 

phlogopite mica, diamond = annite mica). Intrusive center abbreviations: CB = Copper Basin, 

EC = Elder Creek, PC = Paiute Canyon, NS = North Stock, SG = Snow Gulch, VC = Vail 
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Canyon. Temperatures of emplacement are from calculated temperatures for primary igneous 

biotite (King, 2017). 

Figure 9. Mineralogical e205Tl as a function of alteration. Horizontal black bars in for each 

alteration type in panel B. denote the average e205Tl for that alteration style. 

Figure 10. e205Tl as a function of alteration vs. K2O and Na2O for the Battle Mountain rocks. 

The symbol colors denote different dominant alteration styles while the symbol type denotes 

different minerals analyzed (square = feldspar, triangle = phlogopite mica, diamond = annite 

mica).
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Table 1. Locations, alteration type, and geochemical data for Battle Mountain samples. Locations can be referred to the district map, Figure 1. BDL = below detection limit (0.2 
ppm); N/A applies where there was no detectable Tl or not enough sample material for isotopic measurement. Mineral names are as follows: f = K-feldspar, mp = phlogopite mica, 
ma = annite mica, s = scapolite, p = pyrite. Mineral type are as follows: h = hydrothermal, i = igneous. * denotes mineralogical data. Whole-rock data from King, 2017. 

sample locality 
location on 

Figure 1 rock type alteration mineral 
mineral 

type 
[Tl]* 

(ppm) ε205Tl* 2s* 
CaO  

% 
Na2O  

% 
K2O  
% 

[As] 
ppm 

[Rb] 
ppm 

[Tl] 
ppm 

BD-03 Bailey Day 7 hornblende granodiorite porphyry strong K f h BDL N/A N/A       

BD-03-V Bailey Day 7 hornblende granodiorite porphyry vein strong K f h BDL N/A N/A       

BD-05 Bailey Day 7 hornblende granodiorite porphyry strong K mp h 0.56 -3.2 0.7       

BD-12 Bailey Day 7 hornblende granodiorite porphyry strong K f h 0.63 -5.0 0.1 4.64 3.2 3.67 6.4 110.5 0.6 

CB-06 Copper Basin 7 hornblende granodiorite porphyry unaltered p i BDL N/A N/A       

CB-13 Copper Basin 7 hornblende granodiorite porphyry strong K f h 0.76 -3.5 0.6       

CB-03 Copper Basin 7 hornblende granodiorite porphyry unaltered f i BDL N/A N/A 4.79 2.81 3.56 12.5 69.9 0.67 

CB-04 Copper Basin 7 hornblende granodiorite porphyry strong K f h 1.33 -3.1 1.0 4.47 0.82 8.6 21.5 123.5 1.63 

CB-04-V Copper Basin 7 hornblende granodiorite porphyry vein strong K f h 1.96 -2.4 0.6 4.47 0.82 8.6 21.5 123.5 1.63 

CB-17 Copper Basin 7 hornblende granodiorite porphyry strong K f h 1.45 -3.1 0.2       

CB-21 Copper Basin 7 hornblende granodiorite porphyry unaltered f i BDL N/A N/A       

CB-39 Copper Basin 7 hornblende granodiorite porphyry strong K f h 1.88 -5.0 0.7       

CB-41 Copper Basin 7 hornblende granodiorite porphyry sodic/calcic f h 1.00 -0.8 0.2       

EC-07 Elder Creek 1 granodiorite quartz eye porphyry strong K mp h 2.00 -4.4 0.4 1.73 1.99 4.65 8.9 98.3 0.89 

EC-07a Elder Creek 1 granodiorite quartz eye porphyry strong K f h 0.44 -3.5 0.7 1.73 1.99 4.65 8.9 98.3 0.89 

EC-11a Elder Creek 1 crowded granodiorite porphyry weak K f h BDL N/A N/A 2.15 2.09 3.64 70.2 75.1 0.55 

EC-11b Elder Creek 1 crowded granodiorite porphyry weak K f h BDL N/A N/A 2.15 2.09 3.64 70.2 75.1 0.55 

EC-22 Elder Creek 1 late granodiorite porphyry dike weak K mp h 1.56 -3.7 0.4 2.76 2.8 3.42 6.6 42.5 0.23 

EC-23b2 Elder Creek 1 granodiorite quartz eye porphyry sodic/calcic f h BDL N/A N/A 4.48 3.16 2.47 11 74 0.5 

EC-26 Elder Creek 1 crowded granodiorite porphyry weak K f h BDL N/A N/A 3.43 2.89 3.68 27.7 83.2 0.52 

EC-26 Elder Creek 1 crowded granodiorite porphyry weak K mp h 1.30 -3.7 0.5 3.43 2.89 3.68 27.7 83.2 0.52 

EC-27a Elder Creek 1 granodiorite quartz eye porphyry strong K f h 0.82 -3.0 0.4 2.19 1.58 9.38 12.2 65.4 0.88 

EC-27b2 Elder Creek 1 granodiorite quartz eye porphyry strong K f h 1.00 4.4 0.2 2.19 1.58 9.38 12.2 65.4 0.88 

EC-28 Elder Creek 1 granodiorite quartz eye porphyry weak K f h BDL N/A N/A 3.16 2.69 4.58 24.7 72.2 0.44 

EC-52 Elder Creek 1 granodiorite quartz eye porphyry strong K f h 0.86 -4.4 0.5 2.19 1.09 9.3 32.9 70.5 0.83 

EC-57 Elder Creek 1 granodiorite quartz eye porphyry weak K f h 0.36 -2.9 0.3    210 118 0.81 

EC-57-V Elder Creek 1 granodiorite quartz eye porphyry vein strong K f h 1.12 -4.1 0.8    210 118 0.81 

LD-02 Late Dikes  late granodiorite porphyry dike sodic/calcic mp h BDL N/A N/A 2.65 3.49 3.41 3.8 114.5 0.5 

LP-01 Long Peak 8 granodiorite porphyry stock sodic/calcic mp h 1.14 -1.3 0.5 3.5 3.63 3.56 3.9 82.4 0.28 

NS-09 North Stock 5 hornblende granodiorite porphyry sodic calcic f h 0.71 -1.8 0.7 1.91 4.14 3.37 28.6 112.5 1 

NS-09-V North Stock 5 hornblende granodiorite porphyry vein sodic/calcic f h 0.65 -3.1 0.5 1.91 4.14 3.37 28.6 112.5 1 

PC-01 Paiute Canyon 3 crowded granodiorite porphyry sodic/calcic mp h 1.51 -4.3 0.6 4.22 3.72 1.18 <0.2 18.1 0.36 

PC-02 Paiute Canyon 3 crowded granodiorite porphyry sodic/calcic f h 0.32 -1.9 0.5 4.48 3.04 3.07 1.7 44.9 0.38 

PC-06 Paiute Canyon 3 crowded granodiorite porphyry weak K f h 0.20 -1.6 0.5       

PC-07b Paiute Canyon 3 crowded granodiorite porphyry sodic/calcic f h 0.24 N/A N/A       

PC-08 Paiute Canyon 3 crowded granodiorite porphyry sodic/calcic f h BDL N/A N/A       

PC-14 Paiute Canyon 3 crowded granodiorite porphyry unaltered ma i 1.21 -2.1 0.6 5.56 3.01 2.75 9 86.1 0.5 
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PC-14 Paiute Canyon 3 crowded granodiorite porphyry unaltered f i 0.20 2.2 0.6 5.56 3.01 2.75 9 86.1 0.5 

PC-15 Paiute Canyon 3 crowded granodiorite porphyry weak K f h BDL N/A N/A 4.56 3.01 2.74  88.7  

PG-03 Poorman's Gulch 4 granodiorite quartz eye porphyry unaltered mp i 0.73 N/A N/A 2.83 2.2 3.7 1.8 64.9 0.29 

SG-01 Snow Gulch 2 crowded granodiorite porphyry unaltered mp i 0.63 0.4 0.1 2.85 3.09 2.81 2.6 68.5 0.33 

SG-05 Snow Gulch 2 crowded granodiorite porphyry weak K ma h 1.05 -4.8 0.2       

SG-05 Snow Gulch 2 crowded granodiorite porphyry weak K f h BDL N/A N/A       

SG-06 Snow Gulch 2 crowded granodiorite porphyry weak K f h BDL N/A N/A       

SG-07 Snow Gulch 2 crowded granodiorite porphyry weak K f h 0.81 -1.7 0.1       

SG-08 Snow Gulch 2 crowded granodiorite porphyry unaltered ma i 1.07 -2.9 0.5       

SG-08 Snow Gulch 2 crowded granodiorite porphyry unaltered f i 0.20 -0.6 0.9       

VC-03 Vail Canyon 6 granodiorite quartz eye porphyry unaltered mp i 1.36 N/A N/A 4.48 2.99 3.38 2.5 40.3 0.24 

VC-03A Vail Canyon 6 granodiorite quartz eye porphyry unaltered f i BDL N/A N/A 4.48 2.99 3.38 2.5 40.3 0.24 

VC-04 Vail Canyon 6 granodiorite quartz eye porphyry sodic/calcic f h 0.57 -1.2 0.4       

VC-04-V Vail Canyon 6 granodiorite quartz eye porphyry sodic/calcic s h BDL N/A N/A       

VC-15 Vail Canyon 6 granodiorite quartz eye porphyry sodic/calcic f h BDL N/A N/A       

VC-23 Vail Canyon 6 granodiorite quartz eye porphyry weak K f h 0.22 -2.6 0.6       

VC-23-V Vail Canyon 6 granodiorite quartz eye porphyry  weak K f h BDL N/A N/A       

  
Whole-rock data was analyzed by ALS Minerals using the ME-MS61 48-element, four-acid digest ICP-MS analytical procedure combined with the ME-XRF06 whole-rock analyses package. For a 
more detailed description, see King, 2017. 
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ABSTRACT 

We investigated the uptake, internal distribution, and isotopic partitioning of the rare, highly 

toxic element thallium (Tl) into Brassica juncea (Indian mustard). Thallium is a non-essential 

trace metal found in many common geologic materials. Although in most geologic environments 

Tl is below 1 mg/kg (ppm), Tl can accumulate in particularly high concentrations in many plants 

of the Brassicaceae, shown here in Brassica juncea. The results of this study show Tl 

concentrations in plant tissue are over an order of magnitude higher than the underlying substrate 

at nearly 4,000 µg/kg. The enrichment of Tl in the Indian mustard tissues followed a descending 

pattern, with the majority of Tl being contained in edible parts of the plant, i.e. leaves ≥ flower 

stems > seed pods » stems > flowers. Although the overall pattern of Tl enrichment was 

consistent across geologic substrates, the extent of enrichment was correlated with the 
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mineralogy of the substrate, i.e., plants grown in the K-feldspar treatment were more Tl enriched 

than those grown in the Mn-nodule treatment, with the lowest plant Tl concentrations attributed 

to those grown in the hendricksite mica treatment.  

This study also measured 205Tl/203Tl isotope ratios to evaluate the nature of stable Tl isotope 

fractionation from biologic processes. We show that Tl isotope fractionation induced by Brassica 

juncea is substantial, at nearly 10 e205Tl units, and also generates systematic plant-specific 

patterns: higher e205Tl values in the stem relative to the substrate e205Tl value with increasingly 

lower e205Tl for later forming plant parts. Progressive plant growth strongly fractionates Tl 

isotopes, discriminating against 205Tl as the plant matures. Thus, 205Tl values are systematically 

higher in the early-formed stem than in plant elements formed later. This pattern demonstrates 

the large degree of translocation and the associated effects during plant growth. This study 

establishes the potential of Tl isotopes as a new tool in understanding heavy metal (re-

)distribution during anthropogenic and geologic processes and the utility of such information in 

environmental and health-related planning, as well as phytomining or bioprospecting. 

Keywords: thallium, Brassica juncea, Indian mustard, stable isotope fractionation 

1. INTRODUCTION 

Thallium (Tl) is a heavy metal that is enriched in certain geologic environments, notably 

some ore-forming systems. The extreme toxicity of Tl has led it to be added to the US EPA list 

of priority toxic pollutants, with adverse health effects including gastroenteritis, polyneuropathy, 

and alopecia, which can ultimately precede death (WHO/IPCS, 1996; Xiao et al., 2012). The 

toxicity of Tl is enhanced by the fact that, because of a chemical behavior similar to that of K+, 

biologic systems have the ability to accumulate, and in some cases hyperaccumulate, Tl within 

their tissue.  
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Thallium occurs in two valence states (Tl+ and Tl3+), with associated differences in ionic size 

and bonding. In the reduced state, Tl+ is the same charge and comparable in size to K+, with ionic 

radii at 1.76 Å and 1.60 Å, respectively. This allows Tl+ to substitute for similar-sized alkali 

element K+ in rock-forming minerals, including silicates and sulfates (Heinrichs et al., 1980; 

Shaw, 1952), as well as in biologic systems (Jacobson et al., 2005; Krasnodębska-Ostręga et al., 

2012). Although Tl is highly toxic to humans, certain plant species have been shown to 

bioaccumulate this metal in their tissues at relatively high concentrations with no adverse effects 

(Jia et al., 2013; Krasnodębska-Ostręga et al., 2012; LaCoste et al., 2001; Pavlícková et al., 2006; 

Vaněk et al., 2015). The plant family Brassicaceae contains species most known for high rates of 

Tl bioaccumulation within their tissues. Several members of this crucifer plant family are 

commonly raised as food crops (e.g., mustard, broccoli, Brussels sprouts, cabbage, cauliflower, 

kale). The combination of being active Tl bioaccumulators and food crops presents both 

environmental and human health risks. 

While posing a significant health risk to humans, these same plants presents other 

opportunities, such as the potential for phytomining or bioprospecting. A species within the 

Brassicaceae, Brassica juncea, commonly referred to as Indian mustard, has been identified as a 

plant capable of withstanding high concentrations of Tl via bioaccumulation and thereby has the 

potential for utilization in phytomining, bioprospecting and phytoremediation, and other 

geochemical exploration techniques (LaCoste et al., 2001; Sarwar et al., 2017; Wilson-Corral et 

al., 2012). The potential benefits are three-fold: 1) plant-based extraction of metals with 

economic or environmental benefit, such as Tl; 2) sustainable soil management and risk 

minimization; and 3) long-term (multi-seasonal or multi-generational), less labor intensive 
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geochemical sampling techniques during exploration for ore deposits (LaCoste et al., 2001, 

1999; Mahar et al., 2016).  

Typically, Tl occurs in bedrock in relatively low concentrations, with a crustal average of 0.7 

mg/kg (Heinrichs et al., 1980; Shaw, 1952; Wedepohl, 1995). However, some geologic processes 

can concentrate Tl by several orders of magnitude, such as coal formation, epithermal gold 

mineralization, magmatic differentiation, and certain types of hydrothermal alteration, among 

others. Anthropogenic activity can also impact Tl distribution, especially release to the 

atmosphere, with an estimated flux of Tl of 2,000 – 5,000 tons per year,  primarily as a result of 

fossil fuel combustion, ferrous and non-ferrous metal smelting, and other industrial processes 

(e.g., cement production) (Madejón, 2013). These processes can result in localized high Tl 

concentrations (or [Tl]) reaching tens or hundreds of mg/kg, and even in some cases weight 

percent concentrations (Xiao et al., 2012; Jia et al., 2013; Hettmann et al., 2014a, b; Rader et al., 

2018). Thallium is of further interest because it occurs as two stable isotopes, 203Tl (29.5%) and 

205Tl (70.5%). The relative abundance of 205Tl versus 203Tl is by convention expressed in the e-

notation: 

! "# =

⎝

⎜
⎛
(

"#)*+

"#)*, -
./0123

(
"#)*+

"#)*, -
4567	99:

− 1

⎠

⎟
⎞
× 10,000)*+  

where e205Tl is the deviation of the sample 205Tl/203Tl ratio compared to that in the NIST 997 

standard. The natural variability in size, charge, bonding properties, and redox of Tl can lead to a 

considerable fractionation in some geologic systems, with natural isotopic variations spanning 

more than 35 e205Tl values (Rehkämper et al., 2002, 2004; Nielsen et al., 2004, 2017; Rader et 

al., 2018). Previous studies have shown a strong mineralogical control on both [Tl] and e205Tl 
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values in geologic environments and soil genesis (Pavlícková et al., 2006; Vaněk et al., 2009; 

Vaněk et al., 2013; Vaněk et al., 2015; Rader et al., 2018). These controls mainly involve the 

substitution of Tl+ for K+ in K+-bearing silicate minerals, such as potassium feldspar (K-feldspar) 

and mica. Thallium is also commonly found, although to a lesser extent, with sulfide minerals. 

Sulfide minerals have lower [Tl] but have consistently higher e205Tl values compared with other 

coexisting silicate minerals (Rader et al., 2018). Thus, the weathering of K-feldspars and micas, 

along with the oxidation of exposed sulfide minerals are processes which control Tl mobilization 

rates and isotopic values in surrounding soils, water, and plant tissues. 

In the present study, our objective was to determine [Tl] and report e205Tl values in 

individual plant parts (stem, leaves, flower stems, flowers, and seed pods) of B. juncea grown on 

various Tl-amended substrates with unique Tl geochemical signatures. Our experiments were 

designed to examine the effects of differences in the soil substrates, Tl sources, and plant growth 

conditions on the distribution of [Tl] and e205Tl values in plants during the course of their 

development. 

2. MATERIALS AND METHODS 

2.1. Plant cultivation conditions 

Thallium uptake into plants was determined using pot experiments with all treatments and 

sub-treatments performed in triplicate. Plant cultivation was carried out in a greenhouse at The 

University of Arizona Controlled Experiment Agriculture Center. Seeds of B. juncea were sown 

into four-quart pots containing a mixture of pure silica sand, Osmocote Plus 15-9-12 fertilizer, 

and water absorbing polymer crystals for moisture retention. All containers were watered via a 

drip irrigation system daily. Five Tl treatments were used, along with a control: (1) a 20 µg/kg Tl 

solution of the NIST 997 standard; (2) a 100 µg/kg Tl solution of the NIST 997 standard; (3) 
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powdered Tl-bearing K-feldspar [amazonite (K(AlSi3O8)) from Amelia Courthouse, VA]; (4) 

powdered Tl-bearing mica [hendricksite (K(Zn,Mg,Mn2+)3(AlSi3O10)(OH)2) from Sterling Hill, 

NJ]; (5) powdered Tl-bearing manganese nodule NOD-A-1 from the USGS reference standards; 

and (6) a control with no Tl-bearing amendments. All Tl-bearing mineral amendments have been 

previously characterized for both [Tl] and ε205Tl values (Rader et al., 2018). 

In treatments (1) and (2) Tl as a solution was added gradually (1-5 mL per plant weekly) 

until reaching the final concentration of either 20 µg/kg or 100 µg/kg Tl per container. In 

treatments (3), (4), and (5), Tl-bearing minerals were weighed out for a final concentration of 20 

mg/kg Tl per container and mixed with sand, fertilizer, and water absorbing polymer crystals 

prior to planting. All plants were grown for 12 weeks, after which they were harvested. All 

harvested plants were separated into stems, leaves, flowers, flower stems, and seed pods, placed 

into labeled paper bags, and dried in an oven at 55-60 ºC for 3 days. The dried samples were 

homogenized by either grinding with a silica mortar and pestle or milling in a Wiley Mill to 30-

mesh sieve.  

2.2. Sample digestion and preparation 

Homogenized plant samples were weighed into microwave digestion vessels and predigested 

with a 1:1 ratio of doubly distilled 16M HNO3 and reagent grade deionized water (MQ) (18.2 

MΩ Milli-Q water) for 2-3 days. Samples were then sealed and further digested using a MARS 6 

microwave digestion system, where they were incrementally heated over a 25-minute period to 

200 ºC, then held at 200 ºC for an additional ten minutes. Procedural blanks were included with 

each batch of plant products. These blanks were consistently below the detection limit of this 

method (0.02 µg/L Tl in solution). After microwave digestion, the solutions were transferred to 

15 mL Savillex screw-cap vessels, evaporated to dryness on a hotplate (80-90 ºC) then refluxed 
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overnight in doubly distilled 6M HCl. The refluxed samples were evaporated to dryness on a 

hotplate (80-90 ºC) and refluxed overnight in a doubly distilled 1M HCl-5% Br2 solution. 

Thallium in the final solutions was chemically isolated using a multi-stage chromatographic 

extraction procedure as described by Rehkämper and Halliday (1999), and Nielsen et al. (2004) 

and modified by Rader et al. (2018). 

2.3. [Tl] measurements by MC-ICP-MS 

Once Tl was chemically isolated, 100 µL of the purified solution was diluted to 1 mL using 

doubly distilled 2% HNO3. Both [Tl] and ε205Tl values were collected using a Thermo 

Scientific/GV/Micromass IsoProbe MC-ICP-MS located in the Geosciences department at the 

University of Arizona. Sets of five samples were bracketed by a mixed NIST 997-NIST 981 

solution standard (20 µg/kg Tl [NIST 997]; 20 µg/kg Pb [NIST 981]), for external correction for 

mass fractionation. The raw data were processed offline in MS Excel. [Tl] were calculated based 

on the voltage in relation to the NIST 997-NIST 981 standard solution through monitoring 205Tl. 

Using this method, concentrations can be estimated to a precision of ± 10% or better. All 

samples from the control experiments were below the detection limit of this method for Tl. To 

ensure no residual lead (Pb) was present in solution after purification, 208Pb was also monitored, 

confirming that negligible. None of the processed samples contained measurable Pb. All 

concentrations are reported in mg/kg (ppm) or µg/kg (ppb) relative to dry plant weight. 

2.4. Thallium isotope ratios measurements by MC-ICP-MS 

Sets of three unknown samples were bracketed with the mixed NIST 997-NIST 981 Tl and 

Pb isotope solution standard (20 µg/kg Tl [NIST 997]; 20 µg/kg Pb [NIST 981]). For each 

analysis bracketing unknowns, five blocks of NIST 997-NIST 981 were analyzed in sequence to 

monitor instrumental stability and drift; each unknown analysis consisted of three blocks of each 



 

 124  

sample analyzed in sequence for reproducibility. Total procedural blanks for Tl were below our 

detection limit, or < 0.02 µg/kg, well below the Tl processed for samples (20 µg/kg). 

3. RESULTS 

3.1. NIST 997 and mineralogically Tl-amended substrate [Tl] 

The absolute concentration of Tl in individual plant parts varied from 3 µg/kg in flowers 

from the mica (hendricksite) amendment up to 3832 µg/kg in flower stems from the 100 µg/kg 

NIST 997 amendment (Figure 1 and Table 1). Despite overall [Tl] variability, each treatment 

yielded nearly identical concentration patterns, namely, [Tl] in leaves ≥ flower stems > seed pods 

» stems > flowers, with only minor amounts of Tl associated with the seed pods, stems, and 

flowers (Figure 2). Plant accumulation of Tl into all plant parts was much greater for Tl added as 

NIST 997 solution (Figure 1, A.–B.) than for Tl added as geogenic material (Figure 1, C.–E.) 

demonstrating the effect of increased bioaccessibility of Tl from the NIST 997 solution than 

from mineralogical substrates. For example, leaves accumulated 100-fold higher Tl (3826 µg/kg) 

in the 100 µg/kg NIST 997 treatment than leaves in the mica (hendricksite) treatment, 38 µg/kg 

(Table 1). [Tl] of plants grown in a geogenic substrate decreased in the following order: K-

feldspar > NOD-A-1 > mica (Table 1). The Amelia Courthouse substrate is a Tl-bearing K-

feldspar (K(AlSi3O8), while the USGS NOD-A-1 is a Tl-bearing Mn nodule from the Atlantic 

Ocean, and finally the Sterling Hill hendricksite (K(Zn,Mg,Mn2+)3(AlSi3O10)(OH)2) is a 

trioctahedral mica with high Zn2+ and Mn2+ content. There was a statistically significant 

difference between treatment types as determined by one-way ANOVA (F(4,20) = 6.156, p = 

0.0021) and no statistically significant differences between plant parts (across treatment types) as 

determined by one-way ANOVA (F(4,20) = 1.203, p = 0.34). Post hoc comparisons between 

treatment types using the Tukey HSD test indicated that the mean values for plant parts of the 
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NIST 100 µg/kg treatment differed significantly from plant parts of all three mineralogical 

treatments at p < 0.05 (K-feldspar, NOD-A-1, and mica). The NIST 100 µg/kg treatment and 

NIST 20 µg/kg treatment were not significantly different from one another. 

3.2. NIST 997 Tl-amended substrate e205Tl values 

e205Tl values of plant parts from B. juncea vary from e205Tl = -4.3 to +2.7 (Figure 3 and 

Table 1) and display some consistent features. First, plant stems grown in the 20 µg/kg and 100 

µg/kg amendments yield significantly higher e205Tl values (+2.7 and +2.3, respectively), than the 

source material, in this case NIST 997 (e205Tl = +0.0). Second, later developing plant parts yield 

successively lower e205Tl values than the stem. Finally, e205Tl values increase from source to 

stems, then decrease from stems to leaves, from leaves to flower stems, and finally from flower 

stems to flowers and seed pods (Figures 3 and 4). The [Tl] of plants grown in geogenic Tl-

amended substrate were too low to allow accurate measurement of e205Tl values. Overall, there is 

more than 7 e205Tl difference between stems and flowers and/or seed pods for plants analyzed in 

this study. 

4. DISCUSSION 

4.1. Plant part [Tl]; Comparison of Tl amendments 

Average plant part [Tl] for all Tl amendments studied varied by greater than two orders of 

magnitude between the hendricksite (9-38 µg/kg) and the 100 µg/kg NIST (213-3832 µg/kg) 

amendments, controlled by bioaccessibility (Figure 1). Bioaccessibility is defined here as the 

fraction Tl that is available to the plant for uptake and incorporation into tissues. This difference 

is due to the bioaccessibility of Tl in solution versus solid form. The NIST 997 amendment was 

added as a solution, allowing the Tl to be more easily partitioned into the soil pore water phase 

and thereby directly absorbable by the plants’ root systems. In contrast, mineralogical 
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amendments (i.e., amazonite, hendricksite, NOD-A-1) contained similar [Tl] at the beginning of 

the experiments but Tl was associated with the mineral matrices of the respective amendments 

and not as a dissolved constituent in the soil pore waters. The release of this form of Tl is 

dependent upon dissolution or desorption of the bound Tl by soil pore water (i.e., chemical 

weathering) and the physiological activities at the mineral surfaces by microorganisms (i.e., 

biogeochemical weathering). 

Despite differences in bioaccessibility, the different Tl amendments yielded nearly identical 

plant Tl distribution patterns, even though there are more than two orders of magnitude 

variability of [Tl] depending on the underlying Tl amendment (Figure 2). Although the complete 

mechanism through which plants are able to bioaccumulate and detoxify Tl is not completely 

resolved, there is evidence that members of the Brassicaceae safely sequester the metal into 

compartments within their vascular systems (e.g., leaf vacuoles) via cationic transporter systems 

(Scheckel et al., 2004).  Furthermore, the adsorption, distribution, and sequestration of Tl 

through root systems, xylem, and within leaves and other plant parts can also be attributed to a 

family of potassium (K+) channels and symporter systems that cannot readily discriminate 

between K+ and Tl+ due to their both being univalent and having similar ionic radii (1.60 Å and 

1.76 Å, respectively) (Scheckel et al., 2004; Jia et al., 2013). This persistent uptake of Tl over 

time leads to higher Tl concentrations in those earlier developing plant tissues which have higher 

water and nutrient demands for photosynthesis (Krasnodębska-Ostręga et al., 2012), similar to 

the Tl distribution in plant parts observed in this study. 

Although the distribution patterns of Tl are the same across all substrates, there is a 

noticeable decrease in [Tl] of plant parts for mineralogically amended substrates. This 

progression of decreasing [Tl] in plant parts observed for the various mineral amendments is in 
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line with trends in silicate mineral stability under soil conditions. It might also reflect crystal 

chemical effects related to K-Tl substitution within interlayer crystal structures, such as micas, 

or, alternatively, surface adsorption and resultant incorporation within Mn-oxides. For example, 

in a study of natural systems, nearly 40% of original K-feldspar was lost from the regolith while 

only approximately 15% of biotite mica was broken down (White et al., 2001). More 

quantitatively, measured weathering rates of silicate minerals under natural conditions at the 

saprolite-bedrock interface have shown K-feldspar reacts at much faster rates (kr = -16.8 to -11.8 

mol m-2 s-1) than sheet silicates (kr = -16.4 to -14.0 mol m-2 s-1) such as biotite and muscovite 

mica (White et al., 2002, 2001). Moreover, mineralogical studies of Tl enrichment by Rader et 

al. (2018) established a nine-fold enrichment of Tl by mica compared with coexisting K-feldspar. 

This mineralogical enrichment was consistent for pristine, newly formed igneous minerals as 

well as minerals that had underwent metamorphism, metasomatism, and replacement processes. 

Although containing higher [Tl] overall, micas are less likely to have Tl lost from their crystal 

structure, as compared with feldspar (Rader et al., 2018).  

Manganese-oxides also have a strong affinity for Tl in environments ranging from ore-

forming systems to ocean floor nodules, as well as subsurface and soil environments (Vaněk et 

al., 2009; Peacock and Moon, 2012; Vaněk et al., 2013; Nielsen et al., 2013; Nielsen et al., 2017; 

Rader et al., 2018). Manganese-oxides, particularly Mn3+-oxides, readily adsorb Tl to the surface 

and then oxidize Tl+ to Tl3+ and incorporate the oxidized Tl within the crystal structure, 

effectively stabilizing it. We propose the low [Tl] in plant parts from this study grown in mica- 

and, particularly, Mn nodule amended soils is a result of the initial stability of these phases 

coupled with the oxidation of Tl following its desorption during mineral weathering by 
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secondary mineral phases, such as micaceous clays, or by incorporation of Tl within Mn(III)-

oxides. 

When considering the distribution of Tl for all plant parts, the majority of the Tl accumulated 

in the later developing edible plant parts, particularly the leaves and the flower stems, regardless 

of underlying substrate (Figure 2). These results have implications for environmental planning 

and remediation and demonstrate the need to understand and quantify the underlying geology 

and stability of Tl-bearing mineral phases in agricultural and water catchment areas. 

Understanding the distribution of Tl into leaves and flower stems of B. juncea is advantageous 

for phytoremediation efforts because these plant parts can be harvested while leaving the root 

system in place, thereby allowing for multi-seasonal remediation campaigns. 

4.2. NIST 997 Tl-amended substrate e205Tl values 

Plant parts displayed a systematic isotopic pattern, regardless of substrate [Tl], which is 

proposed here to be a result of fractionation during translocation coupled with closed-system 

fractionation. Stem e205Tl values were significantly higher for both the 20 µg/kg and 100 µg/kg 

treatments (e205Tl = +2.7 and +2.3, respectively) compared to the initial e205Tl value for the 

NIST 997 Tl solution (e205Tl = +0.0). Moreover, the earliest forming plant parts display higher 

e205Tl values than later forming plant parts. e205Tl values decrease following: stem > leaves ≥ 

flower stems > flowers and/or seed pods (Figure 4). 

Our results show stem e205Tl values that are two to three e units higher than initial substrate 

e205Tl values (e205Tl = +2.7 and +2.3 for 20 µg/kg and 100 µg/kg NIST 997, respectively), a 

pattern inconsistent with other biologically fractionated isotopic systems, such as carbon. 

However, previous work in the geologic realm has demonstrated that elevated e205Tl values can 

be associated with the presence of Tl3+ (Peacock and Moon, 2012; Nielsen et al., 2013; Nielsen 
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et al., 2017; Rader et al., 2018). Therefore, organic ligand complexation with, and the resultant 

passive uptake of, Tl3+ may influence the initial e205Tl value of the Tl reservoir within the plant. 

Other Tl bioaccumulating plants oxidize Tl+ to Tl3+ during uptake; Sinapis alba contained up to 

10% of Tl3+ within the plant structure, thought to be a result of either leaching Tl3+ from its 

immobile compounds or oxidizing Tl+ to Tl3+, which forms much more thermodynamically 

stable complexes with organic ligands, such as the sulfur-containing amino acids cysteine or 

glutathione (Krasnodębska-Ostręga et al., 2012; Vaněk et al., 2015).   

Tl3+ complexation alone, however, cannot explain the fractionation pattern observed here, 

with much higher e205Tl values in the stem relative to the substrate and lower e205Tl values in 

younger plant parts. Other studies recognize that stems of other Brassicaceae plants function as a 

channel for Tl transportation to later plant parts, thereby decreasing stem [Tl] (Jia et al., 2013). 

Our results are in agreement with these findings, where our stems contain less than 10% of the 

total [Tl] for all but one Tl amendment (100 µg/kg NIST 997), and even in this case the stem 

contained less than 20% of the total [Tl]. These partitioning patterns for Tl between the stem and 

other plant parts can be conveniently expressed as a translocation factor using the following 

equation: 

"C.D30 = 	
["#]12/GD	1/HD
["#].D30

 

Our samples display TFstem > 1 for every plant part except for the flowers, and in some 

instances the seed pods (Table 2). This not only shows the extent of translocation from the stem 

for B. juncea, but also establishes the ability of the stem to act as a Tl reservoir. Previous work 

by Epstein (1972) demonstrated that the initial transport of metals from the external solution or 

soil into the plant cell walls is a non-metabolic, passive process, driven by diffusion gradients 

and mass flow. As such, Tl may be initially enriched in the plant stem with an isotopic 



 

 130  

composition similar to the underlying substrate. Metabolic processes during later stages of 

growth could fractionate Tl from this initial Tl pool in the stem, resulting in the patterns 

observed here. The higher e205Tl values for our stems must be the result of the preferential 

partitioning of 203Tl into the younger plant parts during growth. 

Using the principles of fractionation during translocation coupled with closed-system 

fractionation during Tl oxidation, a mass balance for the entire plant can be derived using the 

following relationship: 

!)*+"#.IJ.DH/D3

=
(L. ∗ !

)*+"#.) + (L2 ∗ !
)*+"#2) + PLQ... ∗ !

)*+"#Q...S + PLQ ∗ !
)*+"#QS + PL..1. ∗ !

)*+"#Q.1.S

LDTD/2
 

where m = molar quantities of plant parts and e205Tl = isotopic ratio of plant parts and the	

subscripts are s = stem, l = leaves, f.s. = flower stems, f = flowers, and s.p. = seed pods. The 

plant part values from the 20 µg/kg and 100 µg/kg NIST 997 amendments can be used to 

reproduce e205Tlsubstrate values to within error of the original solutions in soils (calculated e205Tl = 

0.6 and -0.2 ± 0.5, respectively; NIST 997 e205Tl = 0.0 ± 0.3). 

5. CONCLUSIONS 

Our results establish that most Tl (>80%) bioaccumulates within edible parts of B. juncea, 

with nearly identical enrichment patterns, regardless of substrate material or [Tl] content. The 

ability of B. juncea to accumulate high levels of Tl within edible plant parts, even when grown 

on relatively stable and low [Tl] geogenic substrates, means a wide variety of geologic 

environments or the addition of small amounts of anthropogenic Tl could pose an environmental 

or human health risk. Some of the primary Tl-bearing minerals are also some of the most 

common rock-forming minerals, such as K-feldspar and mica; the underlying geology is a 
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primary controlling factor on Tl bioaccessibility, making it critical to classify the geogenic 

substrate, both in terms of mineralogy and relative composition, prior to agricultural or 

recreational use. There is also a systematic isotopic pattern associated with plant parts, regardless 

of substrate [Tl]: higher e205Tl values for stems with lower e205Tl values in younger plant parts. 

This behavior has important implications for tracing anthropogenic Tl contamination, 

bioprospecting, phytoextraction, and phytoremediation. 

Seasonal patterns may become apparent if sampling multiple times during a plants growth 

period, affecting bioprospecting potential. Multiple generations may be necessary for complete 

phytoextraction, but the isotopic pattern should remain constant, even as [Tl] decrease, helping 

identify new Tl sources over the course of a remediation strategy. By invoking a combination of 

closed-system fractionation and Tl3+ complexation during initial uptake and plant growth 

combined with additional fractionation toward progressively lighter e205Tl values during growth 

and translocation, we can explain the interesting Tl fractionation pattern observed here for B. 

juncea. 
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FIGURE CAPTIONS 

Figure 1. [Tl] of plant parts for various Tl-amended substrates. Numbers next to individual 

plant parts denote the average [Tl] for that plant part in µg/kg (ppb). A.-B. depicts Tl added as a 

NIST-997 standard solution at two concentrations. C.-E. depicts Tl added as three various 

mineral substrates. Each mineral substrate was added to a total concentration of 20 mg/kg per 

pot. Control plants were below detection (not shown here). Note the two scales to more 

accurately compare low-concentration and high-concentration plants. 

Figure 2. Distribution of total Tl contents (Table 1) within Brassica juncea from five unique 

Tl-amendments. Amendments shown here include two concentrations of NIST 997 Tl standard 

solution, amazonite (feldspar) from Amelia Courthouse, VA, hendricksite (mica) from Sterling 

Hill, NJ, and manganese nodule, NOD-A-1, a USGS reference material. 
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Figure 3. e205Tl values of plant parts for two NIST-997 Tl-amended substrates. NIST-997 

e205Tl = +0.0. Numbers next to individual plant parts denote the average e205Tl values for that 

plant part. 

Figure 4. ε205Tl values measured for various parts of Brassica juncea after 12 weeks of 

growth in a controlled greenhouse. Tl addition was added incrementally utilizing a NIST 997 Tl 

standard solution with a known isotopic value of ε205Tl = +0.0. Shown here are the results of 

both the 20 µg/kg NIST 997 solution and 100 µg/kg NIST 997 solution trials. Brassica juncea 

incorporates Tl from the substrate, with higher ε205Tl values in the stem as Tl is mobilized to 

later plant parts. These later plant parts yield increasingly lower ε205Tl values during growth. 
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Table 1. [Tl] and ε205Tl values in Brassica juncea. 

plant parts 
analyzed soil amendment n 

mean ± s 
(μg/kg) 

range 
(μg/kg) ε205Tl ± 2s 

seed pods 

NIST 997 (100 μg/kg) 3 1354 (± 616) 528-2004 -3.3 (± 0.3) 
NIST 997 (20 μg/kg) 2 211 (± 193) 18-404 -0.3 (± 0.2) 

amazonite 2 149 (± 76) 73-225  
NOD-A-1 1 112 -  

hendricksite 2 14 (± 5) 9-19  

flowers 

NIST 997 (100 μg/kg) 3 213 (± 112) 54-296 -0.6 (± 0.5) 
NIST 997 (20 μg/kg) 3 144 (± 139) 12-336 -4.3 (± 0.9) 

amazonite 2 36 (± 20) 16-57  
NOD-A-1 2 26 (± 9) 17-35  

hendricksite 3 12 (± 3) 10-17  

flower stems 

NIST 997 (100 μg/kg) 3 3832 (± 1099) 2887-5373 -0.5 (± 0.3) 
NIST 997 (20 μg/kg) 1 1512 - +0.2 (± 0.4) 

amazonite 1 409 -  
NOD-A-1 2 193 (± 99) 94-293  

hendricksite 2 61 (± 14) 47-74  

leaves 

NIST 997 (100 μg/kg) 3 3862 (± 2097) 2050-6771 -0.5 (± 0.3) 
NIST 997 (20 μg/kg) 3 1148 (± 1062) 205-2632 +0.7 (± 0.3) 

amazonite 2 926 (± 209) 717-1135  
NOD-A-1 2 373 (± 189) 184-562  

hendricksite 2 38 (± 2) 36-40  

stems 

NIST 997 (100 μg/kg) 3 1621 (± 536) 1130-2366 +2.3 (± 0.3) 
NIST 997 (20 μg/kg) 2 1004 (± 549) 455-1553 +2.7 (± 0.6) 

amazonite 2 125 (± 27) 98-152  
NOD-A-1 2 116 (± 8) 108-124  

hendricksite 3 9 (± 4) 3-13  
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Table 2. Translocation factor (TF) for plant parts, relative to the stem, grown in each Tl amendment. TF was calculated based on 
the average [Tl] for each plant part. TF ranges were calculated based on the low and high [Tl] for each plant part. 

 

plant parts 
analyzed soil amendment 

translocation 
factor (TF) 

translocation factor 
(TF) range 

seed pods 

NIST 997 (100 μg/kg) 0.8 0.5 – 0.8 
NIST 997 (20 μg/kg) 0.2 0.0 – 0.3 

amazonite 1.2 0.7 – 1.5 
NOD-A-1 1.0 – 

hendricksite 1.5 1.5 – 3.0 

flowers 

NIST 997 (100 μg/kg) 0.1 0.0 – 0.1 
NIST 997 (20 μg/kg) 0.1 0.0 – 0.2 

amazonite 0.3 0.2 – 0 .4 
NOD-A-1 0.2 0.2 – 0.3 

hendricksite 1.4 1.3 – 3.3 

flower stems 

NIST 997 (100 μg/kg) 1.5 – 
NIST 997 (20 μg/kg) 2.4 2.3 – 2.6 

amazonite 3.3 – 
NOD-A-1 1.7 0.9 – 2.4 

hendricksite 6.7 5.7 – 15.7 

leaves 

NIST 997 (100 μg/kg) 1.1 0.5 – 1.7 
NIST 997 (20 μg/kg) 2.4 1.8 – 2.9 

amazonite 7.4 7.3 – 7.5 
NOD-A-1 3.2 1.7 – 4.5 

hendricksite 4.1 3.1 - 12 
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flowers: 12

seed pods: 14

leaves: 38

stem: 9

flower stems: 61

flowers: 26

seed pods: 112

leaves: 373

stem: 116

flower stems: 193

flowers: 36

seed pods: 149

leaves: 926

stem: 125

flower stems: 409

treatment: amazonite (feldspar) treatment: hendricksite (mica) treatment: NOD-A-1 Mn nodule

Tl concentration (μg/kg)
< 10

11 - 50

51 - 150

151 - 350

351 - 500

> 500

flowers: 213

seed pods: 1354

leaves: 3826

stem: 1621

flower stems: 3832

flowers: 4005

seed pods: 3901

leaves: N/A

stem: 2109

flower stems: N/A

flowers: 144

seed pods: 211

leaves: 1148

stem: 1004

flower stems: 1512

treatment: 20 μg/kg NIST 997 treatment: 100 μg/kg NIST 997 treatment: 200 μg/kg NIST 997*

Tl concentration (μg/kg)
< 200

201 - 1000

1001 - 1400

1401 - 3000

3001 - 4000

> 4000

A. B.

C. D. E.plant diagrams: C. Fandel 2017

Figure 1. 
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Figure 2. 
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flowers: -0.6

seed pods: -3.3

leaves: -0.5

stem: +2.3

flower stems: -0.5

flowers: -4.3

seed pods: -0.3

leaves: +0.7

stem: +2.7

flower stems: +0.2
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Figure 3. 
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