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Abstract

Indium is an important metal whose production is increasing dramatically due to new uses in

the rapidly growing electronics, photovoltaic, and LED industries. Little is known, however,
about the natural or industrial cycling of indium or its environmental behavior. Industrial

emissions of indium are already larger than natural emissions. A review of the literature

suggests that metal smelting and coal burning are the primary industrial sources of indium

to the environment, while releases from the semiconductor and electronics industries are

small at present. This scenario may change with the rapid growth of indium use in the

electronics and semiconductor industries.

Studies were conducted on indium cycling in the atmosphere, indium deposition to a

peat bog over the past century, and indium behavior in a creek influenced by acid mine

drainage. Atmospheric indium concentrations in the northeastern United State vary from

<0.7 to 8 pg/m 3. with significant differences geographically and temporally. Atmospheric

back trajectories, correlation of indium to other metals in these samples, and receptor

modeling suggest that the highest indium concentrations come from nonferrous smelters

in the north, while lower concentrations are seen in air traveling from the midwestern US.

Fluxes of indium to Thoreau's Bog in Concord, MA, began increasing in the early 1900s,
well before indium was used significantly in industry, and are likely the result of emissions

from nonferrous smelting and coal combustion. Fluxes peaked in the 1970s, and have been

decreasing until the present, likely reflecting the advent of particulate emissions controls in

the US and Canada. Acid-mine drainage contributes indium concentrations 104 times higher

than natural freshwaters to Mineral Creek, Colorado, and all of this indium exists in the

dissolved phase. During an experimental raising of the pH of this system, essentially all of

the indium associates with the particulate phases, primarily due to sorption to iron-oxides.

Knowledge of the anthropogenic and natural cycling of indium can lead to a greater

understanding of the environmental impacts and human health effects of this metal. With

further study, this understanding may lead to pollution prevention, and allow informed

decision making about indium's use, handling, and disposal.
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Title: William E. Leonhard Professor of Engineering

Professor of Civil and Environmental Engineering
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Chapter 1

Introduction

The world is on the brink of an energy revolution, in which electrical power-produced, con-

trolled, and transformed in significant part by semiconductor devices-will be increasingly

important. New semiconductor manufacturing processes, resulting in lower-cost photo-

voltaics, more-efficient light-emitting diodes (LEDs), and better power electronics devices

(such as have helped to enable large-scale wind power development), are critical to this

revolution.

The development of new semiconductors will likely require the use of new materials,

potentially in large quantities. A majority of the metals in the periodic table are now being

considered for use in research or commercial-scale semiconductor fabrication (Figure 1-1,

[David, 2005]). All of these metals come from., and ultimately return to, the environment in

various forms, yet little is known about the environmental behavior or toxicology of many

of them. Will there be surprises that threaten the environmental sustainability of new tech-

nologies, like those in the past that utilized lead and mercury? Can adverse environmental

impacts be anticipated? Can industry be proactive, rather than be forced to reactively

develop new processes in response to environmental problems and consequent regulations?

Given the rapid and compelling growth of new semiconductor material applications, indus-

try and government will benefit from incorporating environmental sustainability information

a priori.

The study of anthrobiogeochemical cycles, the flow of materials through industry and

the environment, may provide a key to the early environmental assessment of new industrial

materials. Classically, these two components have been separated, with industrial ecologists
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Figure 1-1: While only a dozen elements of the periodic table were used in semiconductor

technologies in the 1980s, nearly the whole periodic table was employed in semiconductor

technology or research by the 2000s. Figure from David [2005].
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focusing on industry and geochemists focusing on the environment. Yet, accounting for both

components is critical for a complete understanding of potential environmental impacts.

For example, Klee and Graedel [2004] noted that when an element's anthropogenic fluxes,

or industrial flows, become comparable to its natural fluxes, it has a high probability of

adversely impacting organism and human health, and should be flagged for priority study

as a potentially harmful element. Natural cycling includes processes such as weathering,

windborne or waterborne transport, volcanism, and biological uptake. The industrial life-

cycle of a metal includes mining and smelting, manufacture, the product lifespan, and end-

of-life disposal or recycling. To accurately predict the environmental impacts of a particular

metal, the entire industrial life-cycle must be evaluated, taking particular care to assess the

amount of the metal that escapes from the product stream to the environment in mobile

forms. This concept of calibrating to natural fluxes is particularly useful for assessing the

impact of metals newly introduced to mass industrial use, for which few of the toxicological

and ecotoxicological effects have been established.

In the absence of detailed toxicological studies, the likelihood of adverse effects of el-

ements can be gauged by comparing anthropogenic fluxes and concentrations to natural

values [e.g. Nriagu, 1996, Pacyna and Pacyna, 2001, Klee and Graedel, 2004]. In the case

of metals, it is suggested that toxicity is most likely to result when the concentrations with

which organisms have evolved are suddenly changed. Garrels et al. [1975] have noted that

US drinking water standards for a variety of metals linearly correspond to the natural stream

concentrations of those metals, suggesting that adverse human health impacts can begin to

occur when natural levels are significantly exceeded. Lead and mercury are two examples

of metals whose global anthropogenic fluxes significantly exceed their natural fluxes [Klee

and Graedel, 2004], and both have come under severe regulatory constraint as a result of

demonstrated toxicity (Figure 1-2). A drinking water standard for indium has not been set,

but there is already evidence that industrial releases are exceeding natural fluxes.

While evaluations that do not distinguish between scales of flux or speciation of metals

are important at the outset of study, it is critical to understand the physical and chemi-

cal speciation of a metal in order to thoroughly understand its transport and subsequent

bioavailability. For example, Klee and Graedel [2004] consider the total flux of a metal in

rivers to be both the dissolved and particle-associated metal. However, the particle-bound

metal may be more likely to settle out, and may be less accessible to organisms, than the
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Figure 1-2: Klee and Graedel [2004] suggest that an elenient can be flagged as potentially
harmful when its anthropogenic fluxes significantly exceed its natural fluxes. Figure re-
published with permission of Annual Reviews, fron Klee, R.J., and T.E. Graedel (2004)
Elemental Cycles: A Status Report on Human or Natural Dominance. Annu. Rev. Environ.

Resour. 29:69-107; permission conveyed through Copyright Clearance Center, Inc.
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dissolved phase. The particle-bound metal population has differences within it: a metal

may behave very differently depending on whether it is bound in the silicate structure or

sorbed to the surface. Additionally, the dissolved metal may itself have varying degrees of

bioavailability, depending on its complexation and partitioning.

Therefore, one key to understanding the environmental and health impacts of a poorly

studied metal is to examine its industrial life cycle in the context of its natural geochemical

cycling, with a focus on the chemical and physical forms that it takes. This thesis focuses

on the natural and industrial cycling of indium, a metal whose use is increasing rapidly, but

whose environmental impacts are poorly understood.

1.1 Indium

World production and industrial usage of indium has increased 10-fold over the past 30 years,

and is poised to expand even more dramatically, potentially by several orders of magnitude,

over the next 20 years. Yet little is known about indium's environmental behavior or

toxicity, both of which are needed to plan carefully for its industrial use, and to evaluate

product and process sustainability.

Indium is used in indium tin oxide (ITO) coatings for electronic displays (flat panel,

liquid crystal, etc.) [Jorgenson and George, 2005], and in new families of high efficiency

photovoltaic cells [Anonymous, 2008] and LEDs [Nakamura et al., 1994]. Considerable

increases in these uses are expected in the near future; the LED market grew by 300%

between 2001 and 2004 [Whitaker, 2007], and the photovoltaic (PV) market is predicted

to grow 1000-fold by 2030 [Hoffmann, 2006]. Novel demands such as ITO electrodes in

the catalytic splitting of water may further drive demand for indium [Kanan and Nocera,

2008]. Nano-scale applications of indium also may grow in quantum dot applications [e.g.

Ohkouchi et al., 2004], and in flexible displays and solar panels [e.g. Devi et al., 2002]. Thus

there is significant potential for massively increased indium use.

Increased industrial use often, but not always, translates into increased environmental

concentrations. Increased environmental concentrations of indium have been observed. For

example, a 100-fold difference in groundwater concentrations of indium has been observed

between a semiconductor industrial park and a neighboring site in Taiwan (9 pg/L versus

0.01 pg/L) [Chen, 2006]. Additionally, there is evidence that acute exposure to indium,
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particularly in occupational settings, can cause significant lung toxicity [White and Hemond,

2012, and references therein]. Toxicity from low-level or chronic exposure has been poorly

studied [White and Hemond, 2012].

Because of its growing importance in industry, elevated environmental concentrations,

and observed toxicity, it will be important to understand indium's potential environmen-

tal impacts and human health effects. With this knowledge, detrimental effects may be

minimized through careful industrial use, recycling, or substitution.

1.2 Thesis Outline

The main objective of this thesis is to better understand indium's natural and anthropogenic

cycling. This includes specific studies to measure how indium's environmental concentra-

tions have changed historically, to characterize atmospheric concentrations of indium and

the inputs and outputs that dictate these concentrations, and to determine indium releases

from industrial sources, including mining, smelting, and coal combustion.

Chapter 2 is a literature review of the natural and industrial cycling of indium in

the environment, the extent of human perturbation to its natural cycling, and what is

known about its health effects. It is found that industrial emissions of indium are already

larger than natural emissions. Metal smelting and coal burning are the primary industrial

sources of indium to the environment, while releases from the semiconductor and electronics

industries are small at present. This scenario may change with the rapid growth of indium

use in the electronics and semiconductor industries.

Historical atmospheric deposition over the past century was measured in a peat core

from Thoreau's Bog, Concord, Massachusetts. Because undisturbed peat cores are difficult

to obtain, a novel coring method was developed and is described in Chapter 3. The coring

method, along with detailed information about dating the core and indium analysis, are

presented. Fluxes of indium to this region began increasing at least in the early 1900s,

decoupled from its use in industry, which stayed low until the 1980s. This is likely due to

emissions from nonferrous smelting, not associated with the production of indium, and from

coal combustion. Fluxes peaked in the 1970s, and have been decreasing until the present,

likely reflecting the advent of particulate emissions controls in the US and Canada.

Because atmospheric releases are thought to be large but are poorly quantified, and
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because inhalation is thought to be an important exposure pathway for indium, Chapter 4

presents our studies of the cycling of indium in the atmosphere in the northeastern United

States. Archived air filter samples from 5 locations from Boston, MA to Rochester, NY

were analyzed for indium; concentrations vary from <0.7 to 8 pg/m 3 . There are signif-

icant differences between samples from different locations and over the course of a year.

Atmospheric back trajectories generated with NOAAs Hybrid Single-Particle Lagrangian

Integrated Trajectory (HYSPLIT) model suggest that the highest indium concentrations

come from the north, potentially from smelting operations, while lower concentrations are

seen in air traveling from the midwestern US.

Further work to constrain the source of indium to the atmosphere in the Northeastern

United States is presented in Chapter 5. Correlations between indium and other metals in

the air filter samples studied show that air traveling from the north has a distinct chemical

makeup than air traveling from the west, with higher ratios of indium to other metals. Our

studies of the composition of particles emitted from two important sources of indium to the

atmosphere show that a hydrolometallurgical zinc smelter has indium concentrations 100

times higher than concentrations in coal fly ash. Additionally, we use receptor modeling

to test the hypothesis that smelting operations contribute large amounts of indium to the

atmosphere in the northeastern United States. The receptor modeling shows that sources

high in nonferrous metals (Zn, Pb, Cu) peak on days when air is traveling from the north,

suggesting that air from the north is indeed supplying metals associated with nonferrous

smelting.

Chapter 6 describes measurements characterizing aqueous releases of indium at an

abandoned mining site in Colorado. The acid-mine drainage from this abandoned mining

district causes indium concentrations in Mineral Creek, CO, to be 104 times higher than

natural freshwater concentrations, and all of this indium is in the dissolved phase. During

an experimental raising of the pH of this system from 3 to >8, essentially all of the indium

associates with the particulate phase. Indium concentrations are 40-70% higher in Fe-oxides

collected after the pH modification than in those collected before the experiment, suggesting

that sorption to iron-oxides is the primary removal mechanism of indium from this system.

Lastly, Appendix A details our attempts to develop an electrochemical technique

to separate and pre-concentrate indium from aqueous solution. Because natural aqueous

concentrations are lower than the detection limits of presently available analytical instru-
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ments, a technique to pre-concentrate indium is critical to its routine measurement. Pre-

concentration may also work to separate indium from analytical interferents, which could

be important for its analysis.
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Chapter 2

The Anthrobiogeochemical Cycle

of Indium: A Review of the

Natural and Anthropogenic

Cycling of Indium in the

Environment

Adapted from: White, S.J.O. and H.F. Hemond, The Anthrobiogeochemical Cycle of In-

dium: A Review of the Natural and Anthropogenic Cycling of Indium in the Environment,

Critical Reviews in Environmental Science and Technology, 42:155-186, 2012. Reprinted by

permission of the publisher, Taylor & Francis Ltd, http://www.tandfonline.com.

2.1 Abstract

Indium is an important metal whose production is increasing dramatically due to new uses

in the rapidly growing electronics, photovoltaic, and LED industries. Little is known about

the natural or industrial cycling of indium, and toxicological data are incomplete. This

review presents the existing state of knowledge of indium's natural and industrial fluxes,

chemical behavior, toxicity, and analytical methods by which it is measured. Additionally, it

presents evidence of industrial influence on environmental indium concentrations, and seeks
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Figure 2-1: Past and potential growth of indium production. Xs denote USGS World
Production data [Kelly and Matos, 2008a], and dashed line is a best-fit exponential line,
extended to 2025.

to define future research needs that will allow a thorough investigation of the environmental

behavior of indium and allow informed decisions about its use, handling, and disposal.

2.2 Introduction

World production and industrial usage of indium has increased 10-fold over the past 30

years ([Kelly and Matos, 2008a], Figure 2-1), and is poised to expand even more dramati-

cally, potentially by several orders of magnitude, over the next 20 years. An extrapolation

of historical production indicates a seven-year doubling time. Yet little is known about

indium's environmental behavior or toxicity, both of which are needed to plan carefully for

its industrial use, and to make decisions about product and process sustainability.

Indium is used in indium tin oxide (ITO) coatings for electronic displays (flat panel,

liquid crystal, etc.) [Jorgenson and George, 2005], and in new families of high efficiency

photovoltaic cells [Anonymous, 2008] and LEDs [Nakamura et al., 1994]. Considerable

increases in these uses are expected in the near future; the LED market grew by 300%

between 2001 and 2004 [Whitaker, 2007], and the photovoltaic (PV) market is predicted

to grow 1000-fold by 2030 [Hoffmann, 2006]. Novel demands such as ITO electrodes in

the catalytic splitting of water may further drive demand for indiumn [Kanan and Nocera,

2008]. Nano-scale applications of indium also have the potential to burgeon in quantum dot

applications (e.g. Ohkouchi et al., 2004], and in flexible displays and solar panels [e.g. Devi

et al., 2002]). Thus the potential for massively increased indium use is significant. Increased

industrial use often, but not always, translates into increased environmental concentrations.
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It is important to understand indium's potential environmental impacts and human health

effects--including the impacts of nanomaterials, which typically travel farther and are more

bioavailable than macro materials of the same makeup-so that any detrimental effects can

be minimized through careful industrial use, recycling, or substitution.

In the absence of detailed toxicological studies, the likelihood of adverse effects of el-

ements can be gauged by comparing anthropogenic fluxes and concentrations to natural

values [e.g. Nriagu, 1996, Pacyna and Pacyna, 2001, Klee and Graedel, 2004]). In the case

of metals, it is suggested that toxicity is most likely to result when natural concentrations,

with which organisms have evolved, are suddenly changed. Garrels et al. [1975] have noted

that US drinking water standards for a variety of elements linearly correspond to the nat-

ural stream concentrations of those metals, suggesting that adverse human health impacts

can begin to occur when natural levels are significantly exceeded. Lead and mercury are

two examples of metals whose global anthropogenic fluxes significantly exceed their natural

fluxes [Klee and Graedel, 2004], and both have come under severe regulatory constraint as

a result of toxicity concerns. Natural stream concentrations of indium are on the order of

picomolar (~0.1 ng/kg). A drinking water standard for indium has not been set, but there

is already evidence that industrial releases are exceeding natural fluxes.

Therefore, one key to understanding the environmental and health impacts of a poorly

studied metal is to examine its industrial life cycle in the context of its natural geochem-

ical cycling. A metal can be flagged for further detailed study when its anthropogenic

fluxes become comparable to its natural fluxes. Natural cycling includes processes such as

weathering and subsequent wind or waterborne transport, volcanism, and biological uptake.

The industrial life-cycle of a metal includes mining and smelting, manufacture, the prod-

uct lifespan, and end-of-life disposal or recycling. To accurately predict the environmental

impacts of a particular metal, the entire industrial life-cycle must be evaluated, taking par-

ticular care to assess the amount of the metal that escapes from the product stream to the

environment in potentially mobile forms.

We summarize the existing state of knowledge of indium's chemical behavior and its

natural and industrial fluxes. We also address indium's toxicity, review the analytical

methods by which indium is measured, and present evidence of industrial influence on

environmental indium concentrations. Finally, we seek to define future research needs that

will lead to a more thorough understanding of the environmental behavior of indium and
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Table 2.1: Indium enrichment in sulfide minerals and tin oxide [Smith et al., 1978]

Mineral Name Mineral Makeup Typical Indium Maximum Indium
Conc. (ppm) Conc. (ppm)

Sphalerite Zinc Iron Sulfide 5-100 5,000
Galena Lead Sulfide 5-10 100
Boulangerite Lead Antimony Sulfide 10-50 300
Chalcopyrite Copper Iron Sulfide 10-50 1,000
Bournonite Copper Lead Antimony 10-50 300

Sulfide
Cassiterite Tin Oxide 10-50 10,000

allow informed decisions about its use, handling, and disposal.

2.3 Background

2.3.1 Occurrence

In the earth's crust, indium occurs at average concentrations of 52 pg/kg sediment, about

the same concentration as silver and mercury, two orders of magnitude less than arsenic,

and 3 orders of magnitude less than lead [Wedepohl, 1995, Rudnick and Gao, 2004]. Ma-

rine sediments have indium concentrations of 74-120 pg/kg [Matthews and Riley., 1970b].,

and similar values (20-150 pg/kg) have been seen in a peat core and in lake sediments

[Grahn et al., 2006, Steinnes et al., 2003]. Natural waters contain picomolar (-0.1 ng/kg)

concentrations of indium.

Relative to these background concentrations, indium tends to be enriched in sulfide

minerals and in tin oxide [Wood and Samson, 2006, Smith et al., 1978]. Typical ore con-

centrations are 5-100 ppm (Table 2.1).

Zinc and lead-zinc ores are presently the main source of purified indium metal, of which

~600 metric tons were produced in 2007. During processing, indium is typically leached

from various zinc and lead-zinc wastes with hydrochloric or sulfuric acid. The largest

producer of indium is China, followed by Japan, Korea, Canada and Belgium. [Jorgenson

and George, 2005, Alfantazi and Moskalyk, 2003].

Indium is also enriched in fossil fuels. Average indium concentrations in coal are

100 pg/kg, similar to crustal concentratinos. Concentrations in petroleum are typically

about 1 jig/kg, but range as high as about 20 mg/kg [Smith et al., 1978].
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2.3.2 Chemical behavior

A group III element, indium (atomic number 49) is located below aluminum and gallium

and above thallium in the periodic table. It has a full d orbital and typically exists in nature

as a 3+ ion, although a less-stable 1+ form can exist. Indium is considered a relatively

'hard' ion, tending to complex with hard ligands such as OH-, F--, and acetate, but is

softer than A13+ and Ga 3+, so will also complex with softer ligands such as HS- and Cl-

[Wood and Samson, 2006].

Based on available data, In(OH) 3
0 almost always predominates in natural waters, except

at very low pH (< 4.5) or very high F- or Cl- concentrations [Wood and Samson, 2006].

Organic ligands may also alter this speciation, as evidenced by relatively strong complex-

ation of indium with small organic molecules. For example, indium typically has higher

complexation constants for small organic molecules than Cu 2 +, Pb2+, and Zn2+, but lower

than Hg2+ [Martell and Smith, 1977]. (Note that Wood & Samson found no information

for bicarbonate and carbonate complexes or for indium complexes at elevated temperature

or pressure, and did not take into account organic ligands.) Multiple organometallic indium

compounds have been synthesized [e.g. Banger, 2006], though to our knowledge none have

been found naturally.

Indium's tendency to complex with hydroxide ion suggests that it may adsorb to hydroxide-

like surface sites on sinking particles in the ocean [Whitfield and Turner, 1987]. A fraction-

ation study in the Mediterranean has confirmed that indium is heavily associated with the

particulate fraction, and is comparable in particle reactivity to aluminum, cesium, thorium,

titanium, zirconium, and hafnium [Alibo et al., 1999].

Low concentrations of indium in pristine environments and oceans (pM or ~0.1 ng/kg)

suggest that indium and its compounds are extremely insoluble. The low solubility of in-

dium is also predicted theoretically from mineral solubility constants (Table 2.2). Wood and

Samson [2006] show that waters in contact with the rare mineral dzhalindite [In(OH) 3 (s)]

would have a maximum concentration of 5 pg/L (~40 nmol/L) at pH 4.5-9 (Figure 2-2),

significantly higher than observed ocean and freshwater concentrations (discussed subse-

quently). This is an upper limit for indium hydroxide solubility; mixed hydroxide phases

are more likely to be found in nature and would be less soluble than the pure indium min-

eral.. Sulfide end-members are also important due to indium's chalcophyllic tendencies, but
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Figure 2-2: Stability diagram for dzhalindite (In(OH) 3(s)) at 25'C and zero ionic strength.
Reprinted from Wood and Samson [2006] The aqueous geochemistry of gallium, germanium,
indium, and scandium. Ore Geol. Rev. 28(1), 57-102, with permission from Elsevier.
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sulfide. Reprinted from Wood and Samson [2006] The aqueous geochemistry of gallium,
germanium, indium, and scandium. Ore Geol. Rev. 28(1), 57-102, with permission from

Elsevier.

the solubility constant for only one indium-sulfide solid, In2S3(s), has been studied, and this

mineral has not been identified in nature [Wood and Samson, 2006]. Nonetheless, data for

this solid suggests that sulfide precipitation is very likely to set an upper bound on indium

mobility in anoxic waters; pH 6-8 waters in contact with this particular sulfide mineral are

predicted to have a maximum dissolved indium concentration of ~0.1 ng/L (0.9 pmol/L).

Chloride complexes do not contribute significantly to the solubility of the indium sulfide

mineral phase described above except at pH <3 in most natural waters (Figure 2-3). For

more detail regarding indium's aqueous geochemistry, see Wood and Samson [2006].

Indium is considered to be a volatile element [Hinkley and Matsumoto, 2007, Yi et al.,

1995, Shaw, 1952, Jorgenson and George, 2005, Palme and Jones, 2004], and appears to

be only slightly less volatile than lead, suggesting the potential for long-range transport

and participation in gas-phase reactions (Figure 2-4) [Deis, 2009, Geiger et al., 1987]. The

temperature range shown encompasses earth surface temperatures, as well as metallurgical

processing temperatures (generally ~1000-1800 K [Bodsworth, 1994]).
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Table 2.2: Mineral solubility constants for indium compounds

Compound Solubility constant Reference

In(OH) 3  Kp = 1.3 x 10-34 [Wedepohl, 1995]
Ksp = 10-36.9 [Wood and Samson, 2006]

In 2S 3  Ksp ~ 10-73.24 [Wood and Samson, 2006]
In 2 (CO 3 )3  Ksp ~ 10-15 [Wedepohl, 1995]
InPO4  Ksp ~ 10-25 [Wedepohl, 1995]

Ksp = 10-21.63 [Wood and Samson, 2006]
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2.3.3 Toxicity

There is considerable evidence suggesting that indium compounds have significant, if not ex-

treme, toxicity. There are no drinking water standards set for indium in the United States,

but maximum work-place air exposure limits have been recommended to be 0.1 mg/m3

(time-weighted average) [NIOSH, 1992, ACGIH, 2007]. It should be noted that this recom-

mended limit is higher than the concentrations of 0.01-0.05 mg/m 3 that have been observed

to be associated with lung toxicity in the workplace [Chonan et al., 2007]. Clearly there is

a lack of understanding of the safe levels of indium exposure. Additionally, the form that

indium takes is extremely important to its toxicity, including its aqueous complexation and

its chemical and physical speciation in the atmosphere. Most of the studies discussed subse-

quently specify only the starting compound used, but not the concentration thought to be

'available' for uptake by organisms (typically thought to be the free ion activity, In3+). For

example, at neutral pH, most indium is expected to exist as In(OH) 3
0 , as discussed previ-

ously, which can lead to a gross overestimation of the available indium in these experiments.

In order to gain a true understanding of the toxicity seen in these studies, more detailed

information about the speciation of indium during the experiments must be determined.

Most evidence for indium toxicity to humans has been from occupational inhalation

exposure. For example, a 27-year old indium worker was diagnosed with 'interstitial pneu-

monia consistent with the inhalation of indium tin oxide particles', and died 3 years later

despite treatment [Homma et al., 2003]. He had worked with the wet and dry grinding of

indium sputtering targets for 3 years. Additionally, his high blood serum levels of indium

(290 pg/L as compared to the average for healthy males of <0.1 pg/L) suggest that indium

dissolution from indium tin oxide (ITO) particles can cause chronic systemic effects, as ev-

idenced by his emaciation, liver damage, and enlarged spleen. Studies of over 700 workers

in Japanese indium factories show that lung damage is found in a significant number of

them, and that "inhaled indium could be a potential cause of occupational lung disease"

[Homma et al., 2005, Chonan et al., 2007, Hamaguchi et al., 2008, Nakano et al., 2009].

The studies suggest that indium itself is the toxic component of ITO since workers exposed

only to indium had similar lung damage as those exposed to ITO, and since exposure to tin

oxide produces a different type of damage than exposure to ITO.

In addition to ITO toxicity seen in humans, pulmonary toxicity and reduced weight gain
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(suggesting systemic toxicity) have been seen in hamsters [Tanaka et al., 2002]. Pulmonary

toxicity has also been shown for other compounds, such as indium arsenide (InAs) [Tanaka,

2004, Tanaka et al., 1994, Yamazaki et al., 2000, Tanaka et al., 2003], indium phosphide

(InP) [Uemura et al., 1997, Oda, 1997, Tanaka et al., 2002, Yamazaki et al., 2000], indium

chloride (InCi3 ) [Blazka et al., 1994a,b], and copper indium diselenide (CuInSe2 ) [Morgan

et al., 1997, 1995]. These compounds cause lung inflammation, often accompanied by

hyperplasia (increased growth of benign cells), interstitial fibrosis (scarring of tissue between

the air sacs), and occasionally by pneumonia (inflammation and filling with fluid) and

emphysema (loss of elasticity causing collapsing airways). Oda [1997] showed that physical

irritation by particles is not the sole cause of toxicity, since TiO 2 particles produced no

lung damage. Additionally, comparative studies with As 2 0 3 , NaAsO 3 , As 2 Se 3 , InP, InCl 3 ,

GaAs, AlGaAs, or copper gallium diselenide (CuGaSe 2) have suggested that indium itself is

a major cause of the toxicity seen [Morgan et al., 1995, 1997, Tanaka, 2004, and references

therein]. In nearly all of these cases, pulmonary toxicity was accompanied by reduced weight

gain. Notably, tumors developed in the lungs of rats chronically exposed to InP aerosols,

and are thought to be due to oxidative stress [Gottschling et al., 2001].

Reproduction has not been shown to be inhibited by exposure to InCl3 [Chapin et al.,

1995], but multiple studies have shown that fetal mortality and malformations increase with

InCl3 exposure: rats, intravenously [Nakajima et al., 1998, 2000, 2007b, 2008]; rats, orally

[Ungvary et al., 2000, 2001]; rabbits, orally [Ungvary et al., 2000]; rat embryos [Nakajima

et al., 1999, 2008]; mouse embryos [Chapin et al., 1995]; and hen eggs [Gilani and Alibhai,

1990]. The fetal toxicity of InCl3 is thought to be a direct effect on the fetus (rather than

ill effects on the mother) since similar effects are typically seen in vitro and in vivo [e.g.

Nakajima et al., 2008, Chapin et al., 1995]. Several other studies, however, have found no

increase in malformations: mice, intravenously [Nakajima et al., 2000]; mice, orally [Chapin

et al., 1995]; and rats, orally [Nakajima et al., 1998]. Studies of the testicular toxicity

of InAs have shown a range of responses: no toxicity to hamsters [Omura et al., 1996a],

reduced sperm count but no histological changes to rats [Omura et al., 1996b], and reduced

sperm count along with severe lesions of the testes of hamsters [Omura et al., 2000]. InP

showed testicular toxicity [Omura et al., 2000, 2002].

The ecotoxicity of indium appears to depend greatly on the organism exposed (Ta-

ble 2.3). Onikura et al. [2008] reported the LC50 for InCl 3 to several aquatic species, and
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Table 2.3: Published measures of acute toxicity for indium compounds. As discussed in the text, these studies do not identify the

'available' indium concentrations used (typically thought to be the free ion activity, In 3+), and may therefore underestimate the toxicity

observed. LD50: Lethal dose 50, dose at which 50% of organisms die; IC: Inhibitory Concentration; TC: Toxic Concentration (based

on growth rate, not mortality); EC: Effective Concentration; MTC: Microbial Toxic Concentration, essentially EC50; TEC: (Threshold

Effect Concentration)
Compound

InCl
3

InCl 3

InCl 3
InCl3
In2O3
In(N0 3 ) 3
InCl3
InCl 3

InCl 3

InCl 3

ITO (nano-material)
ITO (nano-material)
ITO (nano-material)
ITO (nano-material)
ITO (nano-material)

ITO (nano-material)
ITO (nano-material)
InCl3
In(N0 3 ) 3
In(N0 3 ) 3
In(NO3) 3
In(N0 3 ) 3

as indicated by significant cell viability reduction.
Species Acute Toxicity

Measure

Mice, intravenous LD50
Mouse fibroblast cells TC50
Hamster kidney cells TC50
Human gingival fibroblasts TC50
Mice, intravenous LD50
Rats, intraperitoneal LD50
Americamysis bahia LC50

Brachionus plicatilis LC50
Artemia salina LC50
Sillago japonica LC50
Hydra attenuata (invertebrate) EC50
Pseudokirchneriella subcapitata (alga) IC50
11 microbial species (MARA assay) MTC (~ EC50)
Thamnoplatyurus platyurus (invertebrate) LC50
Photosynthetic enzyme complexes (PECs) IC20
from spinach
Vibrio fischeri (bacteria)
trout primary hepatocyte cells
Tilapia larvae

Vibrio fischeri (bacteria)
Chlorella vulgaris (alga)
Daphnia magna (cladoceran)
PLHC-1 fish cell line

IC25
TEC
LC50
EC50
EC50
EC50
EC5O0

at
at
at
at

24 hr
24 hr
24 hr
24 hr

Value Reference

12.5 mg/kg

2300 pM
2110 pM
4200 pM
0.3 mg/kg
5.55 mg/kg
30.48 mg/L
24.42 mg/L
51.00 mg/L
> 20 mg/L
Very toxic (0.1-1 mg/L)
Toxic (1-10 mg/L)

Harmful (10-100 mg/L)
Harmful (10-100 mg/L)
Harmful (10-100 mg/L)

Not Toxic (>100 mg/L)
Not Toxic (>100 mg/L)
170 pM
0.06 mM
0.68 mM
0.28 mM
5.9 mM

[Castronovo and Wagner,
[Schmalz et al., 1997]
[Schmalz et al., 1997]
[Schmalz et al., 1997]
[Castronovo and Wagner,
[Adamson et al., 1975]
[Onikura et al., 2008]
[Onikura et al., 2008]
[Onikura et al., 2008]
[Onikura et al., 2008]
[Blaise et al., 2008]
[Blaise et al., 2008]
[Blaise et al., 2008]
[Blaise et al., 2008]
[Blaise et al., 2008]

[Blaise et al., 2008]
[Blaise et al., 2008]
[Lin and Hwang, 1998]
[Zurita et al., 2007]
[Zurita et al., 2007]
[Zurita et al., 2007]
[Zurita et al., 2007]

1973]

1973]



show for comparison that thallium, a relatively toxic metal, is significantly more toxic than

indium in some cases and significantly less toxic in others. Another study showed that

ITO as a nanomaterial ranged from very toxic (LD50 of 0.1-1 mg/L) to not toxic (LD50

>100 mg/L), depending on species [Blaise et al., 2008]. For comparison, ITO displayed

among the highest toxicity seen in the study, along with CuZnFe2 0 3 , NiZnFe2O 3 , and

Ho 2O 3 . Three-day-old tilapia larvae showed an LC50 to InCl 3 of 170 pM (37.6 mg/L),

~1000x higher (less toxic) than for Cd [Lin and Hwang, 1998]. In(N0 3 )3 was found to be

harmful to several aquatic species, in the order from most to least toxic: Vibrio fisheri >

Daphnia magna > Chlorella vulgaris > PLHC-1 fish cells [Zurita et al., 2007]. In a study of

several metals' effects on soil bacteria, indium inhibited growth of soil bacteria, but had no

effect on soil dehydrogenase activity, which is a measure for soil respiration and therefore a

proxy for antimicrobial activity in soils [Murata et al., 2005].

The lifetime of indium in the body varies depending on route of exposure. Van Hulle,

2005 showed that InAs is almost entirely excreted in feces within 72 hours. Castronovo

and Wagner [1973] find that, when InCl3 or 1n 2 0 3 are injected into the tail veins of mice,

they are excreted in two fractions-one having a half-life of ~2 days, the other having a

half-life of 69-74 days. Evidence from occupational exposure suggests that inhaled indium

has a long lifetime in the human body, since workers exposed at the time of study show

similar blood serum concentrations to those formerly exposed (median time since exposure

- 4.6 yr) [Chonan et al., 2007].

Several studies point to the inhibition of heme synthesis (by direct or indirect inhibition

of the delta-aminolevulinic acid dehydratase (ALAD) enzyme) as a mechanism of indium

toxicity [Conner et al., 1993, 1995, Fowler et al., 2005., Rocha et al., 2004][Van Hulle, 2005].

Rocha et al. [2004] show that In3+ competes with Zn2+ for the ALAD enzyme binding site,

since the enzyme activity is rescued upon addition of excess zinc. They suggest that In 3+

can additionally inhibit ALAD activity by oxidizing methionine groups, as evidenced by the

partial rescue of enzyme activity upon addition of glutathione, a reducing agent. It is also

possible that rather than acting as a reductant, glutathione is acting to complex indium,

making it less available for competition with Zn.

Thus it is evident that indium toxicity is a significant concern. Toxic effects, including

one death, have been observed in humans after occupational exposure and in numerous

animal studies. Pulmonary toxicity has been found and studied most, though evidence has
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also been found for system and specific organ toxicity, carcinogenesis, and teratogenicity.

Ultimately, the extent of toxic and ecotoxic effects will depend upon the activity of indium,

its physical and chemical form, and the chemical conditions of the particular environment.

Chronic toxicity is poorly studied, but is likely more important than acute toxicity due to

the low natural concentrations of indium.

2.3.4 Analytical techniques

Indium concentrations in environmental samples have been measured in many ways, includ-

ing by neutron activation analysis [e.g. Matthews and Riley, 1970a,b], atomic absorption

spectrophotometry [e.g. Tuzen and Soylak, 2006, Minamisawa et al., 2003], hydride gener-

ation with atomic absorption detection [Busheina and Headridge, 1982, Yan et al., 1984,

Castillo et al., 1988, Liao and Li, 1993, Matusiewicz and Krawczyk, 2007], thermal ionization

mass spectrometry [e.g. Chow and Snyder, 1969, Yi et al., 1995], anodic stripping voltame-

try [Paolicchi et al., 2004], and inductively coupled plasma-mass spectrometry (ICP-MS)

[e.g. Alibo et al., 1998, Orians and Boyle, 1993, Steinnes et al., 2003, Grahn et al., 2006].

Colorimetric detection [Mizuguchi et al., 2004] and immunoassays [Chakrabarti et al., 1994]

have also been utilized. The most common technique for environmental samples, where

indium exists at trace concentrations, is ICP-MS.

Even using ICP-MS, measurements of natural waters typically require sample precon-

centration in order to be within a detectable range. Additionally, this step is important for

removing other ions and dissolved organic matter, which can interfere with many analyses.

Preconcentration has been carried out in three main ways: (1) solvent extraction [e.g. Alibo

et al., 1998]; (2) ion-exchange [e.g. Matthews and Riley, 1970a,b, Orians and Boyle, 1993,

Tuzen and Soylak, 2006]; and (3) coprecipitation [e.g. Ueda and Mizui, 1988, Minamisawa

et al., 2003]. Often these are followed with an evaporation step; evaporation alone is typ-

ically not feasible because it can result in a complicated matrix that interferes with the

analytical technique.

The most widely-used concentration technique for environmental samples has been a sol-

vent extraction technique that consists of chelation by HDEHP (bis(2-ethylhexyl) hydrogen

phosphate) and H2 MEHP (2-ethylhexyl dihydrogen phosphate), extraction into heptane,

then back extraction with HCl [Alibo et al., 1998]. Also used are ion-exchange schemes,

including cation exchange using 8-hydroxyquinoline [e.g. Orians and Boyle, 1993, Moham-
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mad et al., 1993] or Chelex-100 [e.g. Orians and Boyle, 1993], and anion exchange at either

high pH [e.g. Chow and Snyder, 1969] or high chloride concentration [e.g. Matthews and

Riley, 1970a]. Coprecipitation is less widely-used, but schemes such as precipitation with

hafnium-hydroxide [Ueda and Mizui, 1988] or chitosan [Minamisawa et al., 2003] have been

employed.

It is important to use trace-metal-clean techniques for indium analyses, including acid

washing all sample bottles and labware and using plastic labware (typically low-density

polyethylene (LDPE), high-density polyethylene (HDPE), or polypropylene (PP)) to pre-

vent both loss and contamination of the sample from sorption to/desorption from container

walls. As long as concentrations are high compared to blanks, and blanks are sufficiently

low, we have found that background levels of indium in our laboratory are low enough

that positive pressure hoods and ultra-pure acids are not necessary in all cases. However,

rigorous quality control is important to ensure that measurements are not influenced by

contamination. Indium contamination has been proposed, for example, to dominate ocean

measurements made in 1969 [Chow and Snyder, 1969], prior to the adoption of trace-metal

clean techniques [Amakawa et al., 1996].

Although rarely documented in the literature, there are potentially serious analytical

interferences for indium. It is often unclear in published data whether interferences were

taken into consideration but were minor or were unintentionally ignored; thus we suggest

that care be taken in the interpretation of literature values. As discussed above, complex

matrices with high ion content (such as seawater) are very difficult to measure with any

of the available analytical techniques without a prior step to separate indium from the

matrix. This is also true when dealing with marine or estuarine sediments having high salt

concentrations. In our own studies we have seen systematic underestimates for graphite

furnace atomic absorption (GFAA) measurements of indium in saline, anoxic sediments; in

addition to salt interferences, it is possible that sulfides contribute to this interference. For

GFAA, it is important to use a matrix modifier, typically palladium, sometimes combined

with tartaric acid, tungsten, or molybdenum, to get consistent results [e.g. Acar et al., 1999,

2000, Shan et al., 1985]. While the use of matrix modifiers allowed Acar et al. [1999, 2000] to

measure elevated concentrations (50 ppb) of indium in seawater without pre-concentration,

we have been unable to measure natural concentrations in complicated matrices without a

pre-concentration step.
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When using ICP-MS for indium analysis, care must be taken to account for several

significant interferences, including those from 11 3Cd (12.2% of Cd) and 97 Mo160+ (9.56% of

Mo) at Indium-113, and 1 15 Sn (0.34% of Sn) at Indium-115. These are typically corrected

for by monitoring another isotope of the interfering element (e.g. '1 1 Cd and 117 Sn) and

using the natural isotopic ratio to subtract the interfering isotope's signal. However, this

correction is best carried out if the overall correction is small, and in some cases is difficult

because there is not another isotope free of interferences (e.g. Mo). Mass resolution in

excess of 40,000 would be needed to resolve these interferences; otherwise, assumptions

must be made about whether it is possible to ignore the probable interferent contribution.

Despite these problems, reproducible measurement methods have been developed for

many sample types. Available data are presented subsequently.

2.4 Indium's Anthrobiogeochemical Cycle

There is much that is unknown about the reservoir concentrations and natural and industrial

fluxes of indium (Figure 2-5). In general, reservoir concentrations are better known than

are fluxes within and between the reservoirs. As can be seen, most of the industrial fluxes

of indium are not yet known.

While Figure 2-5 does not distinguish between scales of fluxes, we will consider three

spatial scales of a metal's anthrobiogeochemical cycle: (1) the global, atmospheric scale,

classified as gases and aerosols resulting in long-range transport; (2) the regional scale,

classified as settleable particles released to the atmosphere and resulting in short-range

transport; and (3) the local scale, classified as waterborne releases resulting in transport

within a watershed. The recognition of scales is important because different transport

mechanisms are required to distribute metals at each scale. Transport in turn is critically

dependent on the physical and chemical form of a metal [Hemond and Fechner-Levy, 2000].

2.4.1 Atmospheric Cycling

Measured atmospheric concentrations of indium have ranged from 53 fg/m 3 at the South

Pole to 43.3 ng/m 3 near the Bunker Hill lead smelter in Kellogg, Idaho [Smith et al., 1978,

Maenhaut and Zoller, 1977, Ragaini et al., 1977]. The reservoir value of 0.2 t in Figure 2-5

is based on the South Pole number, and is thus a lower bound, particularly since industrial
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Figure 2-5: Indium's anthrobiogeochemical cycle, 2007. Reservoir units = metric tons; Flux units = metric t/yr; Solid arrow = relatively
well-known flux; Dashed arrow = unknown flux; Green arrow = natural flux; Orange arrow = anthropogenic flux; Arrow width =
approximate relative magnitude. *Due to the method of estimation, wet/dry deposition fluxes may include both natural and industrial
sources. 1) Smith et al. 1978; 2) Klee & Graedel 2004; 3) EIA 2008; 4) Nozaki et al. 2000a; 5) Rudnick & Gao 2004; 6) Obata et al. 2004; 7) Obata et al. 2007;
8) Amakawa et al. 1996; 9) Matthews & Riley 1970 a & b; 10) Alibo et al. 1998; 11) Alibo et al. 1999; 12) Matsumoto & Hinkley 2001; 13) USGS 2008a; 14)
Garrels et al. 1975; 15) USGS 2008b; 16) USGS 2008c; 17) Zamora, 2008; 18) Extrapolated from Steinnes et al. 2003, Grahn et al. 2006, and unpublished data
from authors; 19) Fairbridge [1972]; 20) Hinkley & Matsumoto 2001; 21) Tolcin 2009; 22) Yeakley 2009.
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emissions may presently contribute higher amounts of indium than they did prior to 1975,

the year the measurement was taken.

Inputs to the atmosphere

Natural inputs to the atmosphere include dust, ocean sea-spray, and volcanic emissions.

Estimates of rock and soil dust flux to Antarctica [Hinkley and Matsumoto, 2001] and

the average crustal indium concentration (52 pg/kg; [Rudnick and Gao, 2004]) lead to an

estimate of a global indium dust flux of ~0.02 t/yr (Figure 2-5). This should be considered

a lower bound; the flux density may be highest near regional sources such as deserts. Ocean

sea spray is estimated to be of the same order of magnitude as the dust flux (~0.04 t/yr)

(Figure 2-5), based on a mean value for indium of 1 pmol/L in seawater, average salinity

of 0.035%, and an annual production of sea-salt aerosols of 10-11.7 x 10" g/yr (method

and aerosol estimates from Klee and Graedel [2004]). Matsumoto and Hinkley [2001] have

suggested that volcanic emissions provide a significant global flux of indium, based on

Antarctic ice core levels of 0.006 to 0.34 pg/g (ppt), higher than expected from only dust

and sea-salt spray. This corresponds to a global volcanic flux of -0.01-21 t/yr (Figure 2-

5) (calculated using data from Matsumoto and Hinkley [2001] ). This is supported by an

estimate of worldwide volcanic emissions of indium of 14 t/yr [Hinkley et al., 1999]. Hinkley

et al. [1994] suggest that indium concentrations in volcanic emissions are higher than in the

crust or ocean due to fractionation of the more volatile elements. Also interesting to note

is that, according to this ice core, indium concentrations have varied substantially over

the past 73,000 years, but were generally lower in the past 10,000 years than in earlier

times. This could be further indication that volcanic degassing has at times contributed

substantially to indium concentrations in the atmosphere.

Industrial inputs to the atmosphere result from fossil fuel combustion, mining and smelt-

ing, semiconductor and electronics manufacture, and incineration. Coal burning releases

approximately 600 tons of indium annually (based on average indium concentrations in coal

of 0.1 ppm [Smith et al., 1978] and world coal use [EIA, 2008]), of which approximately 50%

is released to the atmosphere (Figure 2-5) [Smith et al., 1978, and references therein]. This

calculated value may be significantly lower if modern environmental controls are taken into

account. Additionally, while the total release is well-known, the distribution between fly-ash

and bottom-ash is uncertain. The indium concentration in NIST standard 1633: Coal Fly
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Ash is not certified, but has been measured at ~0.2 mg/kg [Roelandts and Gladney, 1998].

Petroleum use contributes a negligible amount of indium to the atmosphere compared to

the release from coal [Smith et al., 1978] [EIA, 2008].

Pacyna and Pacyna [2001] estimate that 45 tons of indium were released to the atmo-

sphere by non-ferrous smelting in 1995, and while there is controversy about the accuracy

of this estimate, the potential is recognized for large releases of indium to the atmosphere

from mining and subsequent metal refining processes. In addition to the dust generated

in the mining process, there may be substantial dust releases during transport of the con-

centrate after roasting, during the roasting process itself, and even from aeolian erosion of

tailings ponds [Lottermoser, 2007]. In addition, pyrometallurgy and hydrometallurgy result

in atmospheric emissions, dusts, and fumes [Lottermoser, 2007]. The estimate for mining

and smelting emissions to the atmosphere of ~600 t/yr in Figure 2-5 is based on the Smith

et al. [1978] estimate that 10% of indium extracted with zinc ore is lost to the atmosphere

during processing. There is large uncertainty in this estimate; emissions from copper or tin

mining are not included, nor are the effects of modern-day environmental controls.

Global releases from semiconductor and electronics manufacture are presently small

compared to those from coal burning and from mining and smelting. Indium used in

semiconductors is either part of the base substrate or is deposited via a form of physical

vapor deposition (PVD). PVD techniques are also widely used to deposit indium tin oxide

for flat panel displays and solar cells [e.g. Singh et al., 2005, Zhou, 2005]. Chemical vapor

deposition processes are infrequently used for indium [Zamora, 2008]. The most probable

point of atmospheric release is during the production of indium phosphide and indium

arsenide substrates, and of indium sputtering targets for use in deposition, particularly in

the grinding and polishing steps [Diadiuk, 2008]. In fact, the cases cited above of illness

and death associated with the grinding of ITO sputtering targets [Homma et al., 2003,

2005, Chonan et al., 2007, Nakano et al., 2009] resulted from exposure to high factory air

concentrations (10-50 pg/m 3) [Chonan et al., 2007], suggesting the potential for release

to the environment. Additionally, elevated mean atmospheric concentrations (10 ng/m 3)

have been found near a large semiconductor industrial park in Taiwan, compared to mean

concentrations of 5 ng/m 3 in a nearby urban area [Chen, 2007], although errors are not

reported for these values in order to confirm that they are significantly different between

sites. Despite the potential for release, the total amount of indium produced and sent to
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the semiconductor and electronics industries is estimated to be 20 times less than what is

released to the environment from mining and smelting; therefore, present-day semiconductor

and electronics releases are necessarily small in comparison. However, this may not be true

under possible future conditions of a 100- or 1000-fold expansion of production of indium-

containing devices.

Atmospheric releases from finished electronics and semiconductor products are probably

small compared to the fluxes discussed above. Indium may be released through the use of

products such as zinc oxide in tire rubber, or leaded gasoline, due to indium's tendency to

exist as an impurity in zinc, lead, tin, copper, cadmium, and arsenic materials [e.g. Smith

et al., 1978]. At the end of product life, incineration may release indium to the atmo-

sphere. Measurements above an urban refuse incinerator in 1976 revealed a contribution of

0.013 ng In/m 3 to the local atmosphere, a significant fraction of the 0.03 to 0.06 ng In/m 3

concentrations commonly observed in urban air [Greenberg, 1976, Greenberg et al., 1978b].

Greenberg and colleagues [1976, 1978b] also revealed that most indium from incinerators

was associated with respirable particles (<0.2 tim). At the time Greenberg and colleagues'

studies were conducted, most indium was thought to come from impurities in iron, lead,

zinc, and tin products. It would be useful to revise this number considering the large mass

of new products that contain indium. While such emissions are currently thought to be

small in comparison to mining/smelting, this also could change as more indium-containing

semiconductors and electronics are disposed and incinerated.

Outputs from the atmosphere

The main outputs from the atmosphere are wet and dry deposition. Neither have been

measured for indium, but total wet plus dry deposition may be inferred in two ways. First,

sediment and peat cores can be used to derive sedimentation rates, from which one can

infer atmospheric deposition. Assumptions must be made about the fraction of indium

falling on the watershed that is transported to the sediments, and whether there are local

watershed inputs. Records obtained from ombrotrophic bogs simplify the situation because

such bogs only receive atmospheric inputs. The total deposition values given in Figure 2-5

(land plus water deposition ~2,000-400,000 t/yr) encompass a wide range because they are

extrapolated from three different systems ([Grahn et al., 2006, Steinnes et al., 2003], our own

work) with varying assumptions. Wet plus dry deposition must also reflect the total input of
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indium to the atmosphere, assuming a steady-state atmospheric model. Based on Figure 2-

5, total inputs to the atmosphere are ~1,000 t/yr. This is the same order of magnitude

as the lower estimate of deposition cited above, but two orders of magnitude less than the

upper estimate. Additionally, the residence time of indium in the atmosphere implied by

Figure 2-5 is short (-1-100 minutes), partially due to the lower-bound value calculated

for the atmospheric reservoir, but partially because the wet and dry deposition estimates

may also reflect regional deposition, resulting in shorter overall atmospheric residence times

than expected. Clearly there is much to be learned regarding actual atmospheric deposition

rates.

2.4.2 Ocean Cycling

Indium concentrations in the ocean range from 0.05 to 4.5 pM (0.006 to 0.5 ng/L), depending

on location [Obata et al., 2004, 2007, Amakawa et al., 1996, Matthews and Riley, 1970a,b,

Alibo et al., 1998, 1999]. The lowest concentrations have been measured in the semi-enclosed

seas near Japan [Obata et al., 2007] and the South Australian Basin in the Antarctic

Circumpolar Region, where there is little atmospheric input [Obata et al., 2004]. It is

also possible that these measurements are low due to a more stringent filtration step during

sample collection (0.04 pm rather than 0.45 pm). North Pacific concentrations are ~0.1 pM

and have a depth profile characteristic of conserved elements [Amakawa et al., 1996]. North

Atlantic values are higher (0.6-2.7 pM) and have distinctly different depth profiles, one being

a profile characteristic of scavenged elements [Matthews and Riley, 1970a,b] and the other

being a concave upward profile in which concentrations increase from the surface to depth

[Alibo et al., 1999]. The Matthews data [1970a, 1970b] may be less reliable because they

were taken prior to the advent of rigorous trace-metal-clean techniques, but the difference

in depth profiles may also be due to differences in sample location. Mediterranean waters

have a profile characteristic of conserved elements, with an average concentration of 4 pM

[Alibo et al., 1999]. Other measurements in the eastern Indian Ocean and the southeast

Asian Seas typically show profiles characteristic of conserved elements, between 0.5-2.5 pM

and with varying features depending on location [Obata et al., 2004].

Chow & Snyder's [1969] ocean measurements are thought to be contaminated [Amakawa

et al., 1996]. Other ocean measurements that are thought to be contaminated or that

represent the measurement of clearly polluted waters are referenced in Smith et al. [1978]
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and are not included here.

As is the case for other particle-reactive (scavenged) elements such as aluminum and

thorium, indium concentrations are higher in the Atlantic than in the Pacific, and higher

still in the Mediterranean. But the interoceanic variability for indium (~6-16x different)

is much higher than for other elements except aluminum [Alibo et al., 1999]. As men-

tioned previously, a fractionation study in the Mediterranean has confirmed that indium is

heavily associated with the particulate fraction, and is comparable in particle reactivity to

aluminum, cesium, thorium, titanium, zirconium, and hafnium [Alibo et al., 1999]. This

suggests residence times close to the 100-200 year residence time estimated for aluminum

[Alibo et al., 1999, Orians and Bruland, 1985].

Inputs to the ocean

Inputs to the ocean include wet and dry deposition resulting from natural and anthro-

pogenic sources, as well as riverine inputs and benthic sources. The river flux of -1 t/yr

given in Figure 2-5 is calculated using dissolved concentrations (0.28 pM) from an area

in Thailand assumed to be pristine [Alibo et al., 1998, Nozaki et al., 2000a]. It is unclear,

however, how closely the Thai rivers represent global freshwater background concentrations,

or how indium's chemical behavior affects this flux. Industrial areas may also contribute

a larger flux. There have been additional studies that show decreases in estuarine indium

concentrations in excess of that expected from dilution, suggesting that riverine inputs to

the ocean may be smaller than the total of riverine fluxes [Alibo et al., 1998, Nozaki et al.,

2000b]. Although not all data are clearly supportive of this claim, several data sets clearly

show that end-member mixing cannot entirely explain estuarine indium concentrations (e.g.

the Thai river data from Alibo et al. [1998] and the Japanese river data from Nozaki et al.

[2000b]). The removal could be due to flocculation or biological removal by filter feeders.

The flux estimate calculated above is 100x smaller than the riverine flux of 100 t/yr

estimated by Klee and Graedel [2004]. This is due to the fact that our estimate only takes

into account dissolved indium concentrations, rather than those associated with particles,

since dissolved concentrations are more mobile and more 'available' to organisms. This

overestimation of natural fluxes by Klee and Graedel means that the ratio of anthropogenic

to natural fluxes that they have calculated could be 100x too low. Additionally, the free ion

activity, In 3 +, may be more appropriate than the total dissolved species to consider, since
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the free ion is thought to be the important species in terms of uptake by organisms. The

complexation of indium in natural waters must be better understood in order to determine

more specific bioavailability and to truly understand the natural flux values that should be

considered.

Alibo et al. [1999] assert that aeolian dust is probably the main natural source of indium

to the oceans, based on elevated surface concentrations in some depth profiles [e.g. Matthews

and Riley, 1970a,b], and on the absence of additional known significant sources of indium to

the oceans other than riverine transport. The estimate above for a global indium dust flux

of -0.02 t/yr does not necessarily support this assertion, however. Additionally, indium

to aluminum ratios in the ocean are 1-2 orders of magnitude higher than typical crustal

ratios [Alibo et al., 1999]. Since aluminum is also believed to be mainly supplied by dust,

and differential solubility of aluminum and indium is unlikely to account for all of the

difference, indium either has a significant input source other than dust, or is removed more

slowly than previously estimated [Obata et al., 2007]. Volcanic fluxes could be significant

at times, as discussed previously. There are no reports in the literature of benthic sources,

but researchers have hypothesized that they could be significant [Obata et al., 2004, 2007].

Additionally, industrial inputs to the atmosphere are significant, and therefore may be

significant sources of indium to the ocean.

Outputs from the ocean

Sedimentation and sea-salt spray are the main outputs from the ocean, processes that could

also differ between indium and aluminum. In fact, Obata et al. [2004, 2007] contend that

indium is longer-lived than previously thought, supported by the fact that indium concen-

trations tend to be more homogeneous than aluminum concentrations. One can estimate

a sedimentation rate for indium of 104 t/yr (Figure 2-5), based on an assumed sedimen-

tation rate of -1 mm/yr, an average ocean sediment concentration of 0.1 mg indium/kg

sediment [Matthews and Riley, 1970b], and the ocean-covered surface area of the earth

of ~ 3.6 x 108 km 2 . This is well within the range of sedimentation rates for indium of

103-10 5 t/yr, based on the steady-state assumption that inputs to the ocean must equal

outputs. As mentioned above, sea-salt spray is estimated to be -0.04 t/yr.
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2.4.3 Freshwater Cycling

The few studies of indium in rivers show dissolved concentrations of 0.1-0.4 pM for Thai

rivers and at least an order of magnitude higher (1.0-15.0 pM) for the Japanese rivers studied

[Alibo et al., 1998, Nozaki et al., 2000a,b]. In all cases, concentrations decreased toward

the sea as the rivers transitioned to estuaries and salinity increased. Though the study size

is small, higher riverine concentrations appear to correlate with more densely populated

and industrialized areas [Alibo et al., 1998, Nozaki et al., 2000a,b]. There have been no

published lake or wetland measurements. Our own measurement of indium concentrations

in a Massachusetts lake is 1.5 pM, close to measurements by other groups for a low-salinity

river in a populated area [Alibo et al., 1998, Nozaki et al., 2000ab]. While interferences are

expected to be small in this sample, they were not quantified; therefore this measurement

is best regarded as an upper bound.

Inputs to freshwaters

Chemical weathering provides the background concentration of indium in rivers. As noted

above, the river flux of ~1 t/yr given in Figure 2-5 is calculated using dissolved river concen-

trations from an area in Thailand assumed to be pristine [Alibo et al., 1998, Nozaki et al.,

2000a], so this flux also represents the amount of indium released annually by weathering.

Local anthropogenic inputs to freshwaters include coal burning, mining and smelt-

ing, semiconductor and electronics manufacture, and incineration. Of the approximately

300 tons of indium that remains in bottom ash from coal burning annually [Smith et al.,

1978] [EIA, 2008], an unknown amount of this leaches into freshwaters when the bottom ash

is landfilled, stored in waste ponds, or recycled in materials such as cement, asphalt, and

backfill. Fly ash can also be trapped and either landfilled or put into waste ponds, and

therefore could also release indium to freshwaters via leaching.

The local release of metals from mining and smelting has been shown to occur for many

elements [e.g. Douay et al., 2008, Mighall et al., 2002, Sterckeman et al., 2002]. Boughriet

et al. [2007] have shown high indium concentrations (up to ~75 mg/kg) in river sediments

near smelters. This can be caused by short range atmospheric transport, the leaching of

tailings by natural waters, the production and leaching of slags and residues by metallurgy,

and by the specific chemistry of the waste stream and the degree of influence of acid mine
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drainage [Lottermoser, 2007]. One may estimate a flux of ~10,000 t/yr to tailings (Figure 2-

5), based on the total amount of indium extracted from the earth with zinc and lead ores,

minus the amount produced for industry and the amount released to the atmosphere [Kelly

and Matos, 2008a, Smith et al., 1978] This may be an underestimate since indium is also

enriched in copper and tin ores, which are not accounted for here. It is unknown how much

of this indium leaches into freshwaters.

Because indium is a byproduct of primary metal mining (primary metals being those

such as Zn, Pb, or Cu, that exist as a primary ore rather than an inclusion), its releases from

mining and smelting are distinct from primary metal releases. The environmental release

of a metal from mining/smelting is often considered to be the total produced as purified

metal and sent to industry [e.g. Klee and Graedel, 2004]. Yet, as shown in Figure 2-5, this

amount is far smaller than the amount that is extracted from the earth but not produced

for market, instead being lost to the atmosphere or water. Calculations suggest that only

5% of the indium extracted from the earth due to zinc and lead mining is actually produced

as indium metal (data from [Kelly and Matos, 2008a,bc, Smith et al., 1978]). If the 5%

production value is taken to be the flux to the environment, as has been done in prior

published comparisons [e.g. Klee and Graedel, 2004], the anthropogenic total flux from

mining could be underestimated by as much as 20 times. Because it is produced as a

byproduct, this also means that indium has likely been released to the environment for

hundreds of years, much longer than it has been used in industry, and that new demand

by the semiconductor and electronics industries, although increasing production of such a

metal, might actually decrease its overall environmental release by increasing its recovery

from mining and smelting wastes.

Semiconductor and electronics manufacture, particularly the production of indium phos-

phide and indium arsenide wafer substrates and of sputtering targets, may also lead to local

environmental releases. Elevated indium levels (9.3 pg/L) have been found in groundwa-

ter near a large semiconductor industrial park in Taiwan, compared to a nearby district

(0.01 pg/L) [Chen, 2006]. Manufacturing processes may lead to the production of solid

and slurry wastes [Diadiuk, 2008]. Deposition processes, while less likely to result in at-

mospheric releases, do have potential for significant waterborne releases. In particular,

physical vapor deposition (PVD) is inefficient and may lead to environmental release; over

55% of the metal is estimated to be lost to the chamber walls in e-beam PVD, the main
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process used for indium deposition, and ~30% is estimated to be lost during sputtering,

an alternate process for indium deposition [Zamora, 2008, Tolcin, 2009, Nakajima et al.,

2007a, and references therein]. Additional indium can be etched away after deposition if

the semiconductor wafers and other thin-film devices are to be patterned [Yeakley, 2009].

The metal that is deposited on the walls and other chamber parts either flakes off in pieces

that are sent to a reclamation center or are cleaned off using a sand-blasting technique or a

chemical wash [Zamora, 2008]. It is unknown whether the indium in the abrasive or in the

waste chemicals is reclaimed or released to the environment [Zamora, 2008].

Waterborne releases from electronics and semiconductor products during their lifespan

or at the end of their life could result from leaching directly from the product or from its

incineration ashes. Finke et al. [1996] performed standard leaching tests on copper indium

diselenide (CIS) photovoltaic cells, finding indium concentrations in the leachate as high as

3.2 ppm. This number may be an overestimate, since the leaching tests used were harsh,

the solar cells were cut into small pieces after having their glass covers removed, and there

are no blanks reported to rule out contamination [Finke et al., 1996]. Incinerator ashes have

been measured at 1 mg indium/kg [Greenberg et al., 1978b], but it is unknown how much

could leach from the ashes.

Nozaki et al. [2000a,b] hypothesize that elevated dissolved indium in Japanese Rivers

comes from medical wastes, by analogy with elevated Gd being attributed to the release of

stable Gd(DTPA) 2- from medical imaging [Bau and Dulski, 1996]. The primary indium

isotope used in medicine is 'In [Harris and Messori, 2002], and the "'In-DTPA complex

is used for brain and spinal imaging [Thompson and Orvig, 2003]. While medical release

is a potential explanation for elevated Gd, which is used in medicine as a stable isotope

[Thompson and Orvig, 2003], radioactive "'In is used, which decays to 11 Cd with a half-

life of 2.8 days [Deis, 2009] and thus will not persist as indium in the environment. Neither

would the starting solution for isotope production contain stable indium since "'In is made

by proton capture by silver or cadmium [Macdonald et al., 1975]. Medical releases are

therefore not a likely explanation for elevated riverine concentrations of indium.

Outputs from freshwaters

Outputs from freshwaters include transport to the ocean via rivers, aquifer recharge, and

sedimentation in lakes and rivers. Transport from rivers to the ocean was calculated above
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Figure 2-6: Sediment cores showing indium concentrations. A) Data from southern Sweden
(Grahn et al. [2006] J. Environ. Monit. 8(7): 732-744. Reproduced by permission of the
Royal Society of Chemistry.) Closed circles = acid-leachable sediment concentration; open
circles = pore-water concentrations; closed squares = solid-water partitioning constant, Kd.

B) Author's data from the Charles River, Massachusetts. Circles = acid-leachable sediment

concentration.

as -1 t/yr (Figure 2-5). Recharge to aquifers has not been quantified, and sedimentation

can be calculated in a similar way as for ocean sedimentation. Our data and that of Grahn

et al. [2006] suggest a mean In sediment concentration of 0.1 mg/kg and lake sedimentation

rates of 0.1-1 cm/yr. Combined with assumed sediment densities of 2.5 g/cm 3 [Avnimelech

et al., 2001] and a total surface area covered by freshwaters of 2.5 x 106 km 2 [Wetzel, 2001],

a freshwater sedimentation flux of 100-1000 t/yr is estimated.

In addition to considering sedimentation as an important natural sink, sediment and

peat are also useful historical archives. One high-resolution sediment core shows that indium

concentrations have been increasing for at least 150 years prior to 1970, after which they

may have actually decreased [Grahn et al., 2006] (Figure 2-6a), and one low-resolution peat
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core supports this timeline [Steinnes et al., 2003]. This runs counter to the pattern of

increasing indium use in Europe and the United States since 1970 [Grahn et al., 2006, Kelly

and Matos, 2008a]. Our preliminary results from a sediment core from the Charles River,

Massachusetts, are of similar magnitude and peak shape to the Grahn data (Figure 2-6b).

Grahn and colleagues suggest that the higher-than-expected levels prior to 1970 are due

to sulfide ore mining in Europe, and that the present decrease, if it is in fact global in

scale, may be due to better emission controls. We additionally hypothesize that increasing

demand for indium has driven its enhanced recovery from mining waste streams, decreasing

its release to the environment and contributing to an actual recent decrease in sediment

concentrations.

2.5 Conclusions and Research Needs

Much remains unknown about indium's natural and anthropogenic cycling, but it is clear

that indium use will continue to increase rapidly. Anthropogenic fluxes appear to already

exceed natural fluxes, flagging indium as an element in need of more study. Additionally,

there is evidence that environmental concentrations of indium are already changing as a

result of anthropogenic activity.

Semiconductor and electronics manufacture is presently a small contributor to industrial

fluxes of indium to the environment; the largest industrial fluxes of indium come from

coal burning and mining and smelting. As industrial use increases, however, releases from

semiconductor and electronics manufacture may become increasingly important.

There remain a large number of open questions about the environmental releases and

behavior of indium. In order to better understand indium's environmental cycling, and

what effect indium will have on the environment and human health, research needs include:

(1) confirming the magnitude and scale of the mining fluxes of indium, and establishing

their link to changing environmental concentrations; (2) establishing the fluxes from semi-

conductor and electronics manufacture so that potential problems resulting from increases

in industrial use can be anticipated and forestalled; (3) determining the toxic effects of low,

environmental concentrations of indium, particularly from chronic exposure; and (4) un-

derstanding indium's behavior and transport, including organic complexation, vapor phase

behavior, and size fractionation of atmospheric releases.
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Chapter 3

A Novel Method for Coring Peat

Authors: Sarah Jane 0. White, Carrie Keach, Harold F. Hemond

3.1 Introduction

Bogs are important archives of environmental change. Ombrotrophic bogs are particularly

useful for tracking historical atmospheric contaminant deposition since they receive only

atmospheric inputs, without confounding contributions from surface or groundwater inputs.

Bogs are additionally useful because they are less prone to disruption from bioturbation,

as may occur in lake or marine sediments. Researchers have successfully reconstructed

historical deposition records for metals such as lead [e.g. Lee and Tallis, 1973, Oldfield

et al., 1979, Kylander et al., 2009], antimony [e.g. Cloy et al., 2009, 2005] and vanadium

[Cloy et al., 2011] using ombrotrophic peat cores.

However, peat can be particularly difficult to core due to its compressibility and the

presence of plant roots. Existing corers [e.g. Jowsey, 1966, Cuttle and Malcolm, 1979,

Wardenaar, 1987] often compress the peat during retrieval [Givelet et al., 2004, Farmer

et al., 2006]. Additionally, many peat bogs have an extensive root system running through

them from larger plants and shrubs, making it even more difficult to obtain an undisturbed

core while cutting through these roots. The corers presently available are inadequate for

many bogs, especially those with an extensive root system.

We developed a freeze-coring method for difficult-to-core bogs that allows the retrieval

of a meter-long core with little compression or disturbance. Additionally, this freeze-coring

technique preserves porewater stratigraphy due to the freezing of the peat and porewater in
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situ. The method works by freezing a cylinder of peat to preserve its structure and provide

mechanical strength, at which point it can be cut out of the mat with minimal disturbance.

We have applied this method in Thoreau's Bog, a difficult-to-core ombrotrophic bog in

Concord, Massachusetts. We retrieved a 90 cm core, three times longer than has previously

been accomplished for this bog, while creating little compaction or disturbance. 1-cm slices

were readily sectioned from the core, and greater resolution may be possible by using a

band saw. Thus this technique allows for a high resolution reconstruction of trace metal

stratigraphy.

A suite of metals was measured in Thoreau's bog, with a focus on indium. Indium

was measured because of its relatively recent introduction into industrial use, and emerging

concerns over its health impacts [White and Hemond, 2012]. Indium is a metal whose use is

increasing rapidly due to its use as a conductive coating (indium tin oxide) for LCD displays,

flat panel displays, and photovoltaic cells. It also has uses as a substrate in important

energy technologies such as LEDs and photovoltaic cells. Despite the rapid increase in use

of indium, very little is known about its environmental behavior. Knowing more about

indium's atmospheric deposition over the past 100 years is important for understanding

how humans may be impacting its cycling.

Here we present the design for this novel freeze coring method for difficult-to-core bogs,

along with a detailed dating analysis and indium deposition history for the core obtained.

3.2 Methods

3.2.1 Site Description

Thoreau's Bog, also known as Gowing's Swamp, is an ombrotrophic, floating mat Sphagnum

bog that is connected to a larger wetland area in Concord, Massachusetts (42-27'43"N,

71*19'42"W). It was studied by Henry David Thoreau in the late 1800s [Thoreau, 1906].

Low shrubs and trees are abundant in and around the floating mat, which provide a root

structure in the mat that makes coring difficult. The bog was previously shown to have only

atmospheric inputs, and a water table that is 10-20 cm below the moss surface [Hemond,

1980].
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3.2.2 Freeze-Corer

The freeze-coring technique used is based on a freeze-coring design previously used for

lake sediments [Spliethoff and Hemond, 1996]. The design presented here differs from this

previous design by allowing the freezing of significantly more material (-13 cm diameter

compared to -5 cm), a necessity for obtaining enough material for analysis due to the

low density of peat compared to lake or ocean sediments. Additionally, the present design

employs a smaller tube to allow penetration of the peat with minimal disturbance, and has

a mechanism for cutting plant roots in order to remove the core from the bog.

The new corer is made up of two separate tubes, one used to freeze the peat, the other

used to extract the core (Fig. 3-1). The inner tube (aluminum alloy 6061) is 1 m long, with

a 2.5 cm outer diameter, 2.3 cm inner diameter, and has a pointed aluminum tip welded

on to create a water-tight seal. This inner tube can be pushed into the peat with minimal

effort and minimal disturbance to the peat.

In order to freeze the peat to the outside of this inner tube, pellets of dry ice are added

to fill the tube, which is topped up with 95% ethanol. The ethanol is meant to distribute

the cold evenly. An approximately 27 cm polypropylene funnel with a neck just larger than

the inner tube is then attached to the top of this tube, with an O-ring to prevent leakage of

the freezing mixture. Because dry ice sublimates and ethanol evaporates quickly, both must

be fed into the tube constantly until the desired thickness of peat freezes. Because of this

evaporation, the bottom of the peat freezes more quickly than the surface peat, which does

not get as consistent cooling. In our case., where the bulk of the peat was water-saturated,

a 13 cm thickness was obtained in 1 hour.

After the desired peat thickness is frozen, the funnel is removed, and a larger-diameter

tube (12.7 cm) with sharp teeth is used to cut roots and unfrozen peat away from the frozen

core. This tube is a 91 cm long, 12.7 cm outer diameter steel tube (Acker Drill Company,

Inc, Scranton, PA), with teeth cut into it and holes into which a handle can be inserted.

The teeth are cut so that there is a rounded side and a vertical side, which is filed for

maximal sharpness. The outer tube is rotated so that the rounded sides make the first cut,

then the tube can be counter-rotated to cut remaining roots more vigorously. Because the

peat is frozen, cutting through the plant roots does not disturb the intact core. When the

outer tube has been pushed into the peat as far as possible, or if the frozen core begins to
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Figure 3-1: A 1 m long, minimally disturbed core can be obtained with a freeze corer
developed for hard-to-core peat bogs. An inner tube is pushed into the peat, then filled
with ethanol and dry ice to freeze approximately 13 cm diameter of peat around the tube.
The undisturbed core can then be cut from the mat with the outer tube, which makes use
of sharpened teeth to cut through plant roots.
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Bottom

Figure 3-2: An intact core of 1 m length and 13 cm diameter can be obtained in several
hours using the freeze-coring technique

be pushed down by the outer tube, pulling up on the outer tube at a slight angle brings

with it the frozen core and the inner tube.

The outer tube can then be removed from the core, and the core photographed, mea-

sured, wrapped in plastic, and kept frozen until processing.

3.2.3 Sampling and sample preparation

A 90 cm core was collected from Thoreau's Bog using the above-described corer in May of

2010 (Fig. 3-2). The core remained frozen until processing, at which point it was thawed

slightly at room temperature, allowing the center Al tube to be removed. The core was then

re-frozen and sliced with a stainless steel butcher saw (Weston Supply 47-1601). The saw

blade was cleaned before and between each cut by rinsing with deionized water, wiping with

a paper towel, then spraying with deionized water from a spray bottle to rinse thoroughly

and remove remaining pieces of peat or paper towel. The saw was then shaken dry. 1-cm

slices were easily obtained. Below 15 cm depth, the core was cut into 2-cm slices. The saw

blade did not contribute detectable indium to the peat, as discussed below.

Care was taken to remove the surfaces of the core that were in contact with the corer,

both outer diameter and inner diameter, using stainless steel scissors that were cleaned with

deionized water between samples. The scissors did not contribute indium to the peat sam-

ples, confirmed in the same method as for the saw blade, below. The dimensions of the core

slices were then measured by hand in order to calculate volume, and the slices were weighed.

Each slice was then dried completely in a 60'C oven for 24-48 hours in a glass beaker, cov-

ered by a glass watch glass. The dried peat was weighed, then homogenized in polystyrene

vials with 8 mm methyl methacrylate balls in a SPEX CertiPrep 8000 Mixer/mill. All

containers that contacted the peat were acid-washed with IM nitric acid (reagent grade,

Malinckrodt) at room temperature overnight. Blanks were tested at all steps of the process,
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both by exposing the potential contributing surface (saw blade, scissors, vial, ball) to acid

as a stringent measure of indium content, and by comparing the indium concentrations in

two halves of a peat slice - one that was processed normally, and one that was subjected

to repetitive exposure to the saw blade or scissors. In all cases the concentration of indium

supplied by these surfaces was undetectable; acid blank signals were below detection limits

(and <1% of sample signal), and the peat that was exposed to saw blade and scissors were

within 9% of one another, better than the method uncertainty of 20%. While metal inputs

to the bog may be heterogeneous over the scale of the bog [Givelet et al., 2004], several tests

done on metal concentrations in two halves of one vertical core slice indicate that metal

inputs are homogeneous on the scale of the core (13 cm).

3.2.4 Dating

Samples were dated using standard 2 10 Pb and 137 Cs chronostratigraphic techniques [Ap-

pleby, 2001, Appleby et al., 1988, Appleby and Oldfield, 1978]. 0.75 g (for the upper 15 cm)

or 3 g samples were packaged for gamma counting in polypropylene vials (2 oz. and 4 oz.,

respectively) and left for at least 3 weeks before counting, to allow secular equilibrium to

be established between 222 Rn production and decay, which translates to secular equilibrium

for 214 Pb, which is used to determine supported 2 10Pb activity.

Samples for dating were counted for gamma decays on a 'y-counter (Canberra Instru-

ments, GL2020 detector with series 40 multi-channel analyzer). Lead-210 was measured

at an energy of 46.5 keV. 2 14 Pb was measured as a proxy for supported 2 1 0Pb activ-

ity, at 295 and 352 keV. 13 7 Cs was measured at 662 keV. Energies were calibrated ini-

tially using pitchblende (U.S. EPA, Environmental Monitoring Systems Laboratory-Las Ve-

gas, Quality Assurance Division, Standard Pitchblend Ore) and individual gamma sources

(2 2Na, 54 Mn,5 7Co,6 0 Co, 109 Cd1 33 Ba,137Cs, 1 pCi, The Nucleus, Inc, Oak Ridge, TN), and

re-checked periodically with pitchblende.

Background 2 10Pb and 214 Pb was measured for an empty plastic vial, and subtracted

from the total 2 10 Pb and 2 14 Pb counts. (The 2 10 Pb background was 0.01 counts per minute

(cpm), at most 15 % of the sample signal. The 2 14 Pb background was 0.02 cpm, in some

cases as much as a 100 % correction due to the low 2 14 Pb signal in the samples.) Counting

efficiencies for the samples [(counts per minute)/(decays per minute)] were determined by

the addition of two pitchblende spikes. The original sample was counted as described above,
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Figure 3-3: U238 Decay Series

then 30-65 mg pitchblende was added, mixed, and counted after 3 weeks equilibration

time. A second addition of pitchblende was carried out in the same way. This set of

additions was done for two samples of each sample size (0.75 g and 3 g samples), since

changes in the geometry of a sample can affect the counting efficiency. In this case, the

efficiencies for both sample sizes were the same: 0.5% for 2 1 0Pb and 2% for 214 Pb. For

the 3 g sample, relative error on these efficiencies was as much as 17%, determined by the

difference between the efficiency calculated for the two 3 g samples. This error is most likely

due to both instrumental error, and in slight density differences in the samples that cause

the overall volume of the samples to vary slightly. The 0.75 g samples had one point that

was substantially in error, perhaps due to poor mixing of the pitchblende with the sample,

which can have a significant effect on efficiency. With this point included, relative error on

this sample size was 29% and 38% for 2 10Pb and 214 Pb, respectively. Without this point,

relative error was 2-3%.

Model dates were assigned according to the Constant Rate of Supply (CRS) Model

[Appleby, 2001, Appleby et al., 1988, Appleby and Oldfield, 1978]. 2 1 0Pb is a radioactive

decay product in the 238U series (Fig. 3-3).

Because Rn is volatile and has a several-day lifetime in the atmosphere and widespread

sources, 2 10Pb is relatively well-distributed on a hemispheric scale, although concentrations

may vary depending on geographic location and rainfall [Baskaran, 2011, Appleby, 2001].

The CRS model assumes a constant rate of input of 2 10Pb on a year timescale (decays per

minute/(cm2-yr)), but allows for variable sedimentation rates (g sediment/(cm 2-yr)). It

therefore allows for any difference in sedimentation rate that may occur each year, based

both on changes in Sphagnum growth rate from year to year, as well as compaction and

decomposition that takes place as the peat ages. After quantification of unsupported 2 1 0Pb

(by subtraction of the measured 2 14 Pb from the total 2 1 0Pb), a total inventory (dpm/cm 2 )

was calculated following Appleby [2001], and the age of each sediment layer was determined

by

A, = Aoe-A (3.1)
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where A., is the inventory of 2 10 Pb below depth x, A0 is the inventory of the full core, A

is the decay constant for 2 10Pb of 0.0311 yr-1, and t is the time before present, in years.

Cumulative mass (g/cm2 ) can be substituted for depth, and is often a better unit for

comparison among cores that may be affected by compression during coring.

Of the 34 core samples analyzed, 25 were dated using this technique. Intervening dates

were linearly interpolated for the purposes of plotting indium depth profiles.

Cesium-137 is a non-natural isotope that enters the atmosphere from nuclear activity

such as bomb testing and nuclear meltdowns. Peaks in 137 Cs can be seen in sediments and

peat corresponding to two dates: 1963, the peak year of nuclear bomb testing; and 1987, the

nuclear reactor meltdown at Chernobyl [Appleby, 2001]. 137 Cs was measured at 662 keV,

as discussed previously. The background signal for 13 7 Cs measured for an empty plastic

vial was 0.00 cpm/g. Efficiencies were not calculated for 13 7Cs, since only relative activities

are needed for determining the 1963 and 1987 peaks.

3.2.5 Metals analysis

Metals were analyzed in the peat core using Inductively-Coupled Plasma - Mass Spectrom-

etry after digestion with nitric and perchloric acids. Homogenized peat samples (0.5-1 g)

were digested with concentrated nitric (Malinckrodt Chemical) and 70% perchloric acid

(Alfa Aesar), both reagent grade. The procedure was modeled after EPA Method 3050B

with adjustments to use perchloric acid for the oxidation of organic material, and to resus-

pend in a small volume such that indium is above the detection limits of the instrument.

Peat was refluxed on a hotplate with 30 mL concentrated nitric acid for approximately

4 hr before adding 10 mL 70% perchloric acid and refluxing for another 4 h. Another 10

mL nitric acid was added before taking samples to dryness. Perchlorate was driven off

finally with the addition of 10 mL nitric acid, which was again taken to dryness. Each sam-

ple was resuspended in 10 mL 2% nitric acid. After addition of indium spikes (discussed

below), samples were filtered using an acid-washed Whatman or VWR brand polypropy-

lene 0.45 pm syringe filter, and a non-acid-washed Normject 10 ml polypropylene syringe.

Reagent blanks and acid blanks were filtered in the same manner and showed no significant

indium contamination from this process, and standards showed that indium was not lost

significantly in the filtration step.

Acid washed glassware was used for these digests, and reagent blanks were run with
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each sample set. Blank corrections were typically less than 5 % of the sample signal, and

were attributed to both contaminants in the reagent grade acids and to the non-clean-room

facilities used to perform the digests. We have found that background levels of indium in

our laboratory are low enough that positive pressure hoods and ultra-pure acids are not

necessary. Care is taken to always measure blanks to make sure this is the case.

A Fisons PlasmaQuad 2+ Quadrupole Inductively-Coupled Plasma Mass Spectrometer

(ICP-MS) was used for metals analysis, with argon as the carrier gas. A 1 ppb indium

solution typically shows about 200,000 counts per second (CPS) at a mass to charge ratio

of 115, and the instrument has approximately unit mass resolution. 95.7% of naturally

ocurring indium is 115In, and 4.3% is 113 1n. Sample introduction is via free draw, using a

1000 pL/min nebulizer with attached frit to prevent clogging, and the instrument is run in

peak-jumping, pulse-counting mode with 200 sweeps per measurement. In order to account

for matrix effects and drift of the instrument signal over time, the method of standard

additions was used for quantification of total indium, whereby each sample is split in two,

one of those samples is spiked with 0.1 ppb indium, and the samples are run back-to-back on

the ICP-MS. Isotope 115 was monitored, and testing of potential polyatomic interferences at

115 has shown that there are none present for these sample matrices. There is, however, an

isotopic interferent in 11 5Sn (0.34% of total Sn). The interference is linear and predictable,

therefore 117Sn and 1 18Sn were monitored in order to subtract this interference out of the

115 signal. The overall calculation then becomes:

CPSIn15,smp = CPS115,smpl - CPS115,blnk

-(CPS 7 ,smpi - CPS117,blnk) x 0.34/7.68 (3.2)

where CPSIn15,smpi are the counts that can be attributed to 1 151n, CPS115,smp are the

total counts at 115 from both indium and tin, CPS115,bink are the counts at 115 from the

reagent blank, CPS117,smpI are the counts at 117 in the sample, CPS117,bink are the counts

at 117 in the reagent blank, 0.34 percent is the relative abundance of 115 Sn and 7.68 percent

is the relative abundance of 117Sn. The equation can also be used with 1 8 Sn by substituting

the 118 signal and the relative abundance of 22.4 percent. Calculations using the two Sn

isotope corrections agree to better than 1%, indicating that this is a reasonable correction

and that there are no other interferences present.
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Figure 3-1: (a) Activity of unisupported 2 10 Pb (lecreases with depth. but (oes not reach
zero. (b) 137Cs has three peaks. one at the surface suspected to result from uptake by
Sphagnum mosses, one at 37 cm reflecting the 1987 Chernobyl accident, and one at 56 ciml
reflecting the 1963 peak of nuclear bomb testing.

3.3 Results

3.3.1 Dating

2 10Pb activity for this core is shown in Figure 3-4a. Cesium 137 shows two peaks, at 55 cm

and 37 (iml, that correspond well to the 2 10Pb (dating model for 1963, the peak year of nclear

bomb testing, and 1987. the nuclear reactor iieltdown at Chernobyl (Figure 3-4b). A third

' 37Cs peak occurs at the surface, and appears to reflect some mobility of 13 7Cs, as will be

discussed below. The total 2 10 P) inventory for the core is 38.4 decays per minute/cnm2

ald the core is dated to 116 years before present, leading to an average calculate(l 210 P)

flux of 0.33 dpm/(cm 2 -yr). This value is somewhat lower thai values reported for latitudes

0-50 N of 0.5-1.4 dpnm/(cm 2-yr) [Baskaran, 2011], possibly due to the likely overestimate

inl the deepest age, as discussed below.

Using this 2 101Pb data, the deepest sample of this core analyzed for 2 10 Pb has been dated

to 18941 though uncertainty in the bottomi 30 cm is high (Fig. 3-5). The upper 46 cm of

the core, however, are dated to within 9 yr., aid the upper 60 cm are dated to within 15 yr,

aid have two independent dating methods 2 10 Pb and '3 7 Cs, that agree well (Fig. 3-5). A

third dating imeans, the depth of a piece of tubing that was placed at the surface of tihe bog

in 1977, buried b)y peat accumulation for 25 years, and located inl 2003, agrees relatively

well with the other dating methods (Fig. 3-6).
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Figure 3-5: Dating for the freeze-core from Thoreau's Bog goes back to 1894. Dark circles
are the model dates with the measured inventory. Empty circles are the model dates
assumning that the actual inventory is 4% more than was collected. Diamonds are 137 Cs
dates. Error bars given represent the 10- statistical uncertainty associated with each point.
While uncertainty is high in the bottom of the core, the upper 46 cim is dated to within 9
years, and the upper 60 cm is dated to within 15 years. There is good agreement between
the 2 10 P) atilig an(I the 13 7Cs dating.
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The error for the oldest dates arises from the lower counts associated with peat that is

5 half-lives old, as well as uncertainties in the total inventory of the core. When a core does

not go deep enough to capture the horizon at which the unsupported 2 10Pb is zero, the total

inventory of the core is underestimated [MacKenzie et al., 2011]. This is the case with the

present core (Fig. 3-4). This can lead to the oldest dates calculated being older than they

should be (arising mathematically from t = ln(Ao/A2) (equation 3.1) when the total

inventory, AO, is underestimated, causing the log term to be erroneously large [MacKenzie

et al., 2011]). In order to estimate the 2 10Pb inventory not represented by this core (below

81 cm), one can fit an exponential curve to the bottom 40 cm of the 21 0Pb activity (Fig. 3-

4a) and integrate this function from 81 cm to infinity. This calculation suggests that about

1.4 dpm/cm 2 , or 4% of the total inventory is missing. Figure 3-5 shows the date calculations

with the inventory given (solid circles), and the date calculations assuming that the total

inventory is 4% higher (40 dpm/cm2 instead of 38.4, open circles). The difference between

the two provides an indication of the systematic uncertainty in the model calculations,

beyond the statistical error reflected in the 1-- error bars at each point.

The age profile compares favorably with other published dated peat cores from Thoreau's

Bog [Hemond, 1980, Rauch and Hemond, 2003]. The 21 0Pb activity profiles throughout the

cores are very similar, as evidenced by the good match between model dates for the four

separate cores using the CRS dating model (Fig. 3-6). This figure adjusts for differences

in overall cumulative mass between the cores so that the error discussed previously due

to incomplete inventories was not a factor. The Rauch cores were 4x shorter than the

present core - 0.88 and 0.93 g/cm2 cumulative mass compared with 3.9 g/cm2 . In order

to increase the 21 0Pb inventory to reflect what would have been collected with a core as

deep as the present study, we determined the percentage of the 2 10Pb inventory that had

been obtained at 0.88 and 0.93 g/cm2 cumulative mass of the present core, and divided

the Rauch inventories by this factor. Similarly, the Hemond core contained 2.41 g/cm 2

cumulative mass, and a similar calculation was carried out to correct for the incomplete

inventory relative to the present core. In the end, the Rauch core inventory [Rauch and

Hemond, 2003] was increased by 2.5 times and the Hemond core inventory [Hemond, 1980]

was increased by 20% (Figure 3-6). Alternatively, the same comparison can be done by

truncating the 2 1 0Pb inventory of the present core to reflect the inventory that would be

present if the total cumulative mass collected was equal to each of the other studies. Dates
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Figure 3-6: 2 10 Pb dating for the present core agrees well with the dating for two previous
cores from the same locatioi. Inventories for each of these cores has beei a(justed to
correct for the differences in overall inventories collected by each researcher, as discussed in
the text. The location of buried plastic tilbing is also plottedl using the denisities from each
study, and agrees reasonably well with the model (kites.

recalculated based on this truncated 210p) inventory agree well with the dates modeled for

the previous core studies (comparison not shown). Note that the model dates presented

in Ranch et al. 2004 were calculated using a best fit equation from their CRS-calculated

sedimentation rates, and are therefore not the same as those that were calculated for this

figure; this figure uses their original data and allows the sedimentation rate at each point

to vary. as discussed above, in methods.

A secoid indepei(lent check on the 2 10 Pb dates comes from the location of a length

of plastic tubing that was placed on the surface of the bog in 1977 for sampling purposes

[Hemiond. 1977] and dug up in 2002 in conjuiction with the work done by Rauch et al.

[Ranch and Hemond. 2003]. This tubing was 25 in in length. and was laid horizontally on

the peat surface in 1977. It was buried over the following 25 years as peat grew around
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and on top of the tubing. In order to determine the depth of the plastic tube in 2002, a

trench was dug perpendicular to the expected tubing location until the tubing was located,

and depth to the tubing was measured. Because cumulative mass above the tubing was not

measured at the time of retrieval, the amount of compression associated with its retrieval

cannot be determined, but the tubing location can be plotted in Fig. 3-6 at four different

locations, each calculated with the densities associated with the four individual cores. The

placement of this tubing cannot be used as a rigid marker of date due to this limitation,

and because of uncertainty as to whether the tubing was buried uniformly. Additionally,

the tubing was fragmented during the 25 years that it was buried, which leads to further

uncertainty about the exact depth of each piece. Nevertheless, the tubing-based dates agree

fairly well with 2 10Pb and 1 37Cs modeled dates.

Lastly, 20 6 Pb/ 207 Pb ratios can be used to further constrain the core dates. A peak in

the 20 6 Pb/ 2 07 Pb ratio has been seen to occur near 1850 in both a sediment core from the

Pettaquamscutt River in Rhode Island [Lima et al., 2005], and in Atlantic corals [Kelly

et al., 2009]. This peak has been attributed to a peak in use of Mississippi Valley lead ore

at this time, which has a characteristically high 206 Pb/ 207 Pb value. A low resolution study

of 206 Pb/ 20 7Pb ratios in the present core is consistent with the Pettaquamscutt isotope

curve, and suggests that the deepest sample from this study does not date back as far as

1850 (Figure 3-10, and further discussion, Supplementary Information).

3.3.2 Application

An intact peat core can have great utility in tracking the history of metal deposition over

time. In this case, indium flux to the bog was measured. Indium concentrations peak

in Thoreau's Bog near 1940, then decrease to the present (Fig. 3-7(a)). A slight increase

in concentrations from 2003 to 2007 can also be seen, with low concentrations again in

the top 3 cm. Two different types of error are presented for indium concentrations. The

minimum error for each data point was determined to be 20%, based on two samples that

were digested and analyzed three separate times, resulting in sediment concentrations as

much as 20% different. This error is presented as a central data point flanked by i 20%

error bars. In addition this error, each sample digest was run at least twice, and sometimes

up to 5 times. If the relative error based on this repetition was greater than 20%, the larger

error is presented in Figure 3-7a as a central line with a data point on each end.
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Figure 3-7: Indimn concentrations in Thoreau's Bog have been increasing since at least the

early 1900s, peak near 1940 and decline to the present. Indimin fluxes have been increasing

since at least the early 1900s. peak in the 1970s, and decrease to the present. Error bars

presented as a central data point flanked by error bars represent the inininumi relative
procedural error of 20X (1 c7). When duplicate runs produced relative error (1 7) greater

than 20%. error is presented Ias a central line with a data point on each side. See text for

detailed explanation.

In(iumn flux, [(ug In)/(ein2 -yr)], is a iore informative metric, since peat is compressed

and degraded as it ages. The indiun flux profile (Fig. 3-7b) shows indimn flux increasing

since the early 1900s, peaking in the late 1970s, then decreasing dranatically to less than

1900 values by 2010. This is similar to the indiin deposition pattern seen in Swedish lake

sediments by Gralin et al. [2006]. Again a small increase can be seen from 2007-2008. It

is unclear whether this reflects a significant. change in flux to the bog during this time.

Note that one flux point was onitted fron this figure at 77 ci depth due to a calculated

sedimentation rate 4x higher than the other calculated sedimentation rates. causing the flux

to be 10x higher than surrounding fluxes. This outlier is likely due to a lack of precision

from the date extrapolation used.

3.4 Discussion

3.4.1 Compression

Density data for each core examined from Thoreau's Bog shows that the cores from Rauch

and Heimond [2003] were slightly compressed (as much as 1.75 tines more dense) compared

with the present core. The core from Hemond [1980] integrates a large depth for each

density calculated, which may explain its low density values, particularly at shallow depth,
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Figure 3-8: Densities for the cores collected for this study, and by Rauch and Hemond [2003]
and Hemond [19801.

where density changes rapidly with claiges inl depth.

3.4.2 Metal Mobility

The measurement and analysis of metal profiles in peat depen(s oi the assumption that

those metals are strongly associated with the solid phase, causing them to be inmobile and

to retain their vertical stratigraphy. Mobility (an be estimlated if the partitioning of a metal

between solid and aqueous plases is known. (The partition coefficient, KA, is represented

by A = C/CUq. where Cag is the concentratioli in the aqueous phase (g/L) aid C, is the

colicentratioln inl the solid phase (g/kg)). A retardatioI factor can theii be calcllatedl using

R =(mobile fraction + solid fraction)/mobile fraction = 1 + apobk/I/, where Pbkul is the

dry delsity inl g/cm1i. aid i is the porosity.

Studies of indiui mobility inl peat are lacking. KAds of 10 105 L/kg have been reported

for indium in lake sediments [Graln (t al.., 2006], although these Kas are not necessarily
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applicable in Thoreau's Bog due to the highly site- and depth-specific nature of these

partition coefficients. Our own measurements of indium in porewater samples from several

depths are below our analytical detection limits of about 5 ng/L. Taken with the sediment

concentrations for those depths, a lower limit Kd for Thoreau's Bog is 104.2 L/kg. Using

this Kd of 104.2 L/kg, In is calculated to travel at least 400 times more slowly than water

travels. Hemond [1980] reported an annual precipitation of 1.45 m and evapotranspiration

of 1.02 m, for an overall downward water velocity through the bog of 43 cm/yr (assuming

that lateral flow and runoff do not change the vertical profile of metals in the bog). This

translates to an indium migration of <0.1 cm/yr, or only about 7 cm over the past 70 years.

Extensive study has shown 2 10Pb to be relatively immobile in multiple types of peat

[Shotyk et al., 1998, Novak et al., 2011], and while studies of 137 Cs in sediments indicate

immobility [Appleby, 2001], studies in peat have indicated some degree of mobility [Olid

et al., 2008, Chibowski and Zygmunt, 2002, Appleby et al., 1988]. This is reflected in the

present study by a third peak at the surface (Fig. 3-4), which is suspected to result from

active uptake of monovalent Cs+ by Sphagnum mosses, as is the case for monovalent K+

[Hemond, 1980]. A study to determine the Kd of 13 7Cs in Thoreau's Bog is necessary to

determine its mobility. However, the agreement that is seen between the two independent

Cs peaks and the 2 1 0Pb dating suggests that the Cs peaks have not shifted significantly in

this bog over a 50-year time scale.

For all metal data, including 2 1aPb, 13 7 Cs, and In, the top 1-2 data points exhibit a lower

concentration than the points below it. The reason for this drop is unknown, but there is

a possibility that when a metal is deposited with rain, it travels downward 1-2 cm before

sorbing effectively to the solid fraction and becoming immobile. Further investigation will

be necessary to determine the exact cause of this low surface concentration.

3.4.3 Indium Profile

Interestingly, the indium flux profile in Thoreau's Bog is counter to indium's exponential

increase in consumption over the past 30 years (Fig. 3-9). Instead, increases in indium

flux are seen from 1900-1970, a time of low known industrial indium use, and dramatic

decreases in flux are seen since the 1970s, about the time at which indium use began to

expand rapidly. This is in fact very similar to the indium deposition pattern seen in Swedish

lake sediments by Grahn et al. [2006].
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Figure 3-9: Indium flux to Thoreau's Bog is coulter to historical consumlption of indium in

the United States. Consumption data is from [DiFranicesco and George, 2004].

As discussed previously, the inliumii profile is calilot likely be attributed to mobility.

The peak in iidium flux in the 1970s falls at about 50( cmi depth. Based on the estimate

of a maximum of 0.1 cm/year indiumi migration in this core, the dramatic decline in fluxes

since the 1970s is not likely due to indium mobility.

We suggest that the increase since the 1900s is likely due to the increase in both coal

consumption ndnl non-ferrous simelting in the United States and Canada. The decrease

after 1970 is likely a result of the introduction of particulate matter control technologies in

the early 1970s. A more detailed discussion of indium sources to the atmosphere and its

subsequent deposition is presented elsewhere (Chapter 4).

3.5 Conclusion

WXe have developed a freeze coring technique that allows the retrieval of a 1-meter long peat

core from difficult-to-core bogs with little comnpaction or disturbance. This technique can
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be deployed in a wide variety of bogs to combat compression inherent in coring peat, which

can cause serious problems in the interpretation of historical contaminant deposition. The

technique also preserves porewater stratification, and 1-cm resolution is attained using a

stainless steel butcher saw for core slicing. Improvements could be made to the technique

presented here to obtain even longer cores, and to make the addition of dry ice and ethanol

automatic.

2 10 Pb dating for the core obtained for this study agrees well with past cores from the

same site, when corrections are made to account for incomplete inventories. While 13 7 Cs

may be mobile in peat, dates determined from the 13 7 Cs peaks in Thoreau's Bog agree well

with 210 Pb dates, suggesting that mobility has not shifted the 1 3 7Cs peaks significantly.

Additionally, dates estimated by the depth of plastic tubing that was dug up after a known

period of burial and by measurements of 20 6Pb/ 20 7 Pb ratios with depth are consistent with

the dates obtained with 21 0Pb.

Atmospheric indium fluxes to Thoreau's Bog peak in the 1970s and decline until ap-

proximately 2007, at which point deposition may have begun to increase again. The top

two samples show the lowest indium concentrations, which may be an artifact of indium

that is deposited with rainwater moving downward a few cm before partitioning to the solid

phase. We attribute this profile to increases in coal burning and non-ferrous smelting in

the United States and Canada since the early 1900s, and the decrease beginning in the late

1970s to enhanced particulate matter controls associated with these two industrial emission

sources.
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3.7 Supplementary Information

3.7.1 Lead isotopes - constraint on dating

Lead isotopes were measured to further constrain the dates of the core. Lead 206 and 207

are observationally stable products of 238 U and 23 5U decay, respectively, and the ratio of the

two can differ substantially between sources of lead to the atmosphere such as fossil fuels and

lead ore [Komarek et al., 2008]. Since sediments and peat reflect both local minerals and

atmospheric inputs, historical differences in the lead isotope composition of these materials

may be used as a fingerprint of the sources of that lead.

In fact, one such lead isotopic fingerprint can act as a marker with which to indepen-

dently date a sediment or peat profile. A peak in the 206 Pb/ 207 Pb ratio has been seen to

occur near 1850 in both a sediment core from the Pettaquamscutt River in Rhode Island

[Lima et al., 2005], and in Atlantic corals [Kelly et al., 2009]. This peak has been attributed

to a peak in use of Mississippi Valley lead ore at this time, which has a characteristically

high 206 Pb/ 2 07 Pb value. This peak is not seen in low-resolution Pb isotope data from the

Thoreau's Bog core from this study, confirming that the core does not date back to 1850.

Due to the limited data set for the Thoreau's Bog core, and due to discrepancies between

the Pettaquamscutt and coral data, it is hard to say anything more conclusive about the

dates of the lowest core depths from 206 Pb/ 20 7Pb isotopes alone. The core from Lima et al.

[2005] has been dated most rigorously, with 2 10Pb, 137Cs, 14 C, and varve-counting, and is

likely more representative than North Atlantic corals of deposition to Thoreau's Bog, due

to its geographical proximity. Corrections for a 'background', pre-anthropogenic Pb isotope

ratio have not been applied to the present data due to the failure of the core to extend

back 200 years, but the background correction that Lima and colleagues applied was only

0.001-0.002 units for most points (except at the peak, where it was larger); the lack of

background correction for the present data is therefore not likely to be significant for this

comparison.

A shift of the lowest points of the Thoreau's Bog dating by 30 years would line up the

two records nicely. This gives more support for the idea that an incomplete inventory for
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Figure 3-10: 206Pb/207Pb ratios confirm that the Thoreau's Bog Core does not extend as far
back in time as 1850. Coral and Seawater data is from Kelly et al. [2009]. Pettaquaiscutt
sediment data is from Lima et al. [2005]

the core collected has overestimated the age of the deepest samples. In fact, the difference

between the two imiodel calculatiois givenl iii Fig. 3-5 for the deepest sample is 28 years.

XWithout a more detailed record of Pb isotopes in the present. core, however, and a better

understaindling of the differences in the Pettaquammscutt sedinmts alnd the North Atlantic

corals. these Pb isotopes are not. able to constrain dates more precisely than to say that the

core is younger than 1850.

3.7.2 Methods for Lead Isotope work

All Pb isotope work was performled usig trace metal techiiiies. with double distilled acids,

and laminar flow hoo(s or a class-100 clean room. Blanks were tested for all steps of the

process, including combustion1.

After combustion of peat samples at 400'C for 12 hours to decrease the presence of

organics, 4 50 mug of this conibusted material was digested with a mixture of 1 N HNOj
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Table 3.1: Indium 20 6Pb/ 207 Pb data.

Depth interval
cm 2 0 6Pb/ 20 7Pb 2 o

14-15 1.1939 0.0001
16-18 1.1855 0.0038
70-72 1.1893 0.0002
74-76 1.1953 0.0003
78-80 1.1947 0.0001
80-82 1.1944 0.0000

82-83.5 1.1960 0.0003
84.5-87 1.1970 0.0005

and 1.75 N HCl in a sonicator for 90 minutes (following the procedures of Graney et al.

[1995]). This leachate was aspirated off twice after centrifugation to remove particles, then

evaporated to dryness. HCl was then added and evaporated to drive off residual HNO 3 .

Lead was concentrated and other matrix constituents eliminated by chelating lead with

Br-, then binding to an anion exchange resin, Eichrom AG-1x8 (200-400 mesh, chloride

form), following the methods of Reuer et al. [2003]. Resin was added to teflon columns,

cleaned with 6 N HCl, then conditioned with 1.1 N HBr. Each sample was dissolved in

1.1 N HBr before addition to the column to bind the Pb present in the sample. The sample

was then rinsed several times with 1.1 N HBr, followed by 2 N HCl to remove other matrix

constituents, then eluted with 6 N HCl. Quantitative lead recoveries for this method of

99.98% have been shown [Reuer et al., 2003]. The sample was reduced to dryness until

analysis, at which time it was redissolved in 0.2 M HNO 3 and analyzed using a multi-

collector IsoProbe Inductively-Coupled Plasma Mass Spectrometer (MC-ICP-MS).

Conditions for the MC-IC-MS, mass bias corrections, and tailing corrections are de-

scribed in Reuer et al. [2003]. Mass bias was monitored through the addition of a lead-free

thallium spike to each sample, and the periodic analysis of NIST Standard 981, natural

lead.

3.7.3 Data Tables

The following tables contain the raw data presented in this chapter for 2 10Pb dating calcu-

lations and for the profile of indium concentrations and fluxes in Thoreau's Bog.
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Table 3.2: 21 0Pb data used for date calculations.

Depth cumulative mass 21 0Pb i Inventory t Age t Model Date

cm g/cm 2 dpm/g dpm/cm 2 y

0
0.03
0.09
0.13
0.21
0.28
0.37
0.45
0.53
0.65
0.79
0.96
1.20
1.40
1.65
1.99
2.30
2.68
2.86
2.97
3.07
3.25
3.33
3.51
3.60
3.85
4.14

21.9
27.6
24.4
21.7
20.1
20.3
17.7
12.2
12.6
9.8
10.7
8.2
10.4
12.7
6.9
7.6
7.1
7.1
9.0
7.4
7.6
6.5
5.7
4.6
4.3
3.6

3.4
2.9
3.0
2.8
2.9
2.8
2.7
2.7
0.9
0.8
0.9
0.8
0.9
1.0
0.8
0.8
0.8
0.8
0.9
0.8
2.1
0.8
0.8
0.7
0.7
0.7

38.4
37.8
36.2
35.0
33.4
32.0
30.3
28.9
27.8
26.3
24.9
23.1
21.1
19.0
15.8
13.5
11.2
8.4
7.1
6.1
5.4
4.1
3.5
2.5
2.1
1.0
0

6.2
1.2
1.2
1.2
1.1
1.1
1.1
1.0
1.0
1.0
1.0
0.9
0.9
0.9
0.9
0.8
0.8
0.8
0.7
0.7
0.7
0.5
0.5
0.4
0.4

0
1
2
3
5
6
8
9
10
12
14
16
19
23
29
34
40
49
54
59
63
72
77
87
93

2010
2009
2008
2007
2005
2004
2002
2001
2000
1998
1996
1994
1991
1987
1981
1976
1970
1961
1956
1951
1947
1938
1933
1923
1917

0
1
3
5
7
9
11
13
15
18
22
26
30
34
38
42
46
52
56
58
60
64
66
70
72
76
82
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Table 3.3: Indium depth profile data.

Depth Interval year In conc i In flux sedimentation rate density
cm ppb ng/(cm2-yr) cm/yr g/cm 3

0-1
2-3
4-5
6-7
8-9

10-11
12-13
14-15
16-18
20-22
24-26
28-30
32-34
36-38
40-42
44-46
49-52
54-56
56-58
58-60
62-64
64-66
66-68
68-70
70-72
72-74
74-76
76-78
78-80
80-82

82-83.5
83.5-84
84-84.5
84.5-87

2009
2008
2007
2005
2004
2002
2001
2000
1998
1996
1994
1991
1987
1981
1976
1970
1961
1956
1951
1947
1938
1933
1926
1923
1917
1908
1894
1893
1888
1884
1880
1879
1877
1872

2
2
4

3
2
2
2
2
2
2
2
3
5

16
20
34
44
27
50
51
56
45
36
43
69
45
65
41
27
30
29
14
13
9

0.4
0.4
0.7
0.5
0.4
0.4
0.4
0.4
0.3
0.4
0.5
0.5
1
3
4
13
9
5

29
10
12
9
7
9
38
9

16
8
5
6
6
3
3
2

0.06
0.14
0.10
0.09
0.08
0.11
0.14
0.12
0.15
0.18
0.22
0.33
0.73
1.54
1.54
1.90
1.02
1.15
1.24
0.94
0.82
0.40
1.13
1.08
0.64
0.59

*5.67
0.46
0.51
0.50
0.24
0.22
0.15

1.43
1.88
1.28
1.44
1.14
1.30
1.75
1.65
2.31
1.61
1.39
1.21
0.67
0.79
0.66
0.66
0.76
0.41
0.48
0.44
0.42
0.29
0.55
0.33
0.24
0.14

*2.09
0.41
0.45
0.45
0.28
0.36
0.48

0.03
0.03
0.02
0.03
0.03
0.04
0.04
0.04
0.04
0.03
0.04
0.06
0.05
0.07
0.10
0.07
0.07
0.05
0.06
0.05
0.04
0.04
0.04
0.05
0.05
0.06
0.06
0.07
0.04
0.04
0.04
0.06
0.05
0.04

76

*This point was omitted from Figure 3-7 because of a calculated sedimentation rate 4x higher than the
other calculated sedimentation rates, causing the flux to be 1Ox higher than surrounding fluxes. See text for
discussion.



Chapter 4

Atmospheric Cycling of Indium in

the Northeastern United States

4.1 Introduction

Indium is an increasingly important metal in semiconductors and electronics, and its use is

growing rapidly [White and Hemond, 2012]. While there is little known about the natural

cycling of indium or its releases from industrial processes, releases of indium to the at-

mosphere are estimated to be dominated by industrial sources, mostly by coal-fired power

plants and non-ferrous smelters (Fig. 4-1; [White and Hemond, 2012]). There is signifi-

cant uncertainty about these estimates, however, and much of the present knowledge of

atmospheric concentrations and cycling of indium comes from studies that are 30 years old

[Smith et al., 1978, White and Hemond, 2012].

The atmospheric cycling of metals is important for several reasons, including the fact

that human health can be adversely impacted by inhalation of particulate matter, which

contains organic matter and metals. Several studies have shown that inhaled indium can

have serious health impacts [Homma et al., 2003, 2005, Nakano et al., 2009, Chonan et al.,

2007, Hamaguchi et al., 2008], especially in occupational settings where indium concentra-

tions in the air can reach concentrations a million times higher than ambient air [Homma

et al., 2003]. Studies are lacking, however, about the health effects of more modest elevations

in concentration, or of prolonged exposures to these moderately elevated levels. Addition-

ally, the physical and chemical form of indium in the atmosphere is poorly understood, and
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Atmospherei, 14

0.2 t

Figure 4-1: Indium's anthrobiogeochemical cycle is dominated by industrial fluxes, with

coal-burning and smelting contributing the most indium to the atmosphere. Reprinted

from White & Hemond 2012, with permission of the publisher, Taylor & Francis Ltd.
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will influence its behavior, transport, and bioavailability; a better understanding of this

speciation is important for a thorough understanding of indium's environmental impacts

and toxicity.

There are few measurements of indium in the atmosphere, and most were done over

30 years ago. Typical values reported for non-industrial air are on the order of 10 pg/m 3

for all particle size fractions (Total Suspended Particulate, or TSP) [Smith et al., 1978,

and references therein]. Indium concentrations in TSP have been measured from 0.053-

4.3 pg/m 3 near the South Pole, Canada, and Northern Norway [Maenhaut and Zoller,

1977, Dams and Heindrycx, 1973], to 5-10 ng/m 3 near a lead smelter and a semiconductor

industrial area [Ragaini et al., 1977, Chen, 2007]. Note that Total Suspended Particulate

includes indium that is bound in the crystal structure of large-diameter silicates, a fraction

that is not likely to contribute to human exposure. Respirable particles (those <2.5pam in

diameter), and indium that is sorbed to particles rather than bound in the crystal structure

are more likely to lead to human or organism exposure.

A more recent measurement of indium in the < 2.5 pm particle fraction (PM2.5) showed

an average of 6.7 pg/m 3 from several sites in New York state during 1991 and 1993 [Olmez

et al., 1997, Ames et al., 2000]. Ames and colleagues used factor analysis to attribute the

mass of indium at each of these sites to the most probable sources during the course of the

2 year study. Depending on the site, they attribute from 35-79% of the PM2.5 indium to

smelter sources, 0-25% to a 'Canadian Regional' source that originates from the N/NW,

0-27% to a 'US Regional' source that originates from the W/SW, and 0-12% to a crustal

source (i.e. dust). Indium has also been used as a marker of smelter emissions. Sturges and

Barrie [1989] show that indium is associated with nonferrous smelting in eastern Canada

by correlating peaks up to 20 pg In/m 3 with Pb isotopic signatures of smelters and with

wind direction. Non-smelter-influenced air at this site showed concentrations of < 10 pg/m 3

indium. Rahn and Lowenthal [1985] determine that indium contributes 20-100x more to the

signature of air particles when air is coming from the nonferrous smelter region of Ontario

and Quebec.

A better understanding of the atmospheric cycling of indium can help confirm the most

important sources of indium the atmosphere, and to monitor whether those sources are

changing local, regional, or global atmospheric concentrations over time. Additionally,

atmospheric concentrations influence concentrations in other environmental media such as
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the ocean, freshwaters, soils, and sediments through wet and dry deposition. Changes

in these reservoir concentrations may cause harmful effects as organisms and humans are

exposed to higher concentrations than those with which they have evolved. Determining

atmospheric deposition can also help to complete an understanding of the sources and sinks

of indium to/from the atmosphere. For example, if we assume a steady-state atmospheric

model, wet plus dry deposition must reflect the total input of indium to the atmosphere.

Based on Fig 4-1, total inputs to the atmosphere are ~1,000 t/yr, but there is a large

uncertainty in the estimate of 1,000-100,000 t/yr from deposition. The estimate of input

to the atmosphere is the same order of magnitude as the lower estimate of deposition cited

above, but two orders of magnitude less than the upper estimate. If the upper estimate is

correct, inputs to the atmosphere have been underestimated.

This paper seeks to gain a better understanding of the atmospheric cycling of indium by

analyzing atmospheric particulate matter in the Northeastern United States. Atmospheric

particulate samples from five locations in the Northeastern US over the course of a year

are analyzed for indium to constrain variations geographically and temporally. In order

to constrain the source of indium to the sample locations, atmospheric back trajectories

are used to determine the wind directions contributing to peaks in indium concentration.

Additionally, in order to understand depositional outputs from the atmosphere and how

they have changed over the past century, a peat core from Thoreau's Bog, Massachusetts,

is analyzed as an historical archive of indium deposition. The shape of this bog profile can

additionally help to constrain the source of indium to this region, as can comparisons with

profiles of Zn, Pb, As, Ba, and V in the same core.

4.2 Methods

Archived samples from a network of air monitoring stations in the Northeastern United

States were used for this study. These samples were collected as described by Pedersen

and colleagues [Pedersen et al., 1999, Salmon et al., 1999]. In short, high volume samplers

pulled 300 L/min air, while a dichotomous virtual impactor separated the particles into a

3-10 pm and < 3 pm fraction. (< 2.5 pm is the typical operational cutoff for respirable

particles, and we will refer to the < 3 pm fraction as PM2.5, and the 3-10 pm fraction as

PM10.) Samples were taken for 24 hours (12am to 12am) every sixth day, and particles
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Figure 4-2: Samples were taken in five locations across the northeastern United States.
From left to right: Brockport, NY; Rochester. NY; Quabbin Reservoir, MA: Reading, MA:
and Boston. MA.

were collected on quartz fiber filters that had been pre-combusted at 550C. Indiiiin was

analyzed in about 30% of the PM2.5 samples and a small number of the P1\110 samples.

The locations of the samples were chosen by Pedersen et al. [1999] to reflect urbali, rural,

and background settings in two separate airsheds (Fig. 4-2). Boston. MA and Rochester,

NY are urban areas. Reading is a suburban area 20 kin north of Boston, and Brockport

is an agricultural connunity 35 kin west of Rochester. The Quabbin site, in a protected

watershed in central -Massachusetts, was chosen to reflect regional background conditions.

4.2.1 Indium in Air Filters

P\12.5 filters were subsampled using razor blades on a plexiglass template by Pedersen et

al. PM10 filters were subsampled with razor blades using a glass template for this study.

One third of each filter was digested with concentrated nitric (Malinckrodt Chemical) and

70% perchloric acid (Alfa Aesar), both reagent grade. before measuring metals using an

Iniductively-Coupled Plasma Mass Spectrometer (ICP-MS). The procedure was modeled

after EPA Method 3050B with adjustments to use perchloric acid for the oxidation of

organic material. and to redissolve in a small volunme such that indiuni is above the detection

limits of the ICP-MS. Air filters were refluxed on a hotplate with 20 iL concentrated

uitric acid and 10 nL 70% perchloric acid for approximately 8 hours. After sitting at room

temperature overnight, the samples were taken to dryness. Perchlorate was driven off finally

with the addition of 5 mL nitric acid, which was again taken to dryness. Each sample was

resuspended in 10 nL 2% nitric acid, left for 30 mautes. then the acid decaited into a 15 mimL
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polypropylene vial. After addition of indium spikes (discussed below), samples were filtered

using an acid washed Whatman or VWR brand polypropylene 0.45 pm syringe filter, and

a non-acid-washed normject 10 ml polypropylene syringe. Reagent blanks and acid blanks

were filtered in the same manner and showed no significant indium contamination from this

process, and standards showed that indium was not lost significantly during filtration.

Acid-washed teflon beakers and watchglasses were used for these digests, along with

acid-washed glass-ribbed watchglasses for taking the samples to dryness. Reagent blanks

were run with each sample set. Field blanks were filters collected as though they were

samples, but the pump to the air sampler was not run; these were analyzed by digesting

3 times. These blanks have measurable indium, though in most cases it was less than 10% of

the sample indium concentrations, and was subtracted during data analysis. Field blanks

and reagent blanks had comparable signals, therefore corrections for each set of digests

were made using the Reagent blank signal. Reagent blank signal was attributed to both

contaminants in the reagent grade acids and to the non-clean-room facilities used to perform

the digests. (We have found that background levels of indium in our laboratory are low

enough that positive pressure hoods and ultra-pure acids are not necessary. Care is taken

to always measure blanks to make sure this is the case.)

This acid digestion should liberate all of the indium in oxides, sulfides., sulfates, carbon-

ates, and organic fractions [Deis, 2009, Schaider et al., 2007], leaving only what is bound

in silicates, and the silicate fraction of indium is thought to be small [Greenberg et al.,

1978a,b, Heindryckx and Dams, 1979].

4.2.2 Peat Core Analysis

A 90 cm long peat core was obtained from Thoreau's bog, MA, reflecting deposition over the

last century. Thoreau's bog is an ombrotrophic bog that receives only atmospheric inputs,

and has been studied extensively [e.g. Thoreau, 1906, Hemond, 1980, 1983, Rauch et al.,

2004]. The core was obtained using a freeze coring technique described in detail elsewhere

(Chapter 3). Briefly, a thin aluminum tube, closed at one end, is inserted into the peat, and

filled with ethanol and dry ice in order to freeze a core around the tube. A larger diameter

tube with teeth cut into it can then be used to cut this frozen core from the bog. This

technique allows a core to be obtained that is relatively undisturbed and uncompressed,

problems that plague other available peat coring techniques.
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The processing of this core, and methods for dating and analysis of indium are described

in detail elsewhere (Chapter 3). Briefly, the core was subsampled at 1 cm resolution in the

top 15 cm and 2 cm resolution in the remaining 75 cm using a stainless steel butcher saw.

The peat was dried, homogenized, and subsampled for the measurement of 2 10Pb by gamma

counting, and for measurement of trace metals by digestion followed by analysis with ICP-

MS. The Cumulative Rate of Supply (CRS) model was used to calculate model dates for

this core using 2 10 Pb data [Appleby, 2001]. Preparation of the peat for trace metal analysis

was similar to the preparation of air filter samples for indium analysis. Weighed samples

(0.5-1g) of homogenized peat were digested with reagent grade concentrated nitric and 70%

perchloric acid in acid-washed glassware, and resuspended in 10 mL 2% nitric acid. Blank

corrections were typically less than 5 percent of the sample signal, and were attributed to

both contaminants in the reagent grade acids and to the non-clean-room facilities used to

perform the digests.

Lead, zinc, arsenic, cadmium, barium, and vanadium were also measured in these peat

digests, for profile comparison to help with source tracking. These elements were measured

on 1:200 (shallow samples) or 1:2000 (deep samples) dilutions of the same digests used to

measure indium. Trace-metal clean techniques were not used during the digestion of the

peat, as described above. For the dilutions, however, double distilled nitric acid was used for

samples and blanks. Diluted reagent blanks should account for contamination that occurred

during digestion, and this signal is subtracted from the sample signal. (This correction was

at most 5%, 27%, 42%, 26%, 5%, and 19% of the sample signal for Pb, Zn, As, Cd, Ba, and

V, respectively. The correction for As is high due to the low overall concentrations of As in

the diluted samples.) However, blanks for these metals were not run in the earliest phases

of core preparation, including slicing and homogenizing. Any contamination issues during

these steps are assumed to affect all samples equally. Therefore, the shape of these profiles

can be used for comparison, but the absolute concentrations of Pb, Zn, As, Cd, Ba, or V

are uncertain. Further testing will be necessary to confirm absolute concentrations.

4.2.3 ICP-MS Analysis

A Fisons PlasmaQuad 2+ Quadrupole Inductively-Coupled Plasma Mass Spectrometer

(ICP-MS) was used for metals analysis, with argon as the carrier gas. A 1 ppb indium

solution typically shows about 200,000 counts per second (CPS) at a mass to charge ratio

83



of 115, and the instrument has approximately unit mass resolution. 95.7% of naturally

ocurring indium is 115 In, and 4.3% is 1 13 In. Sample introduction is via free draw, using a

1000 pL/min nebulizer with attached frit to prevent clogging, and the instrument is run in

peak-jumping, pulse counting mode with 200 sweeps per measurement. In order to account

for matrix effects and drift of the instrument signal over time, the method of standard addi-

tions was used for quantification of total indium. In this method, each sample is split in two,

one of those samples is spiked with 0.1 ppb indium, and the samples are run back-to-back

on the ICP-MS. Isotope 115 was monitored, and testing of potential polyatomic interfer-

ences at 115 has shown that there are none present for these sample matrices. There is,

however, an isotopic interferent in 1 15Sn (0.34% of total Sn). The interference is linear and

predictable, therefore we monitored 117 Sn and 118Sn in order to subtract this interference

out of the 115 signal. The overall calculation then becomes:

CPSn115,smpl = CPS115,smpl - CPS115,blnk

(CPS117 ,smpi - CPS117,blnk) x 0.34/7.68 (4.1)

where CPSIndium115,smpl are the counts that can be attributed to 115 In, CPS115,smpl are the

total counts at 115 from both indium and tin, CPS115,bink are the counts at 115 from the

reagent blank, CPS117,smpi are the counts at 117 in the sample, CPS117,bink are the counts

at 117 in the reagent blank, 0.34 percent is the relative abundance of 11 5 Sn and 7.68 percent

is the relative abundance of 1 17Sn. The equation can additionally be used with 11 8Sn by

substituting the 118 signal and the relative abundance of 22.4 percent. Calculations using

the two Sn isotope corrections agree to better than 1%, indicating that this is a reasonable

correction and that there are no other interferences present. This correction was from 0 to

50% of the total counts at 115 (high correction percentages were caused when tin was high

and indium low in the sample), but tests using samples spiked with varying amounts of Sn

showed that the contribution of tin at mass 115 was predictable and thus justified use of

this correction.

For the quantification of Pb, Zn, As, Cd, Ba, and V, indium was used as an internal

standard to account for matrix effects and drift of the instrument signal over time. Because

the samples were diluted by at least 200x, natural indium concentrations were much less than

the 1 ppb spike of indium added to each sample dilution. Standard curves of metal/indium
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signal vs metal/indium concentration were prepared with 1 ppb, 0.1 ppb, and 0.01 ppb

multi-element standards (which included all of the elements of interest), with 1 ppb In

in each standard. The metal/indium ratios in each sample can then be determined from

this standard curve, by plotting the M/In signal (corrected for blanks and instrument

background). Multiplication by the indium spike concentration (1 ppb) gives the metal

concentration, which can then be converted to a peat concentration with the volume of the

digest and the mass of peat digested.

4.2.4 HYSPLIT Analysis

In order to determine the direction of air that was influencing indium concentrations at

the Boston and Rochester locations, the HYbrid Single Particle Langrangian Integrated

Trajectory model (HYSPLIT4) from the National Oceanographic and Atmospheric Admin-

istration (NOAA) was used to generate back trajectories for each day for which indium was

measured [Draxler, 1999, Draxler and Rolph, 2012, Rolph, 2012]. A complete description

of the model is given in Draxler and Hess [1998, 1997]. The online version was used to

generate back trajectories that ran for 48 hours, each starting at 12:00 PM for the indium

measurement date and at a height of 500 m. Trajectories were run starting both at a 10m

height and a 500m height. The direction of each is the same, although the distance traveled

by the 500m height trajectory is much farther. The 500m trajectory height is presented

here, with the assumption that stack heights of the most likely emitters are > 150 m, and

the Sudbury Super Stack, a possible source of indium to these samples, is 380 m. Archived

meteorological data from the Nested Grid Model (NGM) database was used, except for

several dates when data was missing from this database, at which time the REANALYSIS

database was used. Tests showed that these two databases produced similar results.

Indium removal (e.g. by chemical reaction, gravitational settling, or washout by rain)

was not taken into consideration when analyzing back trajectories, although rainfall was

qualitatively monitored; therefore, care must be taken in their interpretation. Chemical

reaction is not expected to change total indium concentrations, and here the time of the

back trajectory is limited to 48 hours to minimize the influence of settling of the PM2.5

fraction.
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4.3 Results

The average concentration of indium in PM2.5 particles in the air in the Northeastern

United States is 2.1 pg/m 3 , with peaks up to 8 pg/m 3 (Fig. 5-1). Normalizing to the total

PM2.5 mass in the sample, average particle concentrations are 0.2 pg In/g PM2.5, with

deviations in the New York sites up to 0.95 pg/g. Average indium concentrations in the

earth's crust are 0.052 pg/g sediment [Wedepohl, 1995].

There are significant differences in indium concentrations both geographically and tem-

porally (Fig. 5-1). One metric of temporal variation at each site is the standard deviation

of all data for one location divided by the mean of that data. For air concentrations

(pg/m 3 ) at each location, this relative change in concentrations over the course of a year is

at least 56% of the mean (65%, 97%, 73%, 81% and 56% respectively for Boston, Reading,

Quabbin, Brockport, and Rochester.) For particle-normalized concentrations (pg/g) at the

Massachusetts locations, this relative change is slightly less (46%, 50%, and 74% respec-

tively for Boston, Reading, and Quabbin), while at the New York sites the relative change

is slightly higher (93% and 90% for Brockport and Rochester, respectively).

Air concentrations in Boston, Reading, and Quabbin, (urban, suburban, and background

locations in Massachusetts) correlate relatively well with one another (Fig. 4-4), suggesting

that the source of indium to these locations is not local, but instead comes from long-range

transport. (The correlation coefficient used here, r, is the Pearson product-moment correla-

tion coefficient, which is the covariance normalized by the product of the standard deviation

of each sample. An r of 1 denotes perfect correlation. This correlation coefficient is sym-

metric, meaning that it does not change if the x and y variables are interchanged. r = 0.81

for Boston and Quabbin; 0.69 for Boston and Reading; and 0.44 for Reading and Quabbin,

low due to one outlier.) Particle-normalized concentrations for these locations correlate less

well than the air concentrations (r = 0.54., 0.42, and 0.48, respectively), as is expected due

to less significant deviations from the mean for these normalized concentrations. There are

several peaks in the air concentration in Massachusetts samples, in February and August,

but they reflect only a small change in particle-normalized concentration.

Air concentrations in Rochester and Brockport (urban and rural locations in New York)

correlate relatively well with one another (r = 0.62), but show a different pattern from the

Massachusetts sites (r = 0.23) (Fig. 4-4). Particle normalized concentrations for the New
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Figure 4-3: Indium air concentrations (a) and fine particle-normalized indium concentrations (b) vary significantly across five locations

in the northeastern United States, and over the course of a year. Hollow data points indicate samples that were below the detection

limit. Error bars reflect the method uncertainty of 20%, based on multiple digestions of the same sample.
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York sites also correlate relatively well with one another (r = 0.64), and interestingly show

some correlation with the eastern Massachusetts sites (r = 0.51). The concentration of

particulate indium (pg/m 3 ) in these sites varies significantly throughout the year, and upon

normalization to fine particle mass (pg/g), most of these peaks are retained. Peaks in the

particle-normalized indium concentration suggest that there is a different source of indium

to this area on the peak days. Alternatively, the low particle-normalized concentrations

could reflect a dilution of high particle-normalized source contributions with low particle-

normalized source particles.

There is no apparent seasonality to this data, unlike other components of these samples

such as organic carbon and mutagenicity ([Pedersen et al., 1999]). Additionally, even at

the smallest sampling interval of 6 days, data points are not well autocorrelated (correla-

tions typically <0.25, except for Quabbin air concentrations (0.31) and Reading particle-

normalized concentrations (0.39)), indicating that meteorological conditions that affect in-

dium concentrations change more quickly than 6 days.

4.3.1 Atmospheric Back Trajectories

For the Rochester and Brockport data., atmospheric back trajectories show that air is coming

from the north or northwest on 6 out of 7 of the days when indium concentrations are

>0.35 pg/g in at least one of the two locations. (0.35 pg/g is a somewhat arbitrary cutoff

for a 'peak' value, based on the average concentrations for Rochester and Brockport of

0.25 and 0.3 pg/g respectively). The days when particle-normalized concentrations are

<0.35 pg/g in both locations, back trajectories show that air is coming from the west,

southwest, or south on 9 of 11 of the days.

For the Boston site, the story is different. Back trajectories show air coming from

the north/northwest and the west/southwest/south on a roughly equal number of days,

although there are only three days that have an indium concentration >0.35 pg/g. (Two

of these days show air coming from the northwest, while one shows air coming from the

southwest.)

4.3.2 Historical Indium deposition

Analysis of peat cores can have great utility in tracking the history of metal deposition

over time. In this case, indium concentrations in Thoreau's bog, MA, were measured, and
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Figure 4-6: Indium concentrations in the bog have been increasing since the early 1900s.,
peak in about 1940, and decline to the present. Indium fluxes increase from the early 1900s,
peak in the early 1970s, then decline rapidly to less than 1900 values.

show indium concentrations peaking in about 1940, then decreasing to the present (Fig. 4-

6(a)). A slight increase in concentrations from 2002 to 2007 can also be seen, with low

concentrations again in the top 3 cm.

Indium flux to Thoreau's bog increases from the early 1900s, peaks in the 1960s or early

70s, then decreases dramatically to pre-1900 values in 2010 (Fig. 4-6(b)). Again a small

increase can again be seen from 2007-2008. It is unclear whether this reflects a significant

change in flux to the bog during this time.

Deposition is made up of both wet and dry forms, and is calculated by J = VdCa +

VwCa = Ca(V + Vw), where J is the total depositional flux (ng/(cm2 -yr)), Vd is the dry

depositional velocity, V, is the wet depositional velocity, Ca is the air concentration, and

the total deposition velocity, Vt = Vd + Vw. Indium is expected to deposit in a similar way

to 2 10 Pb, and 2 1 0Pb total depositional velocities of 0.6-1.9 cm/s have been reported, with a

1 cm/s V for the Northeastern United States [Baskaran, 2011, Turekian et al., 1983]. Using

this range of deposition velocities and an average air concentration for 1995 (the year air

filter samples were collected) of 2.3 pg/m 3 , an indium flux of 40-140 pg/(cm2-yr) can be

calculated. The indium deposition observed to Thoreau's Bog in 1995, 150 pg/(cm2-yr),

is just outside of this range. However, PM1O should be included in this calculation, and

analysis of a limited number of PM1O samples show that indium concentrations are roughly

equal to those in PM2.5 (Figure 4-11, Supplementary Information). If PM1O concentrations

are used in this calculation, such that total C, = PM10 + PM2.5 -5 pg/m 3 , an indium
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flux of 90-300 pg/(cm2-yr) is calculated. The estimated flux to Thoreau's Bog falls within

this range.

A similar calculation of 21 0Pb deposition velocities supports the idea that the fluxes ob-

served in Thoreau's Bog are of the right magnitude: using the range of deposition velocities

given above of 0.6-1.9 cm/s, and an estimate of 0.58 mBq/m 3 2 1 0Pb in air from New Haven,

CT [Baskaran, 2011] results in a 21 0Pb flux to the surface of the earth of 11-35 mBq/(cm 2 _

yr), which agrees well with the 2 1 0Pb flux of 20 mBq/(cm2-yr) measured at the surface of

Thoreau's Bog.

The deposition rates suggested from the core can also be used to inform the wide range of

depositional estimates (1,000-100,000 t indium/yr) in Fig. 4-1. Assuming that the deposition

seen in Thoreau's Bog is applicable globally (although this is likely a poor assumption),

multiplying by the surface area of the earth results in a global flux of ~770 t/yr. This is

an slightly less than the lowest box model estimate, and may be due to this core not being

representative globally-particulate emissions controls in the US and Canada may cause

the Northeastern United States to have lower indium concentrations than less-developed

countries-or due to an overestimation of atmospheric inputs and depositional fluxes in the

box model.

4.4 Discussion

4.4.1 Indium air concentrations

Mean air concentrations reported here of 2.1 pg In/m 3 for all locations agree within a

factor of 3 to measurements from 1993 of 6.7 pg/m 3 in PM2.5 in five rural sites across

New York [Ames et al., 2000]. Our values are as much as 10x lower than literature val-

ues for non-industrial air reported in Smith et al. [1978]. This could be due to several

factors, including regional differences, and the fact that total particulate emissions in the

United States decreased by 60% between 1970, around the time most of these studies were

completed, and 1991 [EPA, 1992, 2000]. Additionally, the literature values report concen-

trations for all size fractions, not PM2.5. Preliminary evidence from PM10 particles from

this study suggest that coarse particles contribute roughly equal concentrations of indium

to the atmosphere (Supplementary information, Fig. 4-11), which could explain some of

this difference. Differences in sample digestion and analysis techniques between studies are
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not likely to contribute to large changes in indium measured. Literature values are given as

'total' indium, measured by neutron activation analysis or x-ray fluorescence, whereas this

study reports 'acid-digestible indium. As discussed above, the oxide, sulfide, sulfate, car-

bonate, and organic fractions of indium should be dissolved in this digest and are thought

to contain the majority of indium present in these samples. Further testing of 'total' indium

versus that liberated from the digest employed for this study is necessary to confirm the

fraction liberated.

4.4.2 Source of indium to atmosphere: Concentration Patterns and Wind

Direction

In Rochester and Brockport, there appear to be at least two sources of indium to PM2.5. At

least one source, with low particle-normalized indium concentrations, contributes a back-

ground of ~2 pg/m 3 indium to the atmosphere. Back trajectories show these samples

predominately have air contributed from the west, and the source is hypothesized to be

from coal burning in the midwestern United States. Emissions from coal combustion are

expected to show a seasonal pattern, with a peak in emissions in the summer, and a less-

pronounced peak in the winter [EIA, 2008]; this pattern is not evident in the indium data.

Peaks in particle-normalized concentration suggest another source of high-concentration in-

dium that is intermittent. Back trajectories show that these peaks are associated with air

that is coming from the north, and the source is hypothesized to be smelters in eastern

Canada.

These hypotheses are supported by measurements of indium in coal fly ash and in zinc

smelter emissions. Coal fly ash samples from six different types of coal (four bituminous,

one sub-bituminous, and one lignite) have shown indium concentrations of 0.14-0.34 pg/g

in the < 2.5 pm fraction (Chapter 5). This is similar to the low particle-normalized indium

concentrations of 0.2 pg/g seen in all five locations in this study. Alternatively, zinc smelter

emissions have been shown to contain 52 pg/g in the < 2.5 pm fraction (Chapter 5). This

value is 50x higher than the peak concentrations of indium seen in the New York sites

of 1.1 pg/g, suggesting that the peaks in the New York sites are either a different source

entirely, or may be a mixture of a smelter source with other lower particle-normalized

concentration sources.

In the Massachusetts sites, there are no high particle-normalized indium concentrations.

93



If smelters are indeed the high concentration source, this may be due to the further distance

of these sites from Canadian smelters, allowing particles emitted from these sources to

disperse sufficiently to blend in with the background signal. The presence of peaks in air

concentration at the Massachusetts sites despite the relatively constant particle-normalized

concentrations suggest that significant variations in these source(s) can occur. Again, coal

is hypothesized to be the main source contributing indium to the Massachusetts sites.

4.4.3 Source tracking: Enrichment Factors

In order to determine if these average concentrations are due to crustal material or whether

they come from, e.g. volcanic activity or industry such as coal-burning or smelting, one can

examine indium's enrichment relative to aluminum. Enrichment factors (EF) for indium

in our samples (EF = (In/Al)sampie/(In/Al)crust) are for the most part much greater

than 1, indicating that the observed background indium concentration is not due to dust

(Supplementary data, Fig. 4-12). Only one of the points (Brockport, on July 2) was near

1. In all other cases the EF is greater than 15, and in some cases it is >1000, indicating a

predominately high-temperature source of indium to the atmosphere in this region.

A study of indium in 6 different cities in Europe and 1 in the United States found

enrichment factors of 4-140 relative to soil values [Heindryckx and Dams, 1979], supporting

the idea that a non-dust input of indium dominates its atmospheric concentration in these

areas, even when the coarse size fraction is included. Studies of indium in incinerator

emissions found enrichment factors of 120-2300 [Greenberg, 1976], supporting the idea that

high temperature processes contribute to the high enrichment factors that we see in our

northeastern US samples.

Indium has been shown to be enriched in volcanic emissions [Hinkley et al., 1994, 1999,

Hinkley and Matsumoto, 2001, Matsumoto and Hinkley, 2001]. Our own work has shown

enrichment factors of indium in PM2.5 fly ash from coal combustion of 3-5 (Chapter 5),

and data from EPA's SPECIATE database [Reff et al., 2009, EPA, 2011] suggest that lead

smelting results in enrichment factors of 105 . This may be further evidence that the highest

concentrations of indium seen in these samples, which have the highest enrichment factors,

may be associated with a smelter source, while the bulk of the samples with moderate con-

centrations and moderate enrichment factors, may be associated with a source such as coal

emissions. However, without a more detailed source-tracking model, we cannot determine
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which combination of these sources contributes to the background indium concentrations

that we see in this region.

4.4.4 Source tracking: Historical Indium Deposition Patterns

Historical indium flux from the atmosphere, as reflected in Thoreau's Bog, may help in the

identification of the source of indium to this region.

The indium flux to Thoreau's bog increases from the late 1800s to the early 1970s, at

which point it drops dramatically. The same type of profile has been seen previously for

indium in a Swedish lake sediment, though 2002 concentrations remained 3x higher than

1900 values [Grahn et al., 2006]. It is possible that watershed inputs of indium to the

Swedish lake account for this difference. A low resolution ombrotrophic bog core in Norway

also shows a similar profile [Steinnes et al., 2003]. This type of profile is also typical of

lead, albeit with the peak offset to the late 1970s, due to its use as a gasoline additive and

subsequent phasing out in the late 1970s (e.g. [Lima et al., 2005]). Lake cores from remote

areas in Massachusetts show similar trends for Cd [Norton et al., 2007], and ombrotrophic

bog profiles from Europe show similar trends for V, As, and Sb [Cloy et al., 2009, 2005,

2011], suggesting that metals that are released from stationary sources show similar trends

due to increases in consumption and production over the 20th century, and decreases in

particulate emissions post 1970s. In Thoreau's Bog specifically, this type of trend has

been seen with lead [Hemond, 1980], while the story is quite different for platinum, which

increases in concentration in the top 5 cm of the core., presumably due to its extensive use

in catalytic converters [Rauch et al., 2004].

The dramatic decrease in indium flux to the bog appears to coincide with increased par-

ticulate control technologies for stationary sources (Fig. 4-7), regulated in the United States

beginning in 1971 with the establishment of the National Ambient Air Quality Standards

for Total Suspended Particles (a program of the Clean Air Act of 1970) [EPA, 2012a,b].

Canada did not federally regulate particulate matter until 2000, when the Canada-wide

Standards for Particulate Matter (PM) and Ozone was signed by all provinces except Que-

bec. However, Canada has had recommended PM levels since the National Ambient Air

Quality Objectives were established in the early 1970s, and there have been regulations at

the provincial level that control particulate matter emissions since the early 1980s: On-

tario's General Air Pollution Regulation was established in 1990 and Quebec's 'Regulation
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Respecting the Quality of the Atmosphere' was established in 1981 [Minerals and Metals Di-

vision, 2002]. Thus the trend toward PM control appears to be similar in Canada and the

United States.

Indium appears to correlate better with smelting emissions estimates than with fuel

emissions predictions, although there is uncertainty associated with these emissions esti-

mates that does not allow a definitive assignment of the best correlation. First, emissions

in each case are estimated by the EPA based on historical data on emissions rates, fuel

consumption, and the assumption that 0% of these stationary sources employed PM control

technologies prior to 1974, and 100% of them employed PM control technologies after 1974

[EPA, 2000]. It is unclear how valid this assumption is due to lack of data on the historical

adoption of PM control technologies. Additionally, Canadian emissions estimates are only

available since 1985 [Environment Canada, 2012]. From 1985 onward, Canadian fuel emis-

sions are only 10% of US fuel emissions, suggesting that the emissions profile for fuel would

not be changed much with the addition of Canadian estimates. Canadian smelting emis-

sions estimates since 1985 are as much as 40% of US smelter emissions estimates, meaning

that the overall emissions profile may be altered with the addition of Canadian emissions

estimates prior to 1985. However, because of the similarities in PM control regulations

in the United States and Canada, this profile is not likely to shift substantially with the

addition of Canadian emissions estimates prior to 1985.

Note that total fuel emissions are plotted rather than specific emissions from coal com-

bustion. This is due to the fact that a breakdown by individual fossil fuel is not available

prior to 1970. In 1970, coal was 70% of the total emissions from stationary source fuel

combustion. The fraction of coal dropped to 56% in 1975, and then to about 30% in the

remaining years; wood combustion emissions have not declined over the past 35 years, and

therefore are becoming a larger fraction of total fuel emissions as the other fuel source

emissions decline. The assumption is that prior to 1975, coal emissions accounted for the

majority of the total fuel emissions. Note also that categories for US smelter emissions are

slightly different for the 1940-1991 dataset (smelters) and the 1991-2009 data set (nonfer-

rous smelters). And although fuel emissions are an order of magnitude higher than smelter

emissions, average concentrations in ore are 500x larger than in coal, suggesting that the

smelter emissions could still account for the indium deposition seen.
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4.4.5 Source tracking: other metal profiles

Clues as to the source of indium to Thoreau's Bog may be gleaned from similarities to

other metal profiles in the bog. Here a comparison is made with Zn, As, and Cd as markers

of smelter emissions, V as a marker of residual oil combustion, Ba as a marker of coal

emissions, and Pb as a marker of leaded gasoline use. There are similarities between the

depth profiles of each of these metals and indium (Figures 4-8, 4-9).

In order to get a quantitative measure of how well these profiles match, indium can be

plotted versus each of these other metals, and a correlation coefficient can be determined

(again the Pearson product-moment correlation coefficient, described above) (Figure 4-10).

Squaring this r value gives a measure of the fraction of variance in Y that is explained by

X in a simple linear regression. For these metals, arsenic has the closest profile match to

indium, with an r value of 0.88 and an r 2 of 0.77. Arsenic has been shown to be associated

with smelting emissions [Sturges and Barrie, 1989, Rahn and Lowenthal, 1985], and is in

fact a byproduct of the same sulfide ores of which indium is a byproduct [Loebenstein,

1994]. The other two metals that are associated with smelting, Zn, and Cd, have lower

correlation (r = 0.46 and r2 = 0.21 for Zn; r = 0.65 and r2 = 0.42 for Cd). Cadmium is a

byproduct of sulfide ores and zinc is a primary smelted ore. Zinc is enriched in the top of the

core, possibly suggesting some mobility and plant uptake [Weiss et al., 2007]. Vanadium,

often used as a marker of residual oil combustion [Pacyna, 1986], correlates relatively well

with indium concentrations (r = 0.74 and r2 = 0.55), suggesting that oil combustion may

contribute to indium concentrations in Thoreau's Bog. Lead has some correlation with

indium (r = 0.66 and r2 = 0.44), but correlates less-well than As and V. Lead peaks in

1981, according to this dating scheme, 10-20 years after indium peaks. In other cores, lead

has been shown to peak in the late 1970s, coincident with the phase-out of leaded gasoline

[Lima et al., 2005], and in agreement with the timeline for lead deposition seen in Thoreau's

Bog. Ba does not correlate well (r = 0.34 and r2 = 0.12).

Note that metal mobility in this core could be an issue for these metals. Indium mobility

is likely to be low (< 7 cm in 70 years; Chapter 3), there is some evidence that As is immobile

in peat [Cloy et al., 2009], and Pb is typically considered immobile [Shotyk et al., 1998,

Novak et al., 2011], but the other metals have unknown mobility. Additionally, because

trace-metal-clean techniques were not used except for indium, the absolute fluxes for these
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metals may have large uncertainty, but their profiles should be valid, as discussed above.

4.5 Conclusions

This study of indium concentrations in the atmosphere in the Northeastern United States

has shown mean PM2.5 concentrations of 2.1 pg/m 3 , with deviations up to 8 pg/m 3 , and

particle-normalized concentrations of 0.2 pg In/g PM2.5, with deviations up to 0.95 pg/g.

Peaks in particle-normalized concentrations in the New York sites suggest that there is

a distinct source supplying indium to the atmosphere on those days, and back trajectory

analysis has shown those peaks to be associated with air traveling from N/NW of the New

York sites.

The hypothesis that smelters in Eastern Canada are a large source of indium to this

region is supported by the literature, and by historical indium deposition patterns observed

in a peat core from Concord, Massachusetts. The flux of indium to this bog increased

since the early 1900s, peaked in the early 1970s, and then declined dramatically to pre-1900

values by 2010. This profile coincides well with the estimated particulate emissions from

smelting and fuel combustion in the United States and Canada. Arsenic fluxes to the bog

show a similar pattern, and may be further evidence of the large contribution of smelting

emissions of indium to the atmosphere in this region.

There is still much to be learned about industrial sources of indium to the atmosphere,

and its subsequent cycling and deposition. A more rigorous atmospheric model, along

with an investigation of the other metals present in these atmospheric samples, may help

constrain the sources of indium to these sites. More detailed studies of specific industrial

emitters will also improve our understanding of the impact of human activity on the natural

cycling of indium. Finally, research into the influence of indium deposition on aquatic

indium concentrations will be necessary to fully assess the impact of human activities on

the environment.
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4.7 Supplementary Information

4.7.1 Figures and Data Tables

The following figures show indium concentrations in the coarse air particulate fraction, and

indium's enrichment factor in the atmospheric samples. The raw data presented in this

chapter for indium concentrations in PM2.5 in five locations in the Northeastern United

States are included in Table 4.1.
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Table 4.1: Indium atmospheric concentration data for PM2.5 in five locations in the north-
eastern United States.

Boston Quabbin Reading Brockport Rochester
Date pg/m 3  Pg/g pg/m 3  Ig/g pg/m 3  g/g pg/m 3  Pg/g pg/m 3  Pg/g

1/3/95 2.15 0.15 1.06 - 1.54 0.16 - - 0.94 -
2/2/95 2.31 - 1.44 0.36 2.17 0.23 1.32 0.94 3.86 0.40
2/26/95 4.39 0.37 - - 1.34 0.19 3.83 0.50 5.06 0.38
3/4/95 4.49 0.20 5.29 0.50 2.49 0.10 2.52 0.10 2.40 0.07
3/10/95 - - - - - - 6.54 0.87 2.99 0.23
3/16/95 4.85 0.19 2.74 0.08 7.76 0.25 - - - -

4/3/95 2.78 0.15 2.22 0.16 2.06 0.13 2.26 0.11 3.51 0.19
4/15/95 - - - - 1.31 0.11 - - - -
4/27/95 2.42 0.13 2.71 0.15 1.24 0.06 2.55 0.25 2.59 0.17
5/21/95 - - - - 1.84 0.10 - - - -

5/27/95 - - - - - - 2.21 0.26 1.20 0.20
6/2/95 1.69 0.10 - - - - 1.13 0.03 3.12 0.13
6/8/95 - - - - - - - - 0.98 0.07
7/2/95 0.48 0.04 - - - - 0.13 0.02 0.32 0.03
7/26/95 5.04 0.13 - - - - 1.31 0.08 2.45 0.11
8/13/95 0.61 0.10 - - - - 3.19 0.32 5.45 0.61
9/6/95 2.24 0.22 0.79 - 1.02 0.08 1.40 0.06 1.88 0.16
9/30/95 0.71 0.14 0.41 0.06 0.51 0.03 0.94 0.31 0.69 0.07
10/30/95 0.84 0.15 0.70 0.16 0.95 - 0.75 0.58 1.42 0.31
11/23/95 0.80 0.09 1.28 0.09 0.83 0.08 1.08 0.19 2.84 0.30
11/29/95 1.63 0.22 1.30 0.11 0.96 0.10 6.22 1.07 5.21 0.72
12/5/95 2.32 0.15 1.70 0.28 - - 1.41 0.19 2.85 0.39
12/29/12 1.68 0.11 1.23 0.07 0.90 0.12 1.15 0.07 1.83 0.07
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Chapter 5

Tracking the Source of Indium to

the Atmosphere in the

Northeastern United States

5.1 Introduction

Mean indium concentrations in PM2.5 at 5 sites from Boston, MA to Rochester, NY, are

2.1 pg/m 3 , and vary over the course of a year, with deviations up to 8 pg/m 3 (Chapter 4).

Concentrations normalized to PM2.5 mass show that Massachusetts sites average 0.2 pg

In/g PM2.5 over the course of a year, with deviations up to 0.5 pg/g. The New York sites

have an average of about 0.2 pg/g, but show peaks up to 1.1 pg/g. As confirmed by back

trajectory analysis, these peaks in the New York sites tend to occur on days when air to the

site is traveling from the north, whereas non-peak days tend to occur when air is traveling

from the west.

Because of the locations of nonferrous smelters and coal plants in the United States and

Canada (Fig. 5-2), and indium's elevated concentrations in sulfide ores, we hypothesize that

nonferrous smelters in Canada supply high concentrations of indium to the atmosphere in

the New York sites. Previous studies support this hypothesis. For example, Sturges and

Barrie [1989] measured In, Pb., Zn, and several other metals in total particulate matter

at a rural site in southern Ontario over a 5-day period. During this time, air changed

direction from the west, to the north, and back to the west. On days when wind came from
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Figure 5-1: Indium air concentrations (a) and fine particle-normalized indium concentrations (b) vary significantly across five locations

in the northeastern United States, and over the course of a year. Hollow data points indicate samples that were below the detection

limit. Error bars reflect the method uncertainty of 20%, based on multiple digestions of the same sample.
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the north, Pb 207/206 ratios reflected a smelting source, and correlated well with indium

concentrations, which were as high as 20 pg In/m 3 . Rahn and Lowenthal [1985] determined

that indium was 20-100x higher in total particulate matter when air is coming from the

nonferrous smelter region of Ontario and Quebec.

Indium has also been linked to smelting sources by several researchers who used factor

analyses or receptor modeling to attribute source contributions. For example, Ames and

colleagues used factor analysis to attribute the mass of indium at each of five rural New

York sites to the most probable sources during the course of the two-year study [Olmez

et al., 1997, Ames et al., 2000]. Depending on the site, they attribute from 35-79% of the

PM2.5 indium to smelter sources, 0-25% to a 'Canadian Regional' source that originates

from the N/NW, 0-27% to a 'US Regional' source that originates from the W/SW, and

0-12% to a crustal source. Biegalski et al. [1998] measured indium in three different sites

in southern Ontario, and used Positive Matrix Factorization (PMF) to show that indium is

most closely associated with Sn, As, or as its own factor (unassociated with other metals)

at these sites. Based on the overall chemical makeup of the source profiles determined by

PMF, they attribute each of the indium-containing source signals to smelting.

In order to further test the hypothesis that smelters are contributing high concentra-

tions of indium to the atmosphere at our study sites, here we present further analysis of the

chemistry of air filter samples from the northeastern United States. Indium concentrations

are compared to other metal concentrations that have been measured in these samples to

show that the chemical signature of air from the north is different than the chemical signa-

ture of air from the west. We additionally present measurements of indium concentrations

in coal and zinc smelter emissions. Combined with PM2.5 emissions data, these measure-

ments allow a calculation of indium emissions from these processes in the United States and

Canada, and provide a reference for the concentrations and ratios of metals contributing

to the values in New York and Massachusetts. Lastly, the results of two forms of receptor

modeling, Positive Matrix Factorization and Chemical Mass Balance, are presented.

110



5.2 Methods

5.2.1 Air filter samples

Air filters were collected by Pedersen and colleagues from five locations across the North-

eastern United States as discussed previously ([Pedersen et al., 1999, Salmon et al., 1999],

Chapter 4). The indium data presented here was analyzed by our group, and is discussed

in more detail elsewhere (Chapter 4).

For the other metal analysis, Salmon et al. [1999] used a cyclone separator to collect

particles with diameters less than 2.2 pm on 47 mm polytetrafluoroethylene (PTFE) mem-

brane filters. This sampling took place on the same days as the sampling of the quartz

fiber filters used for indium analyses, for 24 hours, at a flow rate of 25 L/min. 38 elements

were then measured by X-ray fluorescence [Salmon et al., 1999]. Roughly 20 of these ele-

ments were below the detection limits of the instrument; those that were above detection

limit were used for our subsequent correlation analysis and receptor modeling. Sulfate was

measured by Salmon et al. 1999 by the extraction of a second set of PTFE filters with

deionized water and subsequent analysis by ion chromatography. Nitrate was not used for

the present modeling due to >50% of the samples being below detection limit, and due

to documentation by Salmon et al. [1999] that their measurement technique is known to

underestimate the true nitrate concentrations present.

5.2.2 Back Trajectory Analyses

As described in Chapter 4, the National Oceanic and Atmospheric Administration's HY-

brid Single Particle Langrangian Integrated Trajectory model (HYSPLIT4) [Draxler, 1999,

Draxler and Rolph, 2012, Rolph, 2012] was used to generate back trajectories for each day

for which indium was measured. A complete description of the model is given in Draxler

and Hess [1998, 1997]. The online version was used to generate back trajectories that ran

for 48 hours, each starting at 12:00 PM for the indium measurement date and at a height

of 500 m. Archived meteorological data from the Nested Grid Model (NGM) database was

used, except for several dates when data was missing from this database, at which time the

REANALYSIS database was used. Tests showed that these two databases produced similar

results.
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5.2.3 Correlation of indium with other metals

Correlations were determined between indium concentrations and other metals, using particle-

normalized concentrations. Data was separated by location and by wind direction. The

angle from which air was traveling was calculated at -24 hours in the back trajectory. The

trajectory was considered to be coming from the north (e.g. from the smelter region of

eastern Canada) if it was between 292.5'and 22.5 0 (with due N defined as 0*). It was con-

sidered to be coming from the west from 180'to 292.5. Regression lines and their standard

deviations were generated by a Monte Carlo technique, whereby random subsets of the data

were selected and linear regressions were calculated for each subset. The mean and standard

deviation of these subsets were plotted as the mean regression line for the complete data

set and its ilo uncertainty.

The Kolmogorov-Smirnov test was used to obtain a statistical measure of how much the

two wind directions differ with respect to their In:metal ratios. The Kolmogorov-Smirnov

test is a nonparametric test to determine the probability that two data sets of unknown

distribution are drawn from the same distribution [Press et al., 1992]. Both data sets

are plotted as a cumulative distribution function, SN 1 (x) and SN 2 (x), and the maximum

value of the absolute difference between the two distribution functions, D, is determined:

D = max |SN1 (x) - SN2 ( )

The significance of D (i.e. the probability that the two data sets are the same) can be

calculated as
00

QKS(A) = 2Z(-1)A2 (5.1)
j=1

with the limits of QKS(0) = 1 and QKS(inf) = 0. The significance level of a calculated D

can be approximated by:

Probability(D > observed) QKS([ Ne + 0.12 + 0.11/V Ne]D) (5.2)

and

N1N 2Ne = I-N 2  (5.3)
N1 + N2

where Ni and N 2 are the number of data points in the first and second distribution, respec-

tively. This approximation tends to be good for Ne > 4, and is asymptotically accurate as
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Ne gets large [Press et al., 1992].

5.2.4 Source Emissions Characterization

Zinc smelter emissions

Particulate emissions from a hydrometallurgical zinc smelter in Canada were sampled by

Environment Canada and supplied to the authors for the measurement of indium. The

samples were collected with a sampling train as described in the EPA Method for Sampling

Particulate Matter from a Stationary Source (201A). A single cyclone was used to separate

>2.5 pm particles from <2.5 pm particles. The >2.5 pm particles were collected from

a catch cup and the interior surfaces of the cyclone walls. The <2.5 pm particles were

collected from the probe and filter of the sampling train, downstream of the cyclone, by

rinsing these surfaces with deionized water and acetone into glass jars. Samples were then

dried.

The sample masses were reported by Environment Canada, and the entire mass of PM2.5

supplied was transferred to teflon beakers by rinsing with deionized water. These samples

were then dried on a hotplate while covered with acid-washed glass ribbed watchglasses. The

samples were digested with double distilled concentrated nitric acid and 70% trace-metal

grade perchloric acid (Fisher Chemical TraceMetal Grade), before measuring metals using

an Inductively-Coupled Plasma Mass Spectrometer (ICP-MS). The procedure was modeled

after EPA Method 3050B with adjustments to use perchloric acid for the oxidation of organic

material, and to resuspend in a small volume such that indium is above the detection

limits of the ICP-MS. Samples were refluxed on a hotplate with 20 mL concentrated nitric

acid and 10 mL 70% perchloric acid for approximately 8 hours. After sitting at room

temperature overnight, the samples were taken to dryness. Perchlorate was driven off finally

with the addition of 5 mL nitric acid, which was again taken to dryness. Each sample was

resuspended in 10 mL 2% nitric acid, left for 30 minutes, then decanted into a 15 mL

polypropylene vial. After addition of indium spikes (discussed below), samples were filtered

using an acid washed Whatman or VWR brand polypropylene 0.45 pm syringe filter, and

a non-acid-washed Normject 10 ml polypropylene syringe. Reagent Blanks and acid blanks

were filtered in the same manner and showed no significant indium contamination from this

process, and standards showed that indium was not lost significantly during filtration.
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Acid-washed teflon beakers and watchglasses were used for these digests, along with

acid-washed glass-ribbed watchglasses for taking the samples to dryness. The indium con-

centration in a reagent blank was less than 7% of the sample indium concentration, and was

subtracted during data analysis. The smelter stack sample was run at 200,000x dilution in

order to keep the concentrations of lead and zinc low enough to prevent contamination of

the ICP-MS instrument.

This acid digestion should liberate all of the indium in oxides, sulfides, sulfates, and

carbonates [Deis, 2009, Schaider et al., 2007], leaving only what is bound in silicates, and

the silicate fraction of indium is thought to be small [Greenberg et al., 1978a,b, Heindryckx

and Dams, 1979].

A Fisons PlasmaQuad 2+ Quadrupole Inductively-Coupled Plasma Mass Spectrometer

(ICP-MS) was used for metals analysis, with argon as the carrier gas. A 1 ppb indium

solution typically shows about 200,000 counts per second (CPS) at a mass to charge ratio

of 115, and the instrument has approximately unit mass resolution. 95.7% of naturally

ocurring indium is 1 15 In, and 4.3% is 1 13 In. Sample introduction is via free draw, using a

1000 ul/min nebulizer with attached frit to prevent clogging, and the instrument is run in

peak-jumping, pulse counting mode with 200 sweeps per measurement. In order to account

for matrix effects and drift of the instrument signal over time, the method of standard

additions was used for quantification of total indium. In this method, each sample is split

in two, one of those samples is spiked with 0.1 ppb indium, and the samples are run back-

to-back on the ICP-MS. Isotope 115 was monitored, and 1 7Sn and 118 Sn were monitored to

account for an isotopic interferent in 1 15 Sn (0.34% of total Sn). In this case, the correction

was less than a 1% correction, and so was neglected.

For the quantification of Pb, Zn, As, Cd, Ba, and V, indium was used as an internal

standard to account for matrix effects and drift of the instrument signal over time. A

separate aliquot was also diluted 200,000x; natural indium concentrations were -0.01 ppb

in this dilution, only 1% of the 1 ppb spike of indium added to each sample dilution.

Standard curves of metal/indium signal vs metal/indium concentration were prepared with

1 ppb, 0.1 ppb, and 0.01 ppb multi-element standards (which included all of the elements of

interest), with 1 ppb In in each standard. The metal/indium ratios in each sample can then

be determined from this standard curve, by plotting the M/In signal (corrected for blanks

and instrument background). Multiplication by the indium spike concentration (1 ppb)
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gives the metal concentration, which can then be converted to a particle concentration with

the volume of the digest and the mass of PM2.5 digested.

Coal combustion emissions

Coal fly ash samples from six types of coal were obtained from E. Sholkovitz (Wood's

Hole Oceanographic Institution) and W. Linak (U.S. Environmental Protection Agency).

These coal fly ash samples were generated by combustion in controlled experiments using

a down-fired, refractory-lined furnace rated at 50 kW. The combustion process and sample

collection are explained in detail in Linak and Miller [2000], and were designed to create

conditions similar to those in full-scale utility furnaces. Size segregated particulate matter

was collected by passing flue gas through a cyclone for size segregation, followed by dilution

with clean filtered ambient air to reduce temperature, then collection on teflon-coated glass

fiber filters (see Linak et al. 2000 for complete details). These samples have previously

been characterized for a variety of metals, but have not been analyzed for indium [Linak

and Miller, 2000].

These coal fly ash samples were analyzed by Standard Laboratories, Inc., for indium,

lead, zinc, and copper using Inductively-Coupled Plasma Mass Spectrometry after digestion

with nitric and hydrofluoric acids. ASTM Method D6357 was used for the digestion. In

order to account for matrix effects and instrument drift, indium was used as an internal

standard during the measurement of lead, zinc, and copper, and rhodium was used as an

internal standard for the measurement of indium. Laboratory error of 20% was reported,

and measurements of lead and copper in NIST Standard 1633b (coal fly ash) were within

5% and 11% of the certified values, respectively, and zinc was within 14% of the reported,

but non-certified value. Indium concentrations in this NIST standard are not reported.

Concentrations for lead, copper, and zinc in three of these samples were previously measured

by Linak et al. [Linak and Miller, 2000]. Copper concentrations reported here differ from the

Linak et al. values by 11-82%; lead concentrations differ by 3-66%, and zinc concentrations

differ by 13-51%. These values are not consistently biased higher or lower than the Linak

values.

115



5.2.5 Receptor Modeling

Two types of receptor modeling were used to test the hypothesis that smelters are con-

tributing high concentrations of indium to the atmosphere in the Northeastern United

States. Receptor models are source attribution models that use ambient data collected at

a receptor to infer sources, as opposed to using data of source emissions to infer ambient

concentrations [Watson et al., 2008].

The equation solved in most receptor models is:

P
xij= Z gikfkj - eij (5.4)

k=1

where x is the sample data, f is the species profile of each source factor, and g is the

mass contribution of each factor to a particular sample. i indexes the number of samples,

j indexes the number of chemical species measured, and k indexes the number of source

factors.

Positive Matrix Factorization (PMF) solves this equation for both the species profiles

of each source factor, f, and the mass contributions of each factor, g. The Chemical

Mass Balance (CMB) model used here solves the same equation with user-inputted source

profiles., f. The two models have different strengths and weaknesses. The PMF Model does

not require the source profiles to be known, and can weight each data point individually,

allowing for data with high uncertainties or that are close to a detection limit to be used

[Norris et al., 2008]. A drawback of the PMF model is that a large number of data points

are necessary for the model to be successful [Watson et al., 2008]. On the other hand,

using a large data set can act to average out temporal changes in source profiles. The CMB

model fits one sample at a time, and if the main sources are not known, or if their specific

chemical profiles are not known, non-convergence can be an issue [Coulter, 2004, Watson,

2004]. Thus a thorough understanding of the sources to a region is necessary for a successful

CMB apportionment, and region-specific source profiles, which often are not available in

the literature, should be used [Coulter, 2004, Watson, 2004]. For a particulate matter

apportionment, the CMB model also requires the main species contributing to particle

mass to be used, including organic carbon, elemental carbon, sulfate, nitrate, and ammonia

[Coulter, 2004, Watson, 2004]. Both models have some degree of subjectivity; the user

must determine the appropriate number of factors to use, determine which fitting species
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to assign as weak or to discard, and interpret the source profiles that result from the PMF

model; measured source profiles are used as inputs for the CMB model, but the user must

determine which sources are important to use, and how to combine similar sources to avoid

collinearity between profiles.

Receptor modeling can be useful, but care must be taken in the interpretation of results.

There are many subjective inputs to these models, and different models can often result

in different results [Watson et al., 2008]. PMF modeling is optimized with larger numbers

of samples and species, and CMB modeling is optimized with larger number of species

measured, by measuring 'tracer' species that prevent collinearity between source profiles,

and by having source profiles that match the profiles in the study region.

Positive Matrix Factorization

Positive Matrix Factorization is a type of factor analysis by which the concentrations of

a suite of chemical species in a large number of receptor samples are used, along with

the measurement uncertainties, to determine chemical profiles of sources that contribute

to those samples and the contributions of each source to each sample [Norris et al., 2008].

The model used in this study was PMF3.0, provided by the US Environmental Protection

Agency [Norris et al., 2008].

Positive Matrix Factorization allows each point to be individually weighted, by defining

uncertainties for each chemical species measured, and constrains the results so that negative

source contribution are not permitted. The model determines the gik and fkj that minimize

the function:
n m2

Q = (5.5)
i=1 j=1

where uij is the measurement error.

The user defines how many source factors to solve for, and which chemical species will be

used in the fitting process. Huang et al. [1999] suggest that a plot of Q versus the number of

factors can inform the optimal number of factors, along with observation of how the source

profiles change with a change in factor number. Solutions can be checked for stability by

running the model a number of times (typically 20) to assure stability in Q and in the

profiles. Additionally, a final solution can be run in the 'bootstrapping' mode, whereby

random subsets of the sample set are chosen and used to rerun the model and remap the
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Figure 5-3: The optimal number of factors for fitting can be determined in part by finding
the point at which Q is no longer decreasing rapidly. Qtrue is calculated using all of the
data points, while Qrobust excludes outliers. These plots are for the fitting of the New York
sites.

source profiles. Despite these tests for stability, PMF modeling remains subjective, and the

user is seeking results that are 'interpretable' [Huang et al., 1999].

Due to the probability of different sources influencing the New York sites and the Mas-

sachusetts sites, they were modeled separately from one another.

For PMF modeling, five factors were chosen as the optimum number for each set of sites,

based on a plot of Q vs. number of factors (Fig. 5-3). The model reports both a Qtrue,

which includes all of the data points, and Qrobust, which excludes outliers. Four factors

were also examined, but were discarded due to the instability of the four factor solution.

Species can be designated as 'weak' in this model, which designates its uncertainty to be

3x higher than reported. Paatero and Hopke [2003] show that the solution is not affected

much by the assignment of weak species, and can be hurt by keeping poorly fit species

designated as strong. The chemical species used for the fitting of each set of sites in this

study were: Si, S, Cr, Fe, Ni, Cu, and Zn as 'strong'; Al, K, Ca, Mn, Mo, Ag, Pb, organic

carbon (OC), and elemental carbon (EC) as 'weak'. The assignment of weak species was

based on poor fitting of that species during initial runs with all factors designated as strong.

Indium was measured in 30% of the samples; this was too few data points in either New

York or Massachusetts to perform a PMF analysis using indium as a fitting species. (One

of the drawbacks of this type of model is the large number of data sets required, over 100

according to Watson et al. [2008].) Therefore this model cannot give a direct assignment
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of the relation of indium to the overall profile, but by determining which source factors

contribute the most on days that have peak indium concentrations, one can probe which

source factors are contributing indium to the samples, and whether they fit the hypothesis

that most indium comes from nonferrous smelting sources.

Chemical Mass Balance

A chemical mass balance model solves the same equation presented above for PMF modeling

(Eq. 5.4), but uses user-inputted source profiles (fkj) to apportion the contributions of each

source for a particular sample [Coulter, 2004]. The model used here is CMB8.2, made

available by the EPA [Coulter, 2004].

For a rigorous source attribution using a Chemical Mass Balance Model, a full analysis

should include the measurement of trace metals, sulfate, nitrate, ammonium, organic carbon

and elemental carbon [Watson, 2004] in the receptor samples and the source profiles, and

source profiles should be used that are specific to the receptor location. For example, the

composition of dust can vary geographically, and it is important to use a dust profile that is

representative of the study location. In the present case, nitrate measurements are typically

below the detection limit of the method used to obtain them [Salmon et al., 1999] and thus

are not usable. Ammonium values are not available. Additionally, source-specific profiles

are not readily available for this region, and were not measured for this study. Coal fly ash

samples were analyzed for this study, and an average value of this data was used as the coal

source profile (Table 5.4). The zinc smelter emissions analyzed in this study can inform the

smelting source profile, but the entire suite of species analyzed in the receptor samples has

not been analyzed for these emissions. Source profiles are thus mainly taken from EPA's

SPECIATE database [EPA, 2011]. Specifically, composite profiles were used for PM2.5

emissions from bituminous coal, subbituminous coal, lead production (smelting), copper

production, crustal material, solid waste combustion, residual oil combustion, wildfires,

and gasoline exhaust [Reff et al., 2009]. These profiles were further averaged in some

cases in order to obtain average profiles that are not collinear with one another. Though

not reported, uncertainty of these profiles is likely high due to natural variation. For

the purposes of the CMB modeling, uncertainties of 20% were used; higher uncertainties

employed cause collinearity between profiles and subsequent nonconvergence of the model.
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Figure 5-4: Atmospheric back trajectories generated with the HYSPLIT model for the New

York sites show that peaks in particle-normalized indium concentration occur on days when

air is coming from the north/northwest. The length of each ray is equal to the magnitude

of the particle-normalized indium concentration; red denotes concentrations > 0.35 pg/g.
The direction of the ray is the angle from which the wind is traveling at a time of -24 hours.

North is at 12 o'clock.

5.3 Results & Discussion

5.3.1 Back Trajectory Analyses

As was discussed in Chapter 4, back trajectories for the New York sites show that air is

coming from the north or northwest on 6 out of 7 of the days when indium concentrations are

> 0.35 pg/g in at least one of the two locations (Fig. 5-4). (0.35 pg/g is a somewhat arbtrary

cutoff for a 'peak' value, based on the average concentrations for Rochester and Brockport

of 0.25 and 0.3 pg/g respectively.) The days when particle-normalized concentrations are

<0.35 pg/g in both locations, back trajectories show that air is coming from the west,

southwest, or south on 9 of 11 of the days.

For the Boston site, back trajectories show air coming from the north/northwest and

the west/southwest/south on a roughly equal number of days, although there are only three

days that have an indium concentration >0.35 pg/g (Fig. 5-5). Two of these days show air
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Figure 5-5: Atmospheric back trajectories generated with the HYSPLIT model for the
Massachusetts sites show that few peaks occur in particle-normalized indium concentration
in these sites, and there is no strong correlation between indium concentration and wind
direction. The length of each ray is equal to the magnitude of the particle-normalized
indium concentration; red denotes concentrations > 0.35 pg/g. The direction of the ray is
the angle from which the wind is traveling at a time of -24 hours. Compass north is at 12
o'clock.

coming from the northwest, while one shows air coming from the southwest. It is interesting

to note the presence of a secondary smelter and a coal-fired power plant directly southwest

of Boston, on the border of Massachusetts and Rhode Island, as well as multiple incinerators

along the east coast (Figure 5-2).

If the hypothesis proposed is correct, that high indium concentrations are associated

with air that is passing by smelters, then air from the same direction in the New York sites

should be high in other smelter-associated metals such as Zn, Cu, and Pb. In fact, the

trend is similar, but less pronounced than with indium (Figure 5-6).

5.3.2 Correlation of Indium with other metals

Using the New York sites, and distinguishing between when air is coming from the north

(defined as the angle made from a trajectory at -24 hours being between 292.5"and 22.50, if
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Figure 5-6: Atmospheric back trajectories generated with the HYSPLIT model for the

New York sites show that high Cu, Pb, and Zn concentrations tend to come from the

north, but do not have as pronounced a trend as indium does. The length of each ray

is equal to the magnitude of the particle-normalized indium concentration; red denotes

concentrations above a threshold, denoted by the dotted circle, and chosen just above the

mean concentration. The direction of the ray is the angle from which the wind is traveling

at a time of -24 hours. Compass north is at 12 o'clock.

Table 5.1: Probability that air from the north is chemically different than air from the west

(Kolmogorov-Smirnov test results for In:metal ratios).

P
In:Zn 0.997
In:Cu 0.87
In:Pb 0.85
In:S 0.9999

In:Fe 0.98
In:Ag 0.98

due north is 0/textdegree) and from the west (all other angles, since winds from the south

or east are extremely rare), shows that these two air directions carry PM2.5 of distinctly

different chemical makeup (Fig. 5-7). Plotted are the mean regression for each set of data,

forcing the intercept to be zero, and the l standard deviation of this slope.

Cumulative distribution functions for the In:metal concentrations for each of the two air

types highlight the difference in distribution between air from the north and air from the

west. Using these cumulative distribution functions, the Kolmogorov-Smirnov test shows

that the two populations are different from one another with more than 85% probability

for In:Zn, In:Cu, In:Pb, In:S, In:Fe, and In:Ag ratios (Table 5.1).

The correlation of indium with other metals is mainly useful in determining whether the
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Figure 5-7: Air from the north has a distinctly different chemical makeup than air from the
west. This can be seen in a correlation plot, in cumulative distribution functions, and by
computing a Kolmogorov-Smirnov statistic.

chemical makeup of the air from the north is different from the chemical makeup of air from

the west. The specific ratios of In:metal can be determined from Fig. 5-7, then compared to

metal ratios seen from coal fly ash and zinc smelter emissions. Care must be taken, however,

in comparing these numbers, because the metals for the various samples were measured using

slightly different methods. The coal fly ash samples were measured using a 'total' digest

with nitric and hydrofluoric acids. The zinc smelter emissions sample was measured using

a partial digest with nitric and perchloric acids. This partial digest, as discussed above, is

expected to account for the majority of the indium present, but will not liberate the metals

in the silicate fraction, which may be significant for the other metals measured. For the air

samples, indium was measured with the same nitric/perchloric digestion, while the other

metals measured were analyzed using X-Ray Fluorescence (XRF), which reflects a 'total'

concentration. Nonetheless, the comparison of these ratios is useful, and error induced by

the differences in analysis method are likely no higher than uncertainties in these ratios

caused by natural variation in source composition, which is significant.

The differences between the metal ratios from northern air versus western air, while

statistically significant, are small (Table 5.2). The only three metals measured in all of the
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Table 5.2: A comparison of the In:metal ratios seen in air samples, source PM2.5, and
another atmospheric study [Sturges and Barrie, 1989].

Zn smelter Coal fly ash Ratios in
emissions Sturges & Barrie

North West PM2.5 PM2.5 N W
In:Cu 0.00006 0.00003 > 0.02 0.002 - -

In:Pb 0.0003 0.0002 > 0.8 0.003 0.002 0.006
In:Zn 0.00007 0.00005 0.001 0.001 0.003 0.006

samples are Cu, Pb, and Zn. In these three cases, the In:metal ratio in the northern air

is higher than in western air. As can also be seen, the In:metal ratio of these metals is

significantly higher in zinc smelter emissions than in coal fly ash, but these emissions ratios

are significantly higher than the air concentrations seen in this study. This suggests dilution

of these emissions with other low In:metal particles.

Also presented is a comparison of ratios from a detailed study of indium and other metals

in atmospheric particulate matter in Dorset, Ontario [Sturges and Barrie, 1989]. This study

found high indium concentrations associated with air traveling from the Canadian smelter

region north of the study site. The Sturges and Barrie ratios are 1-2 orders of magnitude

higher than the ratios in the present samples. This could be due to Dorset's closer proximity

to the smelter sources, differences in the ore smelted at the time of each study, and changes

in emissions controls that could alter the size distribution of emitted particles (which may

in turn have different metal ratios associated with them).

5.3.3 Source emissions characterization

Zinc smelter emissions

Zinc smelter emissions of PM2.5 from a hydrometallurgical smelter operation have an indium

concentration of 52 pg/g (Table 5.3). This is similar to average indium concentrations in

sphalerite ((Zn,Fe)S) of 1-100 pg/g [Smith et al., 1978]. This is significantly higher than

even the peak concentrations of indium seen in New York of 1.1 pg/g.

Coal fly ash

Coal fly ash has concentrations of indium of 0.14-0.34 pg/g in the <2.5pm fraction and 0.03-

0.09 pg/g in the >2.5pm fraction (Table 5.4). Lignite, sub-bituminous, and bituminous coal
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Table 5.3: Metal composition of zinc smelter PM2.5 emissions (concentrations in pg/g).

Process A
<2.5 um

V <39
Mn 4000
Cu <2600
Zn 96400
As 209
Cd 255
Ba <19
Pb <66

only differ in their indium content by a factor of 3. The indium concentration in these coals

is comparable to mean concentrations of indium seen in New York and Massachusetts of

0.2 pg/g.

The indium concentrations measured in coal fly ash and in zinc smelter emissions can

be used to estimate total indium emissions from coal combustion and zinc smelting, and to

constrain previous estimates of global emissions [White and Hemond, 2012].

Estimates for Canada and the United States can be calculated. PM2.5 emissions for

coal combustion in the United States were estimated to be 85,000 t/yr in 2005 [Druken-

brod, 2012ab]. In the same year, Canadian PM2.5 emissions from all electric utilities were

estimated at 8,100 t/yr [Canada, 2012]. Multiplying this by the average indium concentra-

tion measured in PM2.5 coal fly ash, 0.22 pg In/g PM2.5, and doing the same for PM10

estimates (Canada + US emissions = 186,000 in 2005 x 0.07 ug In/g PM1O) results in an

estimate of 33 kg/yr of indium released to the atmosphere from coal combustion in the US

and Canada. Global PM2.5 and PM1O emissions estimates are needed in order to compare

this number to the global estimate of indium emissions from coal combustion of 300 t/yr

[White and Hemond, 2012], but this 300 t/yr number appears to be an overestimate.

For non-ferrous smelting, PM2.5 emissions in the United States were estimated to be

51,700 t/yr in 2011 for metals processing [Drukenbrod, 2012a]. In 2010, Canadian emis-

sions from non-ferrous smelting and refining were estimated at 1749 t/yr [Canada, 2012].

Assuming that the indium concentration of 52 pg/g measured in PM2.5 emissions from a

zinc smelter is representative of all non-ferrous smelting, then 2.8 tons of indium is released

per year with the PM2.5 fraction. Concentrations of indium in PM10 released from zinc
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Table 5.4: Metal composition of coal fly ash (concentrations in pg/g)

W. KY - Bi- OH - Bitu- MT - Sub- ND - Lig- PA - Bitu- UT - Bitu- NIST NIST
tuminous minous Bituminous nite minous minous 1633b 1649a

Coal Ur-
Fly ban
Ash Dust

ug/g <2.5 >2.5 <2.5 >2.5 <2.5 >2.5 <2.5 >2.5 <2.5 >2.5 <2.5 >2.5
um um um um um um um um um um um um

Cu 86 61 82 65 208 118 107 46 73 134 75 193 97 370
In 0.17 0.08 0.28 0.08 0.34 0.09 0.14 0.06 0.26 0.06 0.15 0.03 0.17 0.35
Pb 76.6 44.2 153 50.7 62.5 21.5 60.9 18.4 71 32.1 41.9 12.2 63.4 11600
Zn 655 336 269 107 218 57 166 66 139 249 68 20 173 1390

From Linak et al. 2000:
As 132 68.4 62.7 45.3 89 59.6
Cd 8.7 3.3 <1.0 <1.0 <1.0 <1.0
Cr 132 108 17.5 19.6 110 78.7
Cu 73.5 51.9 96.7 55.6 95.8 51.5
Fe 76500 88300 4000 3810 16000 14400
Pb 34.5 16.1 93.2 48.4 40.2 <12.3
Ni 110 86.2 41.5 29.3 109 39.4
S (wt %) 1.12 0.46 0.74 0.01 0.68 0.27
V 356 330 111 84.9 186 123
Zn 548 265 141 31.9 144 40.3



smelting are not yet available, but adding the release associated with PM10 will likely not

change this estimate by more than 2-3x. Global PM2.5 and PM10 emissions estimates are

needed in order to compare this number to the global estimate of indium emissions from

smelting processes of 600 t/yr [White and Hemond, 2012].

Caution must be used when estimating emissions from coal combustion using coal fly

ash. The coal fly ash samples measured for this study may not be representative of actual

emitted particles. These samples were collected upstream of emissions controls. Emissions

controls tend to control particles with diameters above 1 pm better than 99%, while smaller

diameter particles (< 1 pm) are more likely to escape (control efficiencies of 80-90% have

been reported) [Linak, 2008]. This smaller size fraction is typically formed by volatiliza-

tion and subsequent nucleation of coal constituents, which may enrich some metals in this

fraction, compared to the bulk PM2.5, which can have a makeup more typical of the un-

combusted coal [Linak, 2008]. Therefore some care should be taken when extrapolating

the concentrations measured for PM2.5 fly ash to actual emissions estimates. The smelter

stack sample was collected downstream of particulate matter controls, and so should be

representative of the chemical makeup of actual emissions.

5.3.4 Receptor Modeling

Using Positive Matrix Factorization, the five factors found for the New York sites are a

high Al/K/Ca factor that appears to be crustal in origin, a high sulfur factor, a high Zn/Pb

factor, a factor that contains multiple anthropogenic metals, and a high Cu factor (Fig. 5-8).

The last three factors tend to peak on days when wind direction is from the north-and

when particle-normalized indium concentrations peak-and support the idea that air from

the north carries with it metals that are associated with nonferrous smelting (Fig. 5-9).

This is not universally true, however, and the fact that the high-metal-factors sometimes

peak when wind is coming from the west or south, may denote another significant source

of indium besides northern smelters. The sulfur and crustal factors have a more well-

distributed factor contributions over the course of the year, with the sulfur factor being

stronger in the summer. This supports the assignment of this factor as a secondary sulfate

factor, mostly attributed to coal combustion. The Zn/Pb and Cu factors have profiles

similar to Pb and Cu smelting, but it is possible that they are due to another source or a

combination of sources. Bootstrapping indicates a stable solution, as at least 97 of the 100
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boot strap runs map to the correct factor. (The model reports factor contributions relative

to the average contribution of that factor over all time; the average factor contribution is

one. Thus peaks represent days when the factor is contributing more to PM2.5 in the New

York or Massachusetts sites than it normally does, but does not indicate what fraction of

the total PM2.5 mass is provided by the factor.)

The source profiles resolved for the Massachusetts sites are similar to those resolved for

the New York sites. There is a high Al/K/Ca factor that appears to be crustal in origin,

a high sulfur factor, a high Zn/Pb factor, and two multi-metal factors-one high in Ni and

Ag, and one containing Cr, Mn, Fe, Ni, Cu, and Mo (Fig. 5-10). The metal factors peak

on some of the same days as the metal factors did in the New York sites, but do not have

as strong a correlation with wind direction. Bootstrapping shows that 98 of the 100 boot

strap runs map to the correct factor for factors 1-4, while only 88 map correctly to factor

5. This indicates some uncertainty in the factor 5 profile.

The Chemical Mass Balance Model fails to produce acceptable results. Model goodness

parameters are unacceptable (X2 values of close to 100), % mass accounted for is either low

or extremely high, and the model cannot estimate more than 2 sources, a coal source and a

smelter source, in each case. If all New York sites are averaged and fitted with the coal and

smelting sources, the model does not converge. Further results are not reported here due

to the poor outcome of the model. This poor outcome is likely due to the small number

of species used for the fitting, and lack of tracer species, as well as a lack of region-specific

source profiles.

Successful CMB source attributions seem to be attainable when the number of chemical

species used for the fitting is large and tracer species for individual sources are measured

[Watson, 2004]. For example, the use of both PM2.5 and VOCs in the same analysis

appear to attain results that are viable [Watson, 2004]. Additionally, source profiles that

are specific to the region of study are needed for a successful application of this model. The

poor performance of the CMB model for the data set presented here is likely due to the few

number of chemical species measured, the lack of nitrate and ammonium data (which could

be significant contributors to overall PM2.5), and the lack of region-specific source profiles.

The PMF model overcomes some of the drawbacks of the CMB model because it does

not depend on the region-specific source profiles having been measured, and because it uses

a large dataset to estimate the source profiles that are contributing to the region.
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While receptor modeling can be useful for estimating the source of particulate matter

to a particular location, there are still large uncertainties associated with using this type

of analysis. For example, several studies of source estimates to the Northeastern United

States and Southeastern Canada have been conducted using a variety of receptor models,

and they do not always agree. For example, Polissar et al. [2001] find 11 sources of PM2.5

to Underhill, VT, using PMF. These include coal burning (split into a winter and a summer

component), oil combustion, soil, woodsmoke, Canadian smelting, Cu smelting, and a Zn-

Pb component. Using a Potential Source Contribution Function (PSCF) model, which

combines PMF data with back trajectory data, the Cu smelting factor is shown to come

from the south, while the Canadian smelter factor comes from the North. In another paper

by the same group [Song et al., 2001], 11 different factors were resolved using the same

dataset, including secondary sulfate, coal combustion, oil combustion, soil, woodsmoke,

Canadian smelting, Canadian Cu smelting, and incineration. The Cu smelter signature in

this case was attributed to sources from the north, by a back trajectory analysis. These

papers highlight the fact that this model is subjective, and can result in different answers

depending on the user inputs. Caution must be employed when interpreting its results.

Further studies that are designed to overcome the difficulties in model input constraints

would be necessary to employ receptor modeling effectively to this site, but care must always

be taken to account for the inherent problems with these types of models.

5.4 Conclusion

This paper has presented further evidence that indium in the atmosphere in the northeastern

United States may be supplied at low levels by coal burning in the US Midwest, and

that peaks in indium concentration in two sites in New York may be supplied by smelting

operations in eastern Canada. Correlations with other metals suggest that the direction

that air is traveling from influences its chemical makeup, with air from the north having

higher In:metal ratios than air from the west. An analysis of coal fly ash and Zn smelter

emissions suggests that Zn smelter emissions are enriched with indium by 100x compared to

coal emissions. Again, this supports the hypothesis that smelter emissions are contributing

high amounts of indium to the New York sites. Using these values to calculate emissions

in the US and Canada shows 30 kg/yr emitted by coal emissions and 3 t/yr emitted by
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nonferrous smelting.

While indium could not be included in the receptor modeling because of too few indium

data points, Positive Matrix Factorization shows that a high Zn/Pb factor and a high Cu

factor, which may be attributed to smelting, peak on days when air is coming from the

north, and coincide with peaks in particle-normalized indium concentration.

There is still much unknown about the sources of indium to the atmosphere. A more

detailed receptor modeling study may be useful, but would require a larger number of data

samples, chemical species measured, and source profiles from the region characterized. An

important contribution to the knowledge of indium sources to the atmosphere would be a

more detailed study of indium emissions from nonferrous smelting and a mass balance of

how much indium partitions during smelting to purified metal, bottom ash, fly ash, and

different particle size fractions.

Lastly, a global emissions estimate for indium from coal burning and smelting could be

achieved if global estimates of PM2.5 and PM1O emissions from these sources were available.

Considering that much of the production of nonferrous metals take place in other countries,

and that environmental regulations in other countries are often not as stringent as in the

United States, these estimates will be important for understanding the global cycling of

indium and for predicting its impacts.
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Chapter 6

Indium Behavior in Mineral Creek,

Colorado, before and during an

experimental pH modification

Authors: Sarah Jane 0. White, Fatima A. Hussain, Harold F. Hemond.,

Robert L. Runkel, Katherine Walton-Day, Briant A. Kimball

6.1 Introduction

Indium is an increasingly important metal in semiconductors and electronics, and its use

is growing rapidly as a semiconductive coating (in indium tin oxide) for LCD displays,

flat panel displays, and photovoltaic cells [Jorgenson and George, 2005]. It also has uses

in important energy technologies such as LEDs and photovoltaic cells. Despite its rapid

increase in use, very little is known about its environmental behavior, and concerns are

emerging over its health impacts [Homma et al., 2003, 2005, Chonan et al., 2007, Hamaguchi

et al., 2008, Nakano et al., 2009, White and Hemond, 2012].

One significant flux of indium to the environment is from nonferrous mining and smelting

[White and Hemond, 2012]. Indium is mined economically as a byproduct of zinc and lead

sulfides, and is also found at elevated concentrations in copper, nickel, and tin sulfides

[Smith et al., 1978]. The local release of metals from mining and smelting has been shown

to occur for many elements (e.g. [Douay et al., 2008, Mighall et al., 2002, Sterckeman et al.,
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2002]). Boughriet et al. [2007] showed high indium concentrations (up to 75 mg/kg) in river

sediments near smelters. This can be influenced by short-range atmospheric transport, the

leaching of tailings by natural waters, the production and leaching of slags and residues

by metallurgy, and the specific chemistry of the waste stream and the degree of influence

of acid mine drainage [Lottermoser, 2007]. Previous estimates show that -10,000 tons of

indium per year end up in solid tailings, based on calculations showing that only 5% of

indium extracted from the earth with sulfide ores is produced as pure indium metal for

industrial use [White and Hemond, 2012]. It is unknown how much of the indium in solid

mining wastes leaches into freshwaters.

There are numerous abandoned mining sites in the world that continue to impact the

water quality of nearby surface waters [Johnson and Hallberg, 2005a]. Acid mine drainage

affects stream water quality by lowering the pH, thus maintaining high amounts of metal

ions in solution. Both the low pH and high metal content have adverse effects on freshwater

ecosystems (e.g. [Griffith et al., 2012]).

Mineral Creek is a fresh water river in south western Colorado, severely affected by heavy

metal contamination as a result of acid mine drainage. The US Geological Survey (USGS)

has done detailed experiments using tracer injection to quantify streamflow, and chemical

analysis of stream samples and inflows, allowing the identification of the main sources of

metal contamination to the stream [Runkel and Kimball, 2002, Runkel et al., 2009a]). There

have been a variety of remediation efforts in this watershed, including the installation of

bulkheads to reduce water flow from mining tunnels, and removal of tailings piles [Runkel

et al., 2009a]. These remediation efforts appear to have reduced metal loadings in the

system, though they remain above chronic aquatic standards, and definitive measurements

of remediation effectiveness are confounded by short term changes in source chemistry that

cause error in mass balance calculations [Runkel et al., 2009a].

More recently, a pH modification experiment was conducted in August 2005 to investi-

gate the effects of an active remediation proposal to increase the pH of the creek [Runkel

et al., 2009b, Runkel and Kimball, 2002, Runkel et al., 2012]. Active remediation to increase

the pH of a system has been shown to reduce metal concentrations due to the precipitation

mainly of Fe-oxides, accompanied by coprecipitation and/or sorption of the other metals to

these precipitates [Johnson and Hallberg, 2005a].

Indium has not been measured in this system, and few measurements of indium exist
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for acid-mine drainage systems. Rainwater runoff from an abandoned silver mine showed

0.53 pg/L of indium, and river drainage from a tungsten mine showed 6.7 pg/L indium

[Florence et al., 1974, Smith et al., 1978, and references therein]. There are presently no

water regulations or criterion for indium. Natural rivers contain picomolar (-0.1 ng/L)

concentrations of indium [White and Hemond, 2012].

This paper presents data for indium concentrations and metal loadings before and during

the Mineral Creek pH modification experiment. Concentrations 10,000x those found in

natural rivers were found, existing completely in the dissolved phase at pH near 3. Upon

raising the pH of the system to > 8, all of the indium became associated with the suspended

solid phase. This information is important for determining the behavior of indium in acid-

mine drainage systems, for estimating how much indium could be being released from past

and present mining sites, and for highlighting basic aqueous parameters of indium that

must be empirically determined in order to better understand indium's aqueous behavior

in a variety of systems.

6.2 Methods

6.2.1 Study Site

Mineral Creek is part of an acid mine drainage system in southwestern Colorado, and is

devoid of typical montane aquatic life due to low pH and high metal loadings. It is a

headwater system starting at the top of Red Mountain Pass north of Silverton, CO, and

gaining flow from slow seeps and large tributaries as it runs 15km through a steep canyon

before entering the Animas River. The region encompasses the Red Mountain mining

district, where silver, lead, and copper were mined extensively, resulting in acidic drainage

to this unnamed reach that causes pHs from 2.9-3.1, and Cu, Fe, Pb, Zn, Al, Cd, Mn, and

As concentrations well above Colorado chronic aquatic-life standards. The entire system has

been well-characterized by the US Geological Survey [Runkel and Kimball., 2002, Runkel

et al., 2009a,b, 2012]. This study focuses on an upstream unnamed reach that is most

heavily influenced by acid-mine drainage. Downstream of site 850 m, this unnamed reach

joins Mineral Creek, a large circumneutral-pH inflow that dilutes the creek waters, causing

pH to rise by about one pH unit, and dissolved metal concentrations to drop by 4-10x

[Runkel and Kimball, 2002, Runkel et al., 2009a,b, 2012].
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the unnamed reach, raising pH by one unit and diluting metal concentrations substantially.

Map from Runkel et al. [2009b].
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Previous studies of this site were conducted to characterize inflows and the largest

sources of metal loading to the system. The Junction mine and Koehler tunnel make up

over half of the flow that enters the upstream reach being studied here. A bulkhead was

installed in Koehler tunnel in 2003 to reduce this flow, and appears to have reduced metal

loadings, though they remain above Colorado chronic aquatic life standards [Runkel et al.,

2009a].

6.2.2 pH Modification experiment and sampling

In August of 2005, the USGS conducted a pH modification experiment, during which they

raised the pH of the river by pumping in strong base, NaOH. The goal was to determine

if active addition of a base could successfully reduce acidity and metal concentrations to

below Colorado chronic aquatic-life standards. This is a longstanding remediation strategy

and is based on the oxidation and precipitation of iron, which can co-precipitate and sorb

metals [Johnson and Hallberg, 2005a, Dzombak and Morel, 1990]. The pH for the reach

under consideration for this study was raised from 2.9-3.1 to 8.4-11.5.

Before and during this pH modification experiment, LiBr was injected as a tracer in order

to gauge stream flow and account for dilution from identified and unidentified inflows. Full

details of the sample collection and pH modification are described in Runkel et al. [2009b].

In brief, on August 21st, 2005, beginning at 1407 hours, LiBr was added to the stream 1 m

downstream of sampling location 270m at a rate of approximately 123 mL/min of 1.7 M

LiBr. (By comparison, streamflow for this reach during the study averaged 0.12 ft3 /s, or

2 x 105 mL/min [Runkel et al., 2009b]; the injection was <0.1% of the total streamflow.)

After the establishment of steady state of the tracer concentration, stream and inflow sam-

ples were collected along the entire study reach over the course of approximately 5 hours on

August 22nd., 2005. For the pH modification, LiBr and NaOH were injected simultaneously

beginning at 1430 hours on August 23, and sampling took place over about 3.5 hours on

August 24th. For this campaign, LiBr was injected at approximately 104 mL/min, and 25%

NaOH solution was injected at a rate of 340 mL/min. The LiBr was prepared by mixing an-

hydrous lithium bromide with stream water collected at the injection site. The NaOH was

prepared by mixing 50% sodium hydroxide solution with water from a circumneutral-pH

tributary.

Samples were collected sequentially from downstream to upstream in order to prevent
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resuspension by sampling from influencing downstream samples. Sampling was done as

quickly as possible to allow a 'snapshot' of stream conditions [Kimball et al., 2002, 2007].

At each site, samples were collected in 1.8 L HDPE bottles after triple rinsing with the

sample water, by submerging the neck of the bottle into the stream. The samples were then

taken to a central processing location where they were aliquoted for individual analyses.

Two of these aliquots were used for the present study; the first was filtered with 0.45 pm

disposable AquaPrep filters (polyester reinforced polysulfone membrane with polypropylene

housing, Pall Corporation), and the second remained unfiltered. Both were then acidified to

pH<2.0 with ultrapure nitric acid. Complete details of the sampling campaign and analyses

are given in [Runkel et al., 2009b].

Samples from this study were provided by USGS researchers, and were stored for six

years before the measurement of indium concentrations. Indium concentrations are not

expected to have changed., except due to evaporation of the sample, which was minimized by

relatively large sample volumes (200-300 mL) and small-necked, tightly sealed polypropylene

sample vials. Thus error on indium concentrations due to evaporation are expected to be

<10%.

The streambed of Mineral Creek is coated with hydrous iron oxides. These coatings were

non-quantitatively sampled prior to the pH modification experiment by taking streambed

rocks and native water, shaking in a polypropylene container to dislodge the iron oxide

coatings, then decanting the water and coatings from the rocks.

Iron oxide precipitates during the pH modification experiment were sampled to compare

their chemical makeup to Fe-oxides formed at ambient conditions. During the pH modi-

fication experiment, gelatinous iron floc would collect in low-energy side pools. This floc

was sampled using a syringe. Floc data was compared to data from iron precipitates that

settled out of water samples taken during the pH modification experiment.

6.2.3 Indium analysis

Indium analyses were performed on samples provided by the USGS using a PerkinElmer

4100-ZL Graphite Furnace Atomic Absorption Spectrophotometer (GFAA). An indium

source lamp was used, and absorption at 325.6 nm with a slit width of 0.7 nm was mea-

sured. This instrument employs a Zeeman correction to correct for non-specific absorption

by atoms other than the analyte of interest. A matrix modifier (0.005 mg Pd and 0.003 mg
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Mg(N0 3 ) 2 was used to assure uniform volatilization of indium at the atomization tempera-

ture of 2100'C. Standard curves with indium in 2% HNO3 provided a benchmark detection

limit of ~3 pg/L. Because the matrix of these samples is expected to be complex due to

the high metal loadings, a method of standard additions was used to quantify suppression

or enhancement of the indium signal due to matrix effects, and to account for instrumental

drift over the course of the analysis. Each sample was split in two, one of those samples was

spiked with 10 pg/L indium, and the samples run back-to-back on the GFAA. The original

sample concentration of indium was then determined by integrated peak areas (PA):

[In]smpi -- [In]spike/(PAspikedsmpl - PAsmpi)) x PAsmpi (6.1)

where [In]spike is the concentration of the indium spike, PAspikedsmpl is the peak area of

the spiked sample, and PAsampie is the peak area of the unspiked sample.

Matrix effects calculated by comparing the indium concentrations obtained using a non-

matrix-matched standard curve and the method of standard additions could change the final

calculated concentrations by up to 50%. Therefore, approximately half of the samples were

cross-checked using Inductively-Coupled Plasma Mass Spectrometry (ICP-MS). (Details of

ICP-MS methods are described in Chapter 3 of this thesis.) A comparison of concentrations

obtained by GFAA versus ICP-MS showed good agreement-within 10% in most cases, and

within 26% in all cases.

Field blanks that were collected during the sampling campaign were measured for indium

and typically resulted in a 30% correction on the total peak area of the sample. Most of this

correction is due to background signal from the GFAA, and not from indium contamination

of the field blank itself. This is confirmed by the field blank for samples run on the ICP-MS

being typically less than 5%. Relative corrections were larger for the filtered samples during

conditions of raised pH due to their extremely low values.

Metal mass loading (flux, in pg/s) was calculated by multiplying metal concentrations

by the flow rates reported for each sampling location in [Runkel et al., 2009b].

USGS researchers performed the analysis of indium in the Fe-oxide precipitate samples.

Iron-oxide precipitates (0.1-0.2 g) were digested using a mixed-acid procedure consisting of

HCl, HNO3, HC104, and HF acids at low temperature, with a final dilution factor of 1:100,

and then analyzed by ICP-AES [Briggs, 2002] for major elements and some trace elements,
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Figure 6-2: Indium concentrations in existing low-pH conditions in Mineral Creek range

from 6 to 29 pg/L, and are all dissolved. Upon raising the pH to greater than 8, indium

associates completely with the suspended particulate phase, within the limits of analytical

capability.

and by ICP-MS [Briggs and Meier, 2002] for additional trace elements.

6.3 Results

Indium concentrations in existing conditions of low pH in Mineral Creek range from 6 to 29

pg/L, with all of it existing as dissolved indium (i.e. indium that passes through a 0.45 pm

filter) (Fig. 6-2).

Upon raising the pH to above 8, the indium associates with the suspended particulate

phase, within the limits of analytical capability, such that dissolved concentrations are below

the detection limits of the analysis.

Indium mass loading to the stream (mass/time) follows the same pattern, with indium

loading of 24-46 tg/s at existing conditions, all in the dissolved phase, and indium loading

of 21-113 pg/s at raised pH, all in the particulate phase.

Total indium concentrations and mass loadings unexpectedly increase during the pH
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Figure 6-3: Indium mass loadings in existing low-pH conditions in Mineral Creek range from
24-46 pg/s, and are all dissolved. Upon raising the pH to greater than 8, indium associates
completely with the suspended particulate phase, within the limits of analytical capability.
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Figure 6-4: Indium concentrations of 9.1-24.6 mg/kg are associated with the Fe-oxides

that coat the Mineral Creek streambed at existing low-pH conditions. Fe-oxide precipitates

formed during experimental raising of the pH to above 8 have indium concentrations 43-73%
higher than existing iron-oxides, suggesting that co-precipitation or sorption to Fe-oxides is

a primary removal mechanism of indium from the dissolved phase. (Written communication,
K. Walton-Day, US Geological Survey, 2011.)

modification on August 24th, beginning with sample site 512m. This increase is discussed

in more detail below, and is thought to be due to unexplained changes in the metal loads

from Koehler tunnel that occur on the scale of several hours and without a change in stream

flow [Runkel et al., 2009a,b].

Sediment data shows that at existing conditions, indium concentrations associated with

iron-oxide coatings on the stream bed are from 9.1-24.6 mg/kg. When the pH is raised,

new iron-oxide precipitates contain 43-73% more indium, from 21.8-35.8 mg/kg (written

communication, K. Walton-Day, US Geological Survey, 2011).
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6.4 Discussion

6.4.1 Indium concentrations in Acid-Mine Drainage systems

At existing conditions of low pH in Mineral Creek, indium concentrations are 6 to 29 pg/L,

104 times higher than typical freshwater indium concentrations [White and Hemond, 2012].

At a pH of 3, 90% of the dissolved indium is expected to exist as free indium ion, In 3
+ [Wood

and Samson, 2006]. Previous measurements of indium in polluted sites have found similar

elevations in concentration in acid-mine drainage (0.53 and 6.7 pg/L; [Florence et al., 1974,

Smith et al., 1978]). This clearly indicates the high potential for leaching of indium from

mine wastes into freshwater systems.

At the existing low-pH conditions in Mineral Creek, indium exists completely in the

dissolved form. This is the same as Al, Cd, Cu, Mn, and Zn in this system, but contrasts

with Fe, As, and Pb, which have some solid-phase component even at a pH of 3 [Runkel et al.,

2012]. The dissolved phase of a metal is typically thought to be more mobile and bioavailable

than metals associated with a solid phase. Therefore acid-mine drainage systems that

provide conditions in which indium exists in a dissolved form are a pathway for indium

exposure to organisms.

6.4.2 Indium behavior with pH change

Upon raising the pH of the system to above 8, dissolved indium concentrations drop to

below analytical detection limits of about 3 pg/L. This nearly 100% reduction in dissolved

concentrations is seen for all of the other metals except Mn (83% reduction) in the upper

reach of this system. Modeling by Runkel et al. [2012] shows that precipitation of Fe and Al-

oxides, followed by sorption to Fe-oxides predicts the percent reduction of Al, As, Fe, and Pb

concentrations well. Their model does not predict the extent of decrease, however, for Cd,

Cu, Mn, or Zn concentrations. They attribute this discrepancy to an underestimate in the

total amount of solid-phase Fe available to act as a sorbent, resulting in an underestimate

of Cd, Cu, and Zn sorption and overestimate in their resulting dissolved concentrations

[Runkel et al., 2012].

Two other possible removal mechanisms from this system are coprecipitation with Fe-

or Al-oxides, or direct precipitation as an indium hydroxide. Coprecipitation is not a well-

modeled process, but has been shown to enhance removal of metals from aqueous systems
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beyond sorption [Crawford et al., 1993]. As may be expected, removal by coprecipitation

and sorption differs depending on the metal ion and the sorbing surface. Crawford and

colleagues, for example, showed that Cr(III) and Ni(II) removal from solution is significantly

enhanced by coprecipitation with Fe-oxide when compared to adsorption alone to Fe-oxide

colloids, while Zn(II) removal was not enhanced by coprecipitation. In practice, it is difficult

to distinguish between coprecipitation and sorption except in well-controlled laboratory

studies [Crawford et al., 1993], and it is unknown which processes are important for indium

in this system.

In oxic waters, precipitation of indium is likely dominated by hydroxide species, and

is not likely to occur below pH 3.5 except at concentrations of 10-5 or higher, based on

the stability diagram presented in Wood and Samson [2006]. This stability diagram is

based on best estimates of hydroxide complexation constants, and the solubility product

for In(OH) 3 (s) of 10-36.9 [Wood and Samson, 2006]. The indium concentrations seen in this

study were 5-35 pg/L (10- 7.4-10-6.5 M), and would thus not precipitate in the existing con-

ditions of low pH. When pH is raised, however, the conditions make precipitation possible.

From pH 5.5-9, precipitation of In(OH) 3 (s) can occur when indium concentrations reach

10-73 M. Above a pH of 9, which is obtained in several of the samples in this study reach,

lower concentrations are needed (as low as 10-6 at a pH of 11), and direct precipitation

of In(OH)3 may occur. It is likely, however, that sorption and coprecipitation of indium

with Fe-oxides, which occurs at a lower pH, still dominates the removal of indium from the

system.

Of note is that the complexation constants reported in Wood and Samson [2006] are

not well-studied, and may have large uncertainties associated with them. Additionally,

complexation and solubility constants for most other ligands have not been characterized

for indium. This is an important research need in the future if indium's aqueous behavior

in a wide range of systems is to be thoroughly understood.

The association of indium with Fe-oxides coating stream sediments, and the even higher

indium concentrations found associated with Fe-oxide precipitates following a raise in pH

supports the idea that sorption or coprecipitation with Fe-oxides is the main removal mech-

anism for indium in this system. The relative success of Runkel and colleagues in modeling

the dissolved concentrations of other metals in this system using sorption to Fe-oxides as

the main removal mechanism suggests that this will be a dominant mechanism for indium
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removal as well. Coprecipitation, while difficult to model, may help to explain some of the

metal concentrations that were not explained well by their model.

There is some question as to why total indium concentrations increase during the pH

modification on August 24, particularly beginning with sample site 512m. If the increase

were due only to different streamflow from one sample date to the next, the change should

be reflected throughout the entire study reach. Instead, this increase is only seen beginning

with the 512 m site. This is reflected in other metals as well [Runkel et al., 2009a,b], and is

thought to be due to changes in the metal loads from Koehler tunnel that occur on the scale

of several hours and without a change in stream flow. The processes that cause this type of

short-term change are unknown at present, but can impact mass balance calculations that

are based on the assumption of stream flow and chemical fluxes that are steady-state over

the course of a day-long sampling campaign [Runkel et al., 2009a].

6.5 Conclusions

Indium occurs at concentrations of 6 - 29 pg/L in existing low pH conditions in Mineral

Creek, CO. This is 104 times higher than natural freshwater concentrations of indium, and

suggests that acid mine drainage from active and abandoned nonferrous mining operations

contribute high levels of indium to aqueous systems via the leaching of primary ores and

waste. Additionally, all of this indium exists in the filterable, 'dissolved' phase at low pH,

meaning that it is highly mobile. Although the complexation of dissolved indium is not

well studied, 90% of dissolved indium is expected to exist as the free ion. In 3 +, at a pH of

3, suggesting that a majority is 'bioavailable'. Further study to quantify the extent of this

leaching will be necessary to update our understanding of how much indium is mobilized

from active and abandoned mining sites worldwide.

A pH modification experiment that raised Mineral Creek's pH from about 3 to above 8

caused all of the indium to associate with the suspended solid phase. Increases of indium

concentrations by 43-73% in Fe-oxide precipitates before and after the pH modification

suggest that sorption to or coprecipitation with Fe-oxides is the primary mechanism by

which indium is removed from the dissolved phase. Modeling by USGS researchers of other

metals in the system support sorption to Fe-oxides as the primary removal mechanism.

The behavior of indium in aqueous systems has not been well-studied. Future research
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should focus on the determination of complexation constants of indium with a wide variety

of inorganic and organic ligands, and of indium sorption constants to Fe-oxides. This

information would allow indium to be added to modeling efforts in a system like this.

Additionally, a more thorough characterization of the whole system, including indium

concentrations in primary ores and mine wastes present at the site, would allow an esti-

mate of how indium moves through this system. This kind of knowledge could help in the

determination of the global flux of indium to aqueous systems from current and abandoned

mining sites.
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Table 6.1: Metal concentrations in existing conditions of
[2009b]

low pH. Indium data is from this study. Other metal data is from Runkel et al.

Distance unfiltered filtered unfiltered filtered unfiltered filtered unfiltered filtered unfiltered filtered unfiltered filtered
Down- Al Al Fe Fe Zn Zn Pb Pb As As In In
stream pH mg/l mg/l mg/l mg/l mg/l mg/l ptg/l pg/l mg/l mg/l pg/L pg/L

295 2.98 38.85 38.33 217.8 212.9 84.58 86.43 198.2 180.1 3.270 2.983 26 27
376 2.94 38.44 38.44 205.3 201.7 85.49 83.78 190.6 175.4 2.872 2.707 29 28
432 3.10 20.37 20.21 99.91 97.10 45.19 45.21 104.8 98.1 1.364 1.161 14 13
512 3.10 20.22 19.63 94.31 89.01 44.46 43.82 102.9 92.6 1.278 1.025 14 16
564 3.11 17.70 17.96 74.25 72.23 37.89 39.00 111.6 97.3 0.927 0.709 9 11
576 3.14 15.24 15.16 58.03 55.15 31.42 31.26 103.7 97.9 0.575 0.447 7 9
656 3.11 14.56 14.49 56.72 53.53 29.69 29.51 115.3 110.5 0.611 0.464 8 7
709 3.10 12.89 12.97 51.30 47.37 25.25 25.53 129.0 110.6 0.573 0.381 10 10
776 3.10 12.83 13.19 48.61 46.04 25.54 25.65 120.5 102.5 0.562 0.356 6 5



Table 6.2: Metal concentrations at experimentally raised, high pH. Indium data is from this study. Other metal data is from Runkel
et al. [2009b]

Distance unfiltered filtered unfiltered filtered unfiltered filtered unfiltered filtered unfiltered filtered unfiltered filtered
Down- pH Al Al Fe Fe Zn Zn Pb Pb As As In In
stream mg/i mg/l mg/l mg/l mg/l mg/l pg/l pg/l mg/l pg/l pg/L pg/L

295 11.76 40.14 14.73 219.6 0.029 81.64 0.079 214.1 <0.11 3.176 22.1 29 <3
376 11.64 34.87 13.21 183.3 <0.025 71.72 0.076 220.9 <0.11 2.253 17.7 22 <3
432 10.46 21.95 4.501 118.5 <0.025 48.85 <0.014 146.0 <0.11 1.547 8.09 15 <3
512 7.56 32.82 0.066 195.5 <0.025 71.75 0.520 147.1 <0.11 3.462 7.87 35 <3
564 - - - - - - - - - - - 25 <3
576 9.01 28.29 0.454 160.0 <0.025 63.21 0.025 124.6 <0.11 2.567 5.46 17 <3
656 9.51 20.96 1.693 127.8 <0.025 49.21 <0.014 171.7 <0.11 1.989 5.96 11 <3
709 9.31 16.07 1.509 105.9 <0.025 38.76 <0.014 198.2 <0.11 1.532 5.10 6 <3
776 8.44 17.68 0.807 109.3 <0.025 42.69 <0.014 178.9 <0.11 1.679 4.81 11 <3
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Chapter 7

Summary and Conclusions

Indium is an important metal whose production is increasing dramatically due to new

uses in the rapidly growing electronics, photovoltaic, and LED industries. Little is known,

however, about the natural or industrial cycling of indium or its environmental behavior.

Industrial emissions of indium are already larger than natural emissions. A review

of the literature suggests that metal smelting and coal burning are the primary industrial

sources of indium to the environment, while releases from the semiconductor and electronics

industries are small at present. This scenario may change with the rapid growth of indium

use in the electronics and semiconductor industries.

Because atmospheric releases are thought to be large but are poorly quantified, and

because inhalation is thought to be an important exposure pathway for indium, we have

studied the cycling of indium in the atmosphere in the northeastern United States. These

studies have shown that indium concentrations in 5 locations from Boston, MA to Rochester,

NY vary from below detection limits to 8 pg/m 3 . There are significant differences between

samples from different locations and over the course of a year. Atmospheric back tra-

jectories generated with NOAAs Hybrid Single-Particle Lagrangian Integrated Trajectory

(HYSPLIT) model suggest that the highest indium concentrations come from the north,

potentially from smelting operations, while lower concentrations are seen in air traveling

from the midwestern US.

Historical atmospheric deposition over the past century was observed in a peat core from

Thoreau's Bog, Concord, MA. Fluxes of indium to this region began increasing at least in

the early 1900s, well before indium was used significantly in industry. This is likely due to

151



emissions from nonferrous smelting not associated with the production of indium, and from

coal combustion. Fluxes peaked in the 1970s, and have been decreasing until the present,

likely reflecting the advent of particulate emissions controls in the US and Canada.

Further work to constrain the source of indium to the atmosphere in the Northeastern

United States has shown that air traveling from the north has a distinct chemical makeup

than air traveling from the west, with higher In:other metal ratios. Particulate matter emit-

ted from a hydrolometallurgical zinc smelter has indium concentrations 100 times higher

than concentrations in coal fly ash. Receptor modeling suggests that sources high in non-

ferrous metals (Zn, Pb, Cu) peak on days when air is traveling from the north, suggesting

that air from the north is indeed supplying metals associated with nonferrous smelting.

However, the receptor modeling in this study has a high degree of uncertainty, and must be

used cautiously.

Acid-mine drainage from an abandoned mining district in Colorado contributes indium

concentrations 104 times higher than natural freshwaters to Mineral Creek, and all of this

indium is in the dissolved phase. During an experimental raising of the pH of this system

from 3 to >8, essentially all of the indium associates with the particulate phase. Sorption

to iron-oxides is thought to be the primary removal mechanism of indium in this system,

as evidenced by indium concentrations 40-70% higher in Fe-oxides collected after the pH

modification than in those collected before the experiment. This is supported by modeling

done by USGS researchers of the behavior of other metals in the system.

7.1 Future work

This work is only the beginning of an important characterization of the behavior and en-

vironmental cycling of indium. Future work could include the collection of air samples

to compare present-day indium concentrations to those from 1995, and a survey of bogs,

sediments, ice cores, corals, or other historical archives that span longer time periods and

encompass a variety of geographical locations. More data can confirm trends that we have

seen in this work, and variation in time and space may lead to insights on the source of

indium to these samples.

It would be particularly useful to be able to better constrain the sources of indium

to the environment. Measuring a larger number and variety of metals in the air samples
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and peat samples discussed may help to constrain these sources. For example, further

information about concentrations and fluxes of vanadium, a tracer for oil combustion, or

selenium, a tracer for coal combustion, may shed light on how much these sources influence

indium concentrations. A wider variety of metal concentrations may also be helpful in

future attempts at receptor modeling. Additionally, isotopes can be instrumental in source

tracking, as shown by Sturges & Barrie (discussed in Chapter 5). These authors used

changes in Pb isotope ratios as a marker of the influence of smelter emissions, and showed

that indium concentrations correlated with these Pb isotope changes. Therefore future work

to analyze lead isotopes in air and peat samples may prove useful for more definitive source-

tracking. Additionally, indium has two isotopes, 113In and 115In. The natural variation and

fractionation of these isotopes is unknown, and future studies of the indium isotope system

may prove useful for source tracking.

There is much work left to be done to characterize industrial emissions of indium. This

may include a more detailed measurement of source emissions, particularly of nonferrous

smelters. If access is possible, there would be great utility in a mass balance study of

indium in smelting operations - what are the concentrations in the ore being smelted,

what is the partitioning of indium during the smelting process, and how much indium is

recovered or found in tailings, emissions, or fly ash collected by emissions controls? A mass

balance of indium leaching from tailings piles would also be useful for understanding the

releases of indium to aqueous systems from both active and abandoned mining and smelting

operations. Lastly, investigation of the flow of indium through semiconductor manufacture

and processing will be important for understanding the future releases of indium to the

environment, as its use continues to increase in semiconductors and electronics.

The aqueous behavior of indium is poorly understood, and laboratory studies of indium's

complexation and absorption would lead to a better understanding of its behavior, and the

ability to model this behavior in natural systems.

A significant outstanding question is whether humans and other organisms are being

exposed to significant levels of indium, and what the impacts of this exposure are. Future

work may focus on exposure assessments for indium, determination of blood indium levels

in the general population as compared with populations living near suspected sources such

as smelters and how these body burdens have changed over time, or more detailed work on

the effects of chronic exposure to environmentally-relevant levels of indium. This work can
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be complemented by similar work in other organisms.

Lastly, an expansion of this work to other emerging metal contaminants is called for, as

more and more elements of the periodic table are employed in industry without sufficient

knowledge of their environmental behavior or impacts. The quest should continue to be

able to predict the impacts of these metals. The determination of how industrial fluxes

influence natural fluxes may have great utility in helping with this prediction, particularly

if care is taken to understand the speciation of these metals and how this speciation affects

transport and exposure. In order for detrimental effects to be prevented, this screening

process must be rapid and accurate.
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Appendix A

Electrochemical Technique for the

Separation of Indium from

Aqueous Samples

Authors: Laurie Kellndorfer, Sarah Jane 0. White, Mansooreh Dehghani, Harold F. Hemond

A.1 Motivation & Objectives

Indium exists at extremely low concentrations (picomolar or about 0.1 ng/kg) in natu-

ral waters [White and Hemond, 2012]. The most sensitive analytical technique presently

available to measure indium is Inductively-Coupled Plasma-Mass Spectrometry (ICP-MS),

which has detection limits on the order of 10 ng/kg, 100 times higher than needed for these

measurements.

Therefore, natural water samples must be pre-concentrated in order to be within a

detectable range. Additionally, pre-concentration is important for removing other ions

and dissolved organic matter, which can interfere with many analyses [White and Hemond,

2012]. The most common interferents for ICP-MS work are 113 Cd and 9 7Mo160+ at Indium-

113, and 1 Sn at Indium-115. For Graphite Furnace Atomic Absorption Spectrophotometry

(GFAA), another sensitive analytical technique for trace metals, high salt concentrations

are problematic, and sulfides have been implicated as interferents [White and Hemond,

2012]. For all analytical techniques, organic matter can interfere.

155



As discussed in White and Hemond [2012] and Chapter 2, preconcentration has been

carried out in three main ways: (1) solvent extraction [e.g. Alibo et al., 1998]; (2) ion-

exchange [e.g. Matthews and Riley, 1970a,b, Orians and Boyle, 1993, Tuzen and Soylak,

2006]; and (3) coprecipitation [e.g. Ueda and Mizui, 1988, Minamisawa et al., 2003].

The most widely-used concentration technique for environmental samples has been a sol-

vent extraction technique that consists of chelation by HDEHP (bis(2-ethylhexyl) hydrogen

phosphate) and H2 MEHP (2-ethylhexyl dihydrogen phosphate), extraction into heptane,

then back extraction with HCl [Alibo et al., 1998]. Also used are ion-exchange schemes,

including cation exchange using 8-hydroxyquinoline [e.g. Orians and Boyle, 1993, Moham-

mad et al., 1993] or Chelex-100 [e.g. Orians and Boyle, 1993], and anion exchange at either

high pH [e.g. Chow and Snyder, 1969] or high chloride concentration [e.g. Matthews and

Riley, 1970a]. Coprecipitation is less widely-used, but schemes such as precipitation with

hafnium-hydroxide [Ueda and Mizui, 1988] or chitosan [Minamisawa et al., 2003] have been

employed.

However, work in our laboratory with the solvent extraction technique of Alibo et al.

[1998] and cation exchange using Chelex-100 has failed to achieve consistent recovery of

indium from standards. This inconsistent recovery may be possible to overcome by use of

isotope dilution with 113 In, for example, but the techniques must be tested further to deter-

mine whether they are selective enough to remove only indium, leaving behind interferents

such as cadmium and tin.

A.2 Objectives

We have investigated electrochemistry as a consistent, simple method for pre-concentrating

indium from solution and selectively separating it from other matrix constituents. In

electrolysis, direct current flows through an ionic solution, supplying electrons that drive

oxidation-reduction reactions within the solution. The current is usually supplied by an

electropotential between two electrodes connected to a power supply and placed into the

solution. In this electrochemical set-up, electrons flow through the cell in one direction, such

that one electrode, called the cathode, supplies electrons, and the other electrode, or the

anode, receives electrons and negatively charged particles. Oxidation of molecules within

solution occurs on the anode and reduction occurs on the cathode, where electrons are in
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excess.

Electrolytic refining has long been employed in metallurgical processes to purify indium

metal [e.g. Alfantazi and Moskalyk, 2003, Zhou et al., 2004, 2005]. Indium has also been

deposited electrolytically to make bearings [Walsh and Gabe, 1978] and semiconductors [Ho

and Yen, 2006]. There have also been electrolytic techniques developed in order to measure

indium analytically, albeit for concentrations well above those in natural waters [Kollock

and Smith, 1910, Jaya et al., 1987, Sayun and Tsyb, 1959]. Electrodeposition has also been

employed for other trace metal analytical work, for example, the plating of 22 6Rn on steel

disks for alpha counting for the dating of geologic materials [Benoit and Hemond, 1988].

Thus an electrolysis system has promise for use as a preconcentration technique for the

analytical measurement of indium. Here we describe efforts to deposit indium on a cathode

using a simple setup in lab, redissolve the indium into clean acid, and then analyze this

clean solution using a graphite furnace atomic absorption spectrophotometer (GFAA). We

present our efforts to optimize the deposition of indium on the cathode by varying the

electrode material, voltage, current, and time duration of deposition, and our efforts to

recover the deposited indium.

A.3 Experiments

The general setup for these electrochemical experiments consists of an electrochemical cell

made up of a glass beaker with an indium solution in 2%HNO 3., with two electrodes (Fig-

ure A-1).

Alligator clips are connected to the electrodes, and the other end, bare wire, is screwed

onto the power supply, to the 6+ connection and the COM connection. To keep electrodes

from touching each other or the glass beaker during experiments, a piece of foam board with

two slits for the electrodes was placed on top of the beaker. The electrodes were inserted

into the slits, and positioned such that the alligator clips held them above the bottom of

the beaker.

The standard reduction potential, E, for In 3+ + 3 e = In, is -0.3382 V [Deis, 2009]. The

standard reduction potential for two important interferents, Cd2+ and Sn2+ are -0.4030 V

and -0.1375 V., respectively [Deis, 2009].

Each experiment used 40 mL of a starting solution of 100 ppb In in 2% HNO 3 . This
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Alligator clips connecting
to power supply

Electrolyte spiked
with indium

Electrodes

4- Glass Beaker

Figure A-1: Experimental setup for the electrochemical separation of indium from aqueous
solution.
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indium concentration was chosen to be easily measured using the GFAA, which has a

detection limit of -5 ppb indium. This starting concentration additionally allowed for

the detection of losses of indium from solution up to 95%. The optimization of electrode

material, current, voltage, and time of deposition are discussed subsequently.

During experiments, -1 mm diameter bubbles rising from the anode were an indication

of oxygen gas generation. This was confirmed by measurement of dissolved oxygen before

and after experiments; oxygen concentrations began at saturation before applying current to

the solution, and ended at higher than the oxygen probe maximum reading post-experiment.

Additionally, if the voltage applied was 4.0 V or higher, bubbling also occurred at the

cathode, indicating hydrogen gas generation. Lastly, many of the experiments in which

stainless steel electrodes were used were accompanied by a warming of the solution and

a color change from clear to light yellow. This color change may indicate oxidation and

subsequent dissolution of the electrode material, perhaps chromium.

A.4 Graphite Furnace

Indium analyses were performed on samples using a PerkinElmer 4100-ZL Graphite Furnace

Atomic Absorption Spectrophotometer (GFAA). An indium source lamp was used, and

absorption at 325.6 nm with a slit width of 0.7 nm was measured. This instrument employs

a Zeeman correction to correct for non-specific absorption by atoms other than the analyte

of interest. A matrix modifier (0.005 mg Pd and 0.003 mg Mg(N0 3 )2 was used to assure

uniform volatilization of indium at the atomization temperature of 2100'C. Standard curves

with indium in 2% HNO 3 provided a benchmark detection limit of ~5 pg/L, and were linear

up to 300 ppb. Integrated peak areas (PA) were measured for each sample and quantified

with a six-point standard curve, which was run at several points during each GFAA run. The

indium removed from solution was calculated by subtracting the concentration of indium

left in solution after the experiment from the starting indium concentration of 100 ppb.

Blanks were run along with each experiment by placing 2% HNO 3 without indium into

a second experimental setup and applying voltage. These blanks showed no detectable

indium contamination. Controls run with 100 ppb indium but no voltage applied showed

no detectable indium removal.
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Figure A-2: Indiiun removal is close to its maxinnun at 2 V.

A.5 Optimizing Electrode Material, Current, Voltage, and

Time

Stainless steel was used for inost of the eXerilineits dlue to its case of use it is cheap, easy

to clt, anld does not degrade in 2% HNO3 . Glassy graphite was tested. but it disintegrated

when volt age was applied. Copper was also testel as an electrode material. but it corroded

dIlrilg the eXl)eriments and suppliedi a large background signal to the GFAA analyses. The

electrolyte became bright I)lule during experimlients with copper electrodes, and between

19-54%: of the inldimni was removed from solution.

The optimal voltage was found to be 2.0 2.5 V, which resulted ini an optimal current

of 0.4 0.5 A (Figure A-2). The optimal deposition tilme was 30 min (Figure A-3). With

stainless steel electrodes. and this voltage, current., and duration of time, up to 76% of

indium could be removed from solution.
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Figure A-3: Indi1nh reioval is close to its maxinuniul by '30 minutes of depositiol time.

A.6 Indium Recovery from Electrodes

In order to recover the deposited indiiun from stainless steel electrodes, the electrodes

were soaked in 10(4 HNOsj overiiight to dissolve any deposited ini(lmuI. This acid was

then diluted to 2V HNO3 and analyzed byw GFAA. No indimnill was recovered from these

electrodes. Dissohition using 70%/( HNO1 overnight was also unsuccessful. After soaking,

the acid Was evaporated oi a hotplate and indimniii was resuspended in 2%: HNO'. The

solution was allowed to sit for o1e1 hour. mixed, then analyzed by GFAA. Again no indim

was recovered.

Next, we attempted to reverse the direction of the curreit inl the electrochemhical cell to

re-oxidize deposited indilli to dissolved Inii . Inl some cases, electrodes that had previously

been run were set up to run11 inl reverse in the electrochemical cell. In other cases, the forward

experilelnt. Was inuiLe(iately followed by a reversal of the current direction by reversing the

heads. This type of experimnent was repeated 11 times: dletectable indimi was recovered

only oie of those tilmes. whei 14% of the deposited in(tillmI was seenm in solitioni.

Copper electrodes were re-tested. to determinle whether the electrode material coi-

tribluted to the 0poor iidiiiimi recovery from the electrodes, perhaps to a chemical reactioi
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that formed highly stable, insoluble indium species. Soaking four copper electrodes that

had been used for indium deposition in 2% or 10% HNO 3 resulted in at most a 10% re-

covery of the deposited indium. In addition, these solutions had a high background for the

GFAA analysis. Stronger HNO 3 could not be used due to violent reaction upon contact

with the copper electrodes; the solution rapidly bubbled, produced thick, brown NO 2 gas,

and dissolved the electrode.

Experiments with higher concentrations of indium in the starting solution (as high as

10 ppm) were conducted in order to increase the likelihood of recovery, assuming a larger

mass of indium deposited on the electrode. However, the deposition of indium in this

experiment required a higher voltage and current (5 V and 2 A) for deposition to occur,

and only resulted in a 10% removal of indium from solution. The mass of indium deposited

was an order of magnitude larger than previous experiments despite the small relative

removal, but recovery remained low, at about 1% of the deposited indium after soaking in

concentrated nitric acid.

A.7 Indium Mass Balance

It is unclear why indium cannot be recovered from stainless steel or copper electrodes,

either by soaking in nitric acid or by reversing the current of the electrochemical cell. The

blanks discussed previously confirmed that indium was not adsorbing to the beaker walls,

nor leaving solution unless a voltage was applied. In order to confirm that indium was being

deposited on the cathode, the electrodes were analyzed with scanning electron microscopy

and associated electron microprobe.

A.7.1 Confirming indium deposition on electrodes

To confirm that indium had been deposited on the cathodes during these experiments, a

set of cathodes, anodes, and standards were analyzed qualitatively using a JEOL JXA-8200

WD/ED Combined Microanalyzer in the MIT Electron Microprobe Facility in the Depart-

ment of Earth, Atmospheric and Planetary Sciences. Standards were made by evaporating

a drop of indium solution on a piece of stainless steel on a hotplate. Interestingly, as the

solution evaporated, the liquid formed a ring marking the diameter of the drop of original

solution, depositing indium along the perimeter but not in the center. Based on this geom-
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etry, -50 g/cm2 was deposited; this could easily be detected by the electron microprobe.

However, no indium was detected on the experimental samples. This may simply be due

to the expected 0.4 g/cm 2 indium deposited being below the instrument detection limits.

More carefully made standards will be necessary to determine the instrumental detection

limits for these electrodes.

Additionally, the electrodes from the high-indium experiments have not been analyzed

by electron microprobe, but may be useful in determining whether indium is deposited on

the cathode during these electrochemical experiments.

A.8 Generation of volatile indium?

If indium is not deposited on the cathode during these experiments, there is a possibility

that it is volatilized and escapes to the atmosphere. Indium hydrides may exist as a gaseous

species at low pH and low electropotential [Pourbaix, 1966], and hydride generation has been

used to separate indium from solution previously [Busheina and Headridge, 1982, Yan et al.,

1984, Castillo et al., 1988, Liao and Li, 1993, Matusiewicz and Krawczyk, 2007].

Work has begun in our lab to test for volatile indium species by running the electro-

chemical experiment in a closed system, with an airtight cap and an outlet for gases to

be piped into the graphite furnace directly (Figure A-4). However, experiments thus far

have produced peaks that are due to liquid from the experiment being able to travel to the

graphite furnace along with the gases. The setup must therefore be modified to allow only

gases to be transported, in order to determine whether volatile indium species are being

formed.

The setup for hydride analysis is modeled after the hydride generation by Liao and Li

[1993]. A small polypropylene sample bottle with an airtight cap is used. Four holes are

drilled into the cap: two for wire leads connecting the electrodes to the power supply; one

for a Teflon tube for argon inflow; and one for a fused silica tube for argon outflow. Epoxy

holds the fused silica tube in place and forms an airtight seal. The Teflon tube and wires fit

tightly such that epoxy is not necessary to prevent gas leaks. During an experiment, argon

flows in through the teflon tube, and out through the silica tube, which is placed inside

the sample injection hole in the graphite tube. Indium hydrides carried by this inert gas

decompose in the graphite tube, which has been coated with a palladium and magnesium
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matrix modifier and heated to 360*C during injection (15 min).

A.9 Conclusions and Future Work

Using electrochemical techniques, indium can be removed from aqueous solution. The use

of stainless steel electrodes, 2-2.5 V, 0.4-0.5 A, and a 30 min deposition time removed up

to 76% of the mass from a 40 mL solution of 100 ppb indium in 2% HNO 3.

In order to then measure the mass of indium removed from solution, the deposited

indium must be recovered from the cathode. A variety of techniques, including soaking the

cathode in 2% and concentrated nitric acid, and reversing the direction of current in the

electrochemical cell, failed to recover the indium from the cathode. It is unclear whether

this failure is due to the deposited indium not redissolving under the conditions tested, or

due to indium not being deposited on the electrode, perhaps due to volatilization.

Further experiments will focus on determining where the indium in solution has parti-

tioned. More uniformly deposited standards can be prepared for the electron microprobe,

in order to determine the true detection limits of the technique. At the same time, the

mass of indium analyzed can be increased by analyzing electrodes from experiments with a

higher starting concentration of indium. Additionally, more sensitive analytical techniques

such as neutron activation analysis could be employed.

Further experiments to determine whether indium is being volatilized during these ex-

periments will be key for understanding indium's behavior. The present setup for measuring

volatile indium species must be modified to eliminate the transport of liquid to the graphite

furnace. This could be accomplished through the addition of a condensation chamber-

perhaps the simple addition of a wide piece of tubing prior to the silica tube. Additionally,

since the technique of piping volatile indium through a silica tube into a graphite furnace

is not well-tested, positive and negative controls must be carefully planned to assure that

any volatile indium species created are actually able to travel through the silica tube, stick

to the graphite tube, and subsequently be analyzed.
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