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ABSTRACT

The Orlovka-Spokoinoe mining district (Transbaikalia, Russia) was used to assess
sources and pathways of potentially toxic elements released during mining and
processing of Ta-Nb-Sn-W ores. Samples of geological (rocks), anthropogenic (ore
concentrates, tailings, gasoline) and environmental (lichens, leaves) origins were
studied. Element ratios, REE patterns and Pb and Zn isotopes were used as innovative
diagnostic tools to trace natural and anthropogenic sources of dust and Pb and Zn within
the mining site.

Initially, analytical development of high temperature and pressure microwave digestion
technique for leaves and lichens (that have a high ash content and thus are difficult to
digest) was required. Complete recovery of Pb and Zn was achieved at pressure of 350
Psi and optimised amount of HF (0.8ml).

Analytical protocols for high precision Pb isotope ratio measurements on MC-ICP-MS
resulted in internal precision of <100 ppm (+2c) and long-term reproducibility below
350 ppm (£20) for all Pb isotope ratios in all matrices. Mass bias correction using
optimised *®T1/*®T1 ratios achieved accuracies below 80 ppm for all ratios.

Geological metal sources within the mining site were then geochemically characterised.
Zr/Hf, Y/Ho, Rb/Sr showed continuous fractionation during evolution of granites,
whereas REE patterns reflected in addition alteration processes. Pb isotopes
characterised the geologic suite and defined two possible sources of granites: i) a
mixture of upper crust-mantle source or ii) a type II enriched mantle source.

REE patterns were further used to trace dust within the mining site and identified
tailings and host rocks as the main dust sources. Pb and Zn normalised to lithogenic
elements demonstrated that tailings, barren granites and host rocks are potential sources
of Pb and Zn. However, Pb isotopes indicated that long-range aerosols are the dominant
Pb source. Zn isotopes showed isotopic variability between geological and
environmental samples with lighter shifts measured in the geologic suite and a heavier

range typical for lichens.
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CHAPTER 1. INTRODUCTION

1.1. BACKGROUND OF THE RESEARCH

There is a wvast literature documenting elevated metal concentrations in the
environment as a result of man’s activities. The mining of metalliferous mineral
deposits and associated metal processing activities leads to severe perturbations in
the cycling of metals in the surface environment (Thornton, 1996). Where ore
deposits were mined, local "geochemical explosions" were created, which sharply
intensified metal and potentially toxic element supply into all components of the
environment. Mass contamination of natural waters, soils, plants and other natural
components under the anthropogenic influence of mining activity can lead to
disastrous toxicity in plants, animals and people. Contamination arising from such
activities is a worldwide problem (Nriagu and Pacyna, 1988).

Information about contamination can be gained from analyses of metal
concentrations and speciation alone, but a lot of uncertainties often remain
concerning metal sources. This is particularly true for metals with multiple sources
and those that are transported large distances from the original source. Metal sources
can be assessed using different geochemical tools. Trace element ratios are sensitive
indicators to identify fractionation processes and fluid-rock interaction (Bau, 1996),
and thus to serve as a tool to discriminate groups of different origin and genesis. For
example, Zr/Hf is a good indicator of crystallisation differentiation in magmatic
rocks (Linnen and Keppler, 2002). Zr/Hf, Y/Ho and Rb/Sr were used previously as
diagnostic ratios to assess the geochemical evolution of the granite intrusions that
host the Orlovka deposit (Fedkin 2000; Zaraisky et al., 2000). Other indicative
ratios, i.e. Nb/U and Ce/Pb were applied to characterise the composition of the
earth’s mantle and its evolution (Hoffman et al., 1986). However, use of indicative
ratios as geochemical tracers of metal sources within the environment remains
poorly addressed.

Rare earth elements (REE) patterns have been used extensively in igneous,
sedimentary and metamorphic petrology to trace sources of rocks and minerals
during crustal and mantle evolution (Rollinson, 1993). Due to its indicative and
similar geochemical behaviour Y, with an ionic radius similar to that of Ho, is
sometimes included along with REE. The low atomic number members of the series
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are termed the light rare earths (LREE: La, Ce, Pr, Nd, Pm, Sm and Eu) and those
with higher atomic numbers the heavy rare earth elements (HREE: Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu, Sc and Y). Studies such as those by Nesbitt (1979) show that whilst
the REE are mobilized during weathering, they are reprecipitated at the site of
weathering. A more recent studies show, however, that in the case of extreme
weathering the degree of weathering of the source can be recognized in the REE
chemistry of the derivative sediment (Nesbitt et al., 1990). A number of properties of
the REE suggest that they should also be useful in the study of environmental
processes as: 1) they are among the least soluble trace elements, and 2) they are
relatively immobile during low-grade metamorphism and hydrothermal alterations
(Rollinson, 1993). REE patterns were used in a number of environmental
geochemical studies e.g., in surface waters (Dinelli et al., 1999) and sewage water
(Knappe et al., 1999; Bau et al., 1996) to assess acid mine drainages, in oceanic
waters to assess riverine inputs (Elderfield, 1988) or in peat bogs to assess sources of
dust (Krachler et al., 2002).

Whereas the concentration and speciation of a metal can vary greatly as it moves
through the environment, it often preserves the isotopic composition of its source,
which can thus fingerprint its origin. This property has long been used by geologists
to trace movement of elements between reservoirs in the earth. For example, Pb
isotopes have been widely used to assess the relative contributions of mantle and
crustal sources during rock formation (Fletcher 1993; Harmer 1995; Abouchami
2000; Faure, 2001). Lead has four isotopes. The three lead isotopes *®*Pb, 2’Pb and
2%Pb are radiogenic daughter products from the radioactive decay of one isotope of
thorium (**Th — 28pp) and two isotopes of uranium (**U — %Pb and *°U —
207pb) (Faure, 1986). The fourth isotope of lead, 2*Pb is stable and has no long-lived
parent isotope nor does it decay to another isotope. The Pb isotopes are, however,
not affected by industrial or biological processes (Ault et al.,, 1970) and do not
fractionate during transport and deposition processes. They therefore retain the
1sotopic composition of their sources with great potential as source tracers. The use
of Pb isotopes to identify and to distinguish between natural and anthropogenic
sources of contamination became a routine fingerprinting tool in the last few decades
(Rosman et al., 1993, 1994, 1999; Kober et al., 1999; Chiaradia et al., 2000; Luck et

al., 2002). Some of these studies have led to conclusions that could not be predicted
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from measurements of Pb concentrations alone. For example, a study of children
from the site of one of the world’s largest Pb mines (Broken Hill, Australia),
revealed that high blood Pb levels were not the result of the local mining, but were
rather derived from household paint and gasoline fumes (Gulson, 1996).

In recent years there has been growing interest in using Zn isotopes to address
problems of environmental contamination. Zn has five stable isotopes, *Zn, #Zn,
8770, ®Zn and M7n, with average atomic abundances of 49.19 %, 27.79 %, 4.04 %,
18.39 % and 0.60 %, respectively (Tanimizu et al., 2602). There are instances of
close proximity to sources of contamination (e.g., smelting plants) where the source
of Zn is fairly clear-cut, but like many other metals, there are a variety of sources of
Zn in the environment. These include natural sources (e.g., soil dust, volcanic
material, weathering of Zn-rich rocks) and anthropogenic sources (e.g., sewage
sludge, smelting plants, combustion products, mine waste). Although development
of Zn isotopes measurements are still at an early stage, the first studies indicated Zn
isotopic variability in a variety of geological (carbonates and sulphides) and
biological (lobster liver, mussel tissue, phytoplankton and plants) samples (Maréchal
et al., 1999; Maréchal et al., 2000; Archer and Vance, 2002; Albaréde, 2004; Mason
et al., 2003). This permits interpretations of the geochemistry and biochemistry of
Zn in the natural environment.

The present investigation of elemental ratios, rare earth element patterns and Pb and
Zn isotopes has been made with the aim of establishing diagnostic tools to assess
sources and pathways of these elements in the environment of the Orlovka-
Spokoinoe mining site, Eastern Transbaikalia, Russia. Mining is a major industrial
source of contamination in Eastern Transbaikalia where rare-metal, gold-silver, base-
metal, fluorite, and uranium deposits have all been mined during the last century.
The Orlovka-Spokoinoe mine and its surroundings, however, are not drastically
contaminated by Pb and Zn. The literature concerning dispersion of contamination
around mining sites with relatively low concentrations of Pb and Zn is surprisingly
limited and therefore the Orlovka-Spokoinoe mining site provides a special
opportunity to trace Pb and Zn contamination around a mine with low base-metal
concentrations. The geochemically well studied Orlovka-Spokoinoe mining and ore
processing plant site has been chosen to extend the knowledge on element

distribution within this natural laboratory by using elemental ratios, rare earth
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elements (REE) patterns and isotope variations of Pb and Zn of biological and
geochemical background (birch leaves, lichens, natural rocks and minerals). The
synthesis of these data aims to obtain the main features of the geological and
geochemical trends of the mining area and to provide a detailed source assessment of
Pb and Zn within the mining site by studying relationships and interaction between

geological, anthropogenic and environmental samples.

1.2. AIMS, OBJECTIVES AND NOVELTY OF THE STUDY

The main aim of this study is to examine the utility of the isotope compositions of
Pb and Zn, elemental ratios and rare earth elements (REE) patterns for monitoring
the sources and pathways of these potentially toxic metals released through mining
and ore processing activities within an abandoned mine land at the Orlovka-
Spokoinoe mining district in Eastern Transbaikalia, Russia.

The main objectives of the research were identified as follows: 1) to distinguish
between geologic sources, anthropogenic products and environmental samples; 2) to
discriminate between natural (geogenic) and anthropogenic sources of dust, Pb and
Zn within the mining environment; 3) to assess multi-component mixing, and 4) to
gain experience, knowledge and new insights for environmental application of the
still poorly understood Zn isotope system.

Various samples of geological (minerals and rocks), environmental (birch leaves and
lichens) and anthropogenic origin (tailings and ore concentrates) were measured for
total elemental concentrations, trace elements concentrations, REE, and Pb and Zn
isotopic composition. This data set consequently enabled a detailed source
assessment to be made.

The research also includes the analytical development of high temperature and
pressure microwave digestion techniques for lichens and leaves and analytical
protocols for high precision Pb isotope measurements. Total elemental
concentrations of samples were measured using inductively coupled plasma-atomic
emission spectrometry (ICP-AES) and Pb and Zn isotopic variations using multi-
collector inductively coupled plasma mass spectrometer (MC ICP-MS).

The novelty of the study lies in using a combination of several geochemical tools
such as elemental ratios, REE patterns and high-precision Pb and Zn isotopes to

assess sources and migration pathways of Pb and Zn within the studied mining site.
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REE patterns that were previously extensively used in igneous, sedimentary and
metamorphic petrology to trace sources of rocks and minerals during crustal and
mantle evolution, for the first time highlighted new possibilities to trace dust
pollutants within the mining environment. Pb isotopes brought additional insights
into the understanding of the formation mechanisms of the Khangilay-Orlovka-
Spokoinoe granite plutons and also into the sources of Pb dispersed within the
mining site. Zn isotopes measured in lichens and a geologic suite from the Orlovka-
Spokoinoe mining site exhibited a clear distinction between Zn isotopic variations of

geologic and biologic materials.

1.3. THESIS STRUCTURE

Five of the chapters are presented in the form of separate publications. Some of the
chapters are already published (Chapters 2, 3 and 4), others are submitted to peer-
reviewed journals (Chapters 5 and 6). Because of this format, the chapters have a
different layout and their own abstract, introduction, conclusions and references.
Chapter 1 introduces the background of the research together with defined aims and
objectives. Chapter 2 describes the development of microwave acid digestion for
lichens and leaves prior to elemental and MC-ICP-MS analysis (Dolgopolova et al.,
2004b). Chapter 3 covers the development of high-precision Pb isotope
measurements in environmental samples by MC-ICP-MS (extracts of the chapter are
published in Weiss et al., 2004). Chapter 4 focuses on the chemical characteristics
and Pb isotope systematics of ore-bearing granites and host rocks of the Orlovka-
Spokoinoe mining site and presents a slightly revised version of Dolgopolova et al.,
2004a. Chapter S presents the findings of a study that traces dust and Pb dispersal
within the Orlovka-Spokoinoe mining site using REE patterns and elemental ratios
(Dolgopolova et al., submitted a). Chapter 6 presents an investigation into use of
element and isotope ratios to assess sources and pathways of Pb and Zn dispersed
within the Orlovka-Spokoinoe mining site during mining and ore processing
(Dolgopolova et al., submitted b). Finally, Chapter 7 summarises the main findings
of the project and makes an assessment of why a combination of independent
geochemical tools such as element concentrations, element ratios, REE patterns and
isotopes is vital for the comprehensive assessment of metal sources within the

environment. It also contains recommendations for further research.
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Appendix 1 includes photos of the Orlovka-Spokoinoe mining site and the map of
the main infrastructure units. A selection of lichens for the environmental study
including lichens photos and analytical SEM analyses of silicate particle trapped by
lichens) are given in Appendix 2. Appendix 3 provides a background to the sample
preparation protocols, including column chemistry procedure prior high-precision Zn
isotope measurements by MC-ICP-MS. Tables with full analysis database are listed
in Appendix 4. Two additional co-authored publications are provided in Appendix

5.
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CHAPTER 2. CLOSED-VESSEL MICROWAVE DIGESTION
TECHNIQUE FOR LICHENS AND LEAVES PRIOR TO
DETERMINATION OF TRACE ELEMENTS (Pb, Zn, Cu) AND
STABLE Pb ISOTOPE RATIOS

ABSTRACT

A reliable and robust procedure using closed-vessel microwave digestion of lichens
and leaves for precise and accurate determination of trace elements (Pb, Zn and Cu)
and stable Pb isotope ratios is presented. The method was developed using certified
reference material CRM 482 Pseudovernia furfurea (Lichens), NIST 1515 (Apple
Leaves) and NIST 1547 (Peach Leaves) and tested on lichens from a mining site in
Russia. A mixture of 3ml HNO;, 3ml H;0,, 2ml H,O and 0.8ml HF ensured
complete sample dissolution with 100+5% recovery for Pb, Zn and Cu at a
maximum temperature of 210°C and pressure of 350 psi. The amount of HF and
microwave pressure significantly influenced Pb, Zn and Cu recovery. Comparison
between EMMA-XRF and ICP-AES showed good correlation between Pb, Zn and
Cu concentrations. Using the newly developed digestion method Pb isotopes in
lichens from the mining site were determined with an internal precision better than

0.02%.

Keywords: microwave digestion, acid decomposition, standard reference materials

(SRM), lichens, solid particulates, Pb isotopes.
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2.1. INTRODUCTION

The accumulation of trace metals from atmospheric deposition by lichens, mosses
and plant leaves is well-documented [1,2,3]. Lichens in particular are regarded as
suitable tools for monitoring levels of atmospheric contamination. Because their
mineral nutrition depends on both wet and dry depositions from the atmosphere they
are able to accumulate and store many substances from the atmosphere [4]. In recent
years lichens have been successfully used to assess natural versus anthropogenic
sources of airborne particulates using Pb isotopes and therefore to trace atmospheric
contamination on local and regional scales [5,6,7].

Although HNO; and leaching are sufficient if only contaminant elements are
assessed, a complete dissolution of lichens is needed if natural sources are also to be
determined. This is of special importance if trace element dispersal is studied in areas
with low level contamination where the main carrier of trace and potentially toxic
clements might be incorporated in naturally derived sources, for example in silicate
phases which are highly resistant to acid attack. These particles are trapped on the
surface or within the lichens structure making acid decomposition of lichens different
from that of leaves and other botanical samples. Both highly resistant inorganic
phases (i.e. siliceous particles) and the organic matrix (lichens) must be completely
destroyed to achieve complete dissolution of lichens.

In the last decade closed-vessel microwave-assisted acid decomposition has been
widely used for the digestion of lichens [8,9]. This technique has many advantages in
comparison with traditional open vessel digestion such as speeding up the sample
preparation process, safe operation of the digestion due to fully automated
programming, preventing loss of volatile analytes during the digestion and
eliminating sample contamination from other samples or the laboratory environment
[10-13]. Furthermore, the ability to monitor and control reaction parameters such as
temperature and pressure during the digestion process is advantageous in
determining the efficiency of sample digestion; the higher temperatures attained
under pressure in closed-vessel digestions result in a more complete sample matrix
decomposition [10]. For safety reasons 0.5g of plant material is the maximum
recommended amount to use in 15 ml vessels for closed-vessel microwave digestion

[11]. Any larger sample amount can significantly increase the internal pressure of the
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system due to the large production of gaseous degradation products and potentially
lead to the rupture of the vessel.
Previously published methods of microwave-assisted digestion of botanical samples
vary significantly and depend on the sample matrix and/or analysis targets. Routine
decomposition methods involve procedures containing 5-10 ml of HNO3, 0.5-1 ml of
H,0; and up to 0.2 ml of HF mixture [8,9,11,12,14-21]. The main findings were:
1) quantitative recovery of Pb, Zn and Cu concentrations is achieved in lichen
standard reference materials;
2) decomposition of lichens included HF to decompose insoluble residues;
3) insufficient amount of HF resulted in lower recovery of Pb, Ni, Cr, Sn, V, Ti,
Al and Fe, i.e. those elements that are correlated with the Si content; and
4) during the analysis of real lichen samples characterized by different masses
of dust particulate, the use of HF improved accuracy.
However, most of the reported methods required filtering of the digests prior to
elemental analysis [8,14,15,17], which suggests incomplete dissolution of the sample
matrices even in cases where 0.2ml of HF was added [8,9]. None of the publications
have addressed Pb isotope determination in lichens. Consequently, the aim of this
study was to improve methods to achieve the complete dissolution of lichens using
closed-vessel microwave-assisted digestion for the determination of Pb, Zn and Cu
and stable Pb isotope ratios. The existing closed-vessel microwave digestion
methods [8,9] were modified by: 1) adjusting the amount of HF added to the sample
matrices, 2) increasing the digestion time and 3) optimizing the microwave pressure.
Although HCI1Oj is conventionally used as an effective acid for the breakdown of the
organic fractions, the use of this acid was avoided in our experimental development
work for safety reasons [22]. To check the accuracy of the method certified standard
reference materials of lichens and leaves were included in the study. The modified
digestion method was tested on lichens collected from the Orlovka-Spokoinoe
mining district in Eastern Transbaikalia, Russia.
The inter-laboratory comparison study for Pb, Zn and Cu contents was performed
using inductively coupled plasma atomic emission spectrometry (ICP-AES) and X-
ray fluorescence spectrometry (EMMA-XRF). Following the microwave-assisted
decomposition procedure, lichens from the mining site were analyzed for Pb

isotopes.
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2.2. EXPERIMENTAL DEVELOPMENT

2.2.1. Instrumentation

The acid digestions were accomplished using a CEM Microwave Accelerated
Reaction System MARS-X with temperature and pressure control. 100 ml Teflon
vessels (XP-1500) fitted with screw tops and with a pressure venting system were
used as digestion vessels. Prior to their use, all vessels were thoroughly acid-cleaned
in the microwave (for 15 min at 150°C) using 5ml of concentrated HNO; and 5 ml of
Milli-Q H»O. After cooling, the contents of the vessels were discarded and the
vessels were rinsed with Milli-Q deionised H,0 (18 MQ ¢m). One vessel out of 12
(i.e. control vessel) monitored pressure and temperature during the digestion,
providing constant feedback control of reaction conditions. Pb, Zn and Cu were
determined by Fison’s Instruments ARL 3508B ICP-AES.

Selected samples were analyzed using energy-dispersive miniprobe multielement
analysis (EMMA-XRF); analytical and instrumental details of the measurements are
given elsewhere [23,24].

Pb isotopes in lichens were determined using a GVi IsoProbe multicollector
inductively coupled plasma mass spectrometer (MC-ICP-MS). A CETAC Aridus
nebulizer (Omaha, NE, USA) was used for sample uptake for the IsoProbe. Details
of the measurements are given in [25].

Semi-quantative analysis of siliceous particles on the lichens surface was done using -
a Jeol 5900LV analytical scanning electron microscope (SEM) equipped with an
Oxford Instruments Inca Pentafet energy dispersive X-ray spectrometer (EDS).
Filtered and dried residues from digested lichens were analyzed by X-ray powder
Diffraction (XRD). XRD was performed using an Enraf-Nonius PDS120
diffractometer that incorporates an Inel curved, position sensitive detector. Further
details of the XRD measurements can be found in [26].

All instruments used for the study are at the Natural History Museum, London apart
from the EMMA-XREF facility that is based at the University of Heidelberg.

2.2.2. Samples and reagents
(1) Three certified reference materials NIST 1515 (Apple Leaves), NIST 1547
(Peach Leaves) and CRM 482 #10 Pseudovernia furfura (Lichens) were used. The
certified concentrations values of Pb, Zn and Cu (jug/g) are given in Table 2.1.
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(2) Two lichens species, i.e. Xanthoparmelia and Parmelia ullophyllodes (n=15)
collected from the Orlovka-Spokoinoe mining district in Eastern Transbaikalia
(Russia) were used to test the developed digestion method. Lichens study is a part of
the environmental geochemical investigations on the Orlovka-Spokoinoe mining site

[27].

Table 2.1. Comparison of Pb, Zn and Cu recovery rates in CRM 482 (Lichens), NIST 1547
(Peach Leaves) and NIST 1515 (Apple Leaves) for 3 digestion experiments (Exp. in the
Table) tested (see details of the Experiments in Table 2.2). Concentration values (ng/g) were

determined by ICP-AES.

Element/ Certified Exp. I Recovery ExpIl  Recovery Exp 11 Recovery
Sample values (%) (%) (%)
(+ 20)
Pb
Lichens CRM 482 409+14  28.1%5.1 68.8 346+32 84.6 38.1 1.6 93,2
Apple leaves NIST
1515 0.5+£0.024  ¢5+0.07 97.9 0.5+ 0.07 95.8 0.5 +0.01 95.7
Peach leaves
NIST 1547 0.9+0.003  0g8+003 86.7 0.9+ 0.24 101 0.9 +0.01 98.9
Zn
Lichens CRM 482 100.6£22 622418 61.8 81.1+1.2 80.6 92.6+3.1 92
Apple leaves NIST
1515 125+0.4 11.6 0.1 92.6 114 0.4 91.2 11.8+0.1 94.4
Peach leaves
NIST 1547 17.9+0.4 15.9+0.1 88.6 159+5.6 88.8 17.9 0.4 99.7
Cu
Lichens CRM 482 7+0.19 6.1+0.2 86.3 6.8+0.2 97.3 6.7+0.7 953
Apple leaves NIST
1515 5.6+03 52+0.04 92.3 52402 91.8 5.7+0.2 101
Peach leaves
NIST 1547 3.7+04 3.4£0.2 90.5 3.6+1.9 96.5 3.7£04 98.9

Analytical grade reagents (Aristar) 69% (v/v) HNOj3, 30% (v/v) H,O, and 48% (v/v)
HF were used throughout the study. All working solutions were prepared using high
purity water (18 MQ cm, Millipore).

2.2.3. Sample preparation

Approximately 50g of lichen samples were removed from the birch trees bark using
a stainless steel knife. The material was placed in cotton bags, allowed to air dry and
transported to the laboratory in sealed plastic bags. In the laboratory rock/bark
fragments adhering to the lichens were removed manually using plastic tweezers and
wearing latex powder-free gloves and then oven dried overnight at 40°C. The
samples were carefully ground in an agate mortar using liquid nitrogen. Samples
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were sieved through 100-um stainless steel sieve, placed in ceramic beakers and
dried overnight at 40°C prior to analysis. All materials used were washed, rinsed
with distilled water and dried between samples to avoid cross-contamination. After
drying, all samples were transferred into acid cleaned plastic bottles using a bony

spoon and stored until further use.

2.2.4. Analytical procedures

2.2.4.1. Microwave digestion

Approximately 0.25g of ground sample material was weighed directly into each
digestion vessel on an analytical balance. Depending on experimental design 3 to 5
ml of HNO; was then added to each vessel (Table 2.2). The mixture of HNQ; and
plant material was allowed to react in the vessel at atmospheric pressure in a vented
hood for 20 minutes. Then 3 to S5ml of HyO, (Table 2.2) were added to the sample
and samples were allowed to stand for approximately 20 minutes. Depending on the
experimental design 0.2—1 ml of HF and 2ml of Milli-Q H,O in Experiment 1I were
added and samples were subjected to a closed-vessel microwave digestion. The
procedure utilized up to 100% of the 1200 W power setting for 70-90 minutes. After
the power phase was completed, the vessels were cooled for about 20 minutes,
transferred into acid-cleaned Teflon vessels and evaporated till dryness. In total,
three digestion procedures were tested (Experiments I, II and IIT). Details of all

experiments are given in Table 2.2.

Table 2.2. Details of three Experiments used in the study.

Experiment I Experiment 11 Experiment II1

Acids used 5 ml HNO;+ 5 ml HNO;+ 3 ml HNOs+

5ml H,0,+ 5 ml H202+ 3 ml H202+

0.2 ml HF 0.2 - 1ml HF 2 ml H,O+

0.8 ml HF

Pressure, psi 200 200 200-350
Temperature, °C 210 210 210
Total time, min 70 90 90

During all three experiments sample size (0.25 g), acids used (HNOs, H,0, and HF),
maximum temperature (210°C) and pre-digestion procedure prior to microwave acid

attack were kept the same. The parameters that varied were: 1) proportions of acids
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(5ml HNO3 and 5 ml H,0; in Experiment I and II, 3ml HNO; and 3 ml H,0, in
Experiment III); 2) amount of HF (0.2ml in Experiment [, 0.2-1ml in Experiment II
and 0.8ml in Experiment III); 3) pressure (200 psi in Experiment I and II and 350psi
in Experiment III); 4) digestion time (70 min. in Experiment I and 90 min. in
Experiment II and III). In all experiments four sample duplicates were used. For each
digestion, reagent blanks were obtained. The blanks were prepared in the same way
as the samples. The concentrations obtained for all metals in the blanks were close to
the detection limit of the method, indicating that contamination was not a problem in

the digestion.

2.2.4.2. Determination of Pb, Zn, Cu concentrations and Pb isotope ratios

After samples were digested and evaporated, they were subsequently redissolved in
5 mls of 1M HCI prior to total element concentration analysis. This ensured a
constant chemically stable acid matrix for the ICP-AES analysis. Detection limits for
Pb, Zn and Cu were 0.03, 0.001 and 0.001 pg/g respectively. Precision and accuracy
were within 10%. Analytical results for the total Pb, Zn and Cu concentrations
(ng/g) for three experiments are given in Table 2.1.

Prior to Pb isotope analysis all samples were passed through an ion exchange column
with chromatographic Sr resin (EiChrom) to isolate the Pb fraction from the rest of
the sample matrix. For this purpose after the microwave digestion samples were
dried and redissolved 