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CHAPTER 1 - Introduction

Laser Ablation Inductively Coupled Plasma M ass Spectrometry

The inductively coupled plasma (ICP) has been asdabth an emission source and an
ion source for analytical instrumentation. It isatmospheric pressure discharge produced by a
radiofrequency (RF) power generator. Radiofrequga@smas were studied extensively by
Greenfield and associates [1], and Wendt and F§&Jsiel the 1960s. It was the work of Fassel
and his co-workers [3] which brought the ICP ins® @s an emission source for multielement
analysis in the early 1970s. The technique of &&nic emission spectroscopy (ICP-AES) is
still a very widely used tool for elemental anadysi

The ICP as an emission source was useful, butrtii#ean of spectral overlap reduced its
utility for many elements and matrices. The high density in atmospheric plasmas gave rise
their possible use as an ion source for mass gpeetry. The use of a DC discharge for the
introduction of ions to mass spectrometry was itigated in the middle 1970’s by Gray [4].
The use of the ICP as an ion source was investigatélouk et al. [5]. By the early 1980’s, it
had been successfully developed into a techniguelémental analysis, inductively coupled
plasma mass spectrometry (ICP-MS).

The ICP as an ion source has been successfullypo@ied into instrumentation with a
wide array of mass analyzers. Some of these msints include quadrupole mass analyzers,
double focusing magnetic sector-electrostatic seutss analyzers, and time of flight mass
analyzers. The versatility of ICP-MS instrumergathas made the technique widely used for
elemental analysis. Many fields rely on ICP-MSaasliable and sensitive method of elemental

analysis. Some of these fields include geologgerisics, and environmental science. The
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semiconductor industry uses ICP-MS in assessinguhigy of silicon wafers used to produce
computer chips.

The strengths of ICP-MS include high sensitivitxldetection limits, and a large
dynamic range. Another advantage of ICP-MS isathibty to perform an analysis for multiple
elements, almost simultaneously. The number ohelds is governed by the mass analyzer and
application. The use of ICP-MS for solution-basedlysis has been successful due to these

strengths.

| CP-M S I nstrumentation

The ICP is usually formed using Ar gas. The Amiade to flow through a torch that is
made from three concentric tubes, usually made fyoartz (Figure 1). The gas is sent through
each of the tubes at different flow rates. Thenbg flow rate (usually around 15 L/min) is in
the outer tube. This gas flow is responsible tmtaining the plasma and also for cooling the
torch. The torch would melt without sufficient euggas flow. The next tube contains a lower
flow rate used to position the plasma and keeimhfmelting the innermost tube. This
intermediate tube usually contains a flow rateetfdeen 0.7 L/min and 1.5 L/min. The final
tube is in the center of the torch. This tube Ugwantains the sample aerosol gas flow. This
sample aerosol can be either nebulized liquid atsas particles from laser ablation. The flow
rate is most often between 0.5 L/min and 3 L/niins optimized according to the specific
instrument for the needs of the experiment beintppaed.

The plasma is produced in the Ar stream from tihehtby a copper induction coil. This
coil is attached to the RF generator. The genepattvides a power of between 600 and 2000

watts to the load coil. The frequency of the gatwris usually 27 MHz or 40 MHz. Some
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systems use free running generators where thednegus changed to adjust the impedance
matching. The coil induces a current in the Aeaitn, and the plasma is formed when the stream
is seeded with electrons. The magnetic field pcedby the load coil causes the electrons to be
accelerated in circular orbits. A cascade of iation produces the Ar plasma. Most of the
energy supplied to the plasma is coupled into titeranduction region of the plasma. Heating
of the induction region occurs due the large numlbércollisions at atmospheric pressure. The
outer regions of the plasma can reach temperan@as10,000 K. When the sample gas is
introduced to the plasma, it creates a hole ircdmral channel of the plasma. The temperature
in this center region reaches around 6000 K (Figyure

The sample gas carries either nebulized solutidasar ablation aerosols into this
channel. As the gas carries the aerosol towargldsma, the aerosol becomes desolvated if the
sample is a nebulized solution. The aerosol is tteporized and atomized. These atoms are
ionized due to the presence of large numbers ¢f-&igergy free electrons in the plasma.

The ions produced by ICP-MS need be transferredn@ass analyzer. Mass analysis
must be accomplished in a high vacuum of 1t010® Torr. Since the plasma is operated at
atmospheric pressure, it must be sampled and tisetiansferred to the vacuum region of the
instrument. This is accomplished in steps usiddgfarential pumping system. The plasma is
sampled by a water cooled metal sampler cone watlcalar orifice in its tip. The orifice is
usually 1 mm in diameter. The area behind the &amgpne is pumped to a pressure of
approximately 1 Torr. The sampled plasma undergaagersonic expansion in this region.

The supersonic jet is itself sampled by anotheedbat usually has a smaller orifice than the
sampler cone. The skimmer cone, as it is calledally has an orifice of around 0.8 mm. The

ions that make it through the interface are tratteahiby ion lenses to the mass analyzer.



Drawbacks of Solution M easur ement

Solution-based analysis has its limitations. Téma@le to be analyzed must usually be in
a liquid form. Solid samples need to be dissolmedigested to form a solution before analysis.
Due to the sensitivity of ICP-MS, the solutionsatesl from these solid samples may need to be
diluted before analysis. Samples are usuallyeidwnd analyzed in a nitric acid solution. This
sample preparation is time consuming and can ioteerrors during the dissolution and
dilution steps. Contamination is also a problerthwample dissolution as analytes may be
present in the acids used to digest or dissolvedhgple. The solvents used in the dilution step
are also sources of contamination. These consemetimes require the use of expensive ultra-
clean acids and containers which further add ta@dstés of analysis.

The drawbacks of the analysis of solid samplesohytisn measurements precipitated the
study of other more direct methods of sample intobidn for ICP-MS. One of these methods
uses a laser to directly vaporize solid samplesrémrsport into the ICP. The use of lasers as a
sampling method for ICP-MS, called laser ablatiwduictively coupled plasma mass
spectrometry (LA-ICP-MS) was studied starting ia thid 1980s. Laser ablation for sample
introduction was first studied by Thompson et at.dse with ICP-AES [6] and later used with
ICP-MS by Gray [7]. The use of laser ablation asuaple introduction method expanded
throughout the 1990’s.

One problem with this method of sample introduci®the need for matrix matched
calibration standards for quantitative analysitie @mount of ablated material per shot varies by
material based on its laser absorption charadt=idis the use of laser ablation increased, the

amount of standards also increased. Solid cailiiratandards became better defined as to their
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properties in relation to laser ablation. Beckgr f&schliman and Houk [9], and Guenther et al
[10] investigated the use of nebulized liquid stmag for quantification without the use of
matrix matched solid standards.

Another problem with laser ablation is the issuelemental fractionation when an
element or several elements are not accuratelgsepted in the data obtained from a laser
ablation experiment. The element may be over deurepresented. One reason for this is that
some elements can be preferentially vaporized byatber ablation event. Another cause of
fractionation is the generation of large partidtest are incompletely atomized and ionized in the
plasma. Matrix matching can alleviate this problesiboth the sample and matrix matched
standard may respond similarly to ablation.

Other ways to combat the problem are to move totshwavelength lasers, and to use
lasers with homogenized radial beam profiles. Mloge to wavelengths farther into the UV,
such as 266 nm and 193 nm, creates smaller particke to the fact that the laser penetrates less
into the sample. This increases the energy pénvohime. A larger amount of energy in a unit
of volume causes less melting and recombinatigradicles. It also lessens the amount of large
particles ejected from the surface. Vaporizateomore thorough.

Homogenization of the beam profile creates a lewergy profile across the beam
surface. Beam homogenization was investigatedusn@er et al. [11] and a method for
creating a level energy profile was created. Awal laser beam usually has a Gaussian radial
energy distribution. The energy is greatest incieter of the beam, and is the least at the edge
of the beam. This profile causes the center ofaker ablation crater to get more energy than
the edges. This energy profile in turn promotesgioblems of melting, recombination, and

ejection of large particles discussed above. TaesGian distribution of energy can combine
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with the optics used to transmit the beam to timepda surface to create localized “hot spots”
where the focusing of the optics creates a loadlpnt of high laser energy. These “hot spots”
exacerbate the problems associated with largecfgaftirmation. They also cause melting along
the sides of the crater, which are then ablatesutpgequent laser shots. The elemental
composition of the melted material may have beamghd.
Laser Ablation Instrumental Details

The usual use of laser ablation is the samplingpbéls. Several different types of laser
have been studied and developed for use in LA-ICR-I8ome examples include excimer, solid-
state Nd:YAG, and even gaseousZ&3ers. The applications of laser ablation that ar
presented later in this work use a Nd:YAG laseqdiency quadrupled to 266 nm. This is one of
the most common lasers used in LA-ICP-MS.

The laser beam in a laser ablation system is bemiigh optics to set the beam size and
focus. The beam is focused on the sample surisce|ly helped by a camera system. A
diagram of a LA-ICP-MS apparatus is shown in Figirdn the most common setup, the sample
is placed inside an enclosed ablation cell. Thiehes a sample gas entrance port where Ar can
flow into the cell. The Ar gas passes throughddlé over the sample, and then leaves via an
exit port. The aerosol is then sent to the ICRe @ell is purged with Ar to keep the laboratory
atmosphere from entering the cell. Once the sgluirged, the laser is fired onto the surface to
create the sample aerosol. The laser beam cate abldifferent points on the sample, usually
by moving the ablation cell. Movement of the lageer a stationary sample would require more
a more complex optical arrangement.

The laser is controlled from a computer where sgstisuch as intensity, repetition rate,

spot size, and ablation mode can be selected, depeon the system. Most systems have
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several different ablation modes such as singlg sastering, and trench ablation modes. The
use of either ablating on a single spot or ablagitigench, or ablating in a pattern across the
sample surface is dictated by the needs of therempet. Adjustment of the laser ablation
parameters mentioned above along with the choiteeoéblation mode can greatly affect the

rate of material removal. This is an importantdat¢o consider in any analysis.

Applicationsof LA-ICP-M S
Analysis of Geological Samplesby LA-ICP-M S

One of the major applications of LA-ICP-MS is inofegy. The main advantage of laser
ablation for geological work is the in situ, splyiaesolved analysis that laser ablation provides.
Specific areas of the material can be targetedabiated without removing material from other
areas that may not be of interest.

Another use of LA-ICP-MS in this field is to datatarials using U-Pb ratios [12].
Inclusions in geological samples have been analyzed) laser ablation as the sampling
method. Fluid inclusions are one of the varietied have been investigated [13]. The laser is
used to dig down to just above the inclusion. Ttienlaser ablates through the inclusion as the

ICP-MS measures the elements of interest.

Forensic Usesof LA-ICP-MS
Forensic science is a field of study that triesdtve questions of interest to the legal
system. Information is gained through the analgtsamples from crime scenes. One
advantage of LA-ICP-MS in this field is the smath@unts of material ablated for analysis. This

leads to relatively non-destructive analysis ofgsample. This is important in forensics as both
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the defense and prosecution need to have accesglgnce in a court case. It is also important
if the item is valuable. The use of the technitumatch evidence to a crime scene has been
investigated. Materials such as glass [14], ga®}, and silver [16] have been investigated for
matching purposes. Another matching applicaticeuthentication of items that may be

antiques or have some other value.

Ratio M easurement in Particle Ensembles

The measurement of isotopic ratios in solid paldit@s is of interest in several fields
such as environmental science, geology, and nuctagsroliferation. Particulate ensembles can
be individually separated, dissolved, and analymedolution based ICP-MS or thermal
ionization mass spectrometry (TIMS) [17]. Thesdhuds are time consuming, labor intensive,
and introduce the possibility of contamination.e®mall amounts of material in the particulate
ensembles can cause results to be impacted bysevahamounts of contamination. A
spherical particld00 pm in diameter only has a volume of 5.3%%@n?. This translates into a
mass of 1.3x18 g of material in glass. If this particle was é&8N1610 glass standard with a
nominal concentration of 500 ppm, it would cont@i@5 ng of analyte. This amount of analyte
would produce a solution of only 0.65 ppb in Imtatsolution. Particles obtained from
environmental sources may be even less concentrated

The ability of LA-ICP-MS to look at solid samplesettly with minimal or no sample
preparation is of great advantage in analyzingqadete ensembles. If individual particles are
to be resolved, some method must be found to &mtin place. The laser ablation event causes

a shockwave in the solid which may propel parteieembles other than the one targeted into
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the sample gas. The shockwave travels throughdld and produces a trampoline effect on
other patrticles.

One method of preparing particles for analysi® igress the particles into a pellet, with
or without a binder. This method loses the abtlityndividually resolve the particles. Another
method is to attach the particles to double-sidiettystape. The particles are attached to the
tape, which is then attached to the laser ablatiage. The problem with this method is that the
adhesive and the tape itself are damaged by tbe |8%is can cause a loss of adhesion by
particle ensembles other than the particle to lbetedh. These unwanted particles can then be
entrained in the sample gas. The ability to kempigles from other portions of the sample from
becoming entrained in the sample aerosol is imperathen particles of interest are mixed with

extraneous material.

Dissertation Organization

This dissertation is organized into chapters. €hd®pters focus on new applications of
LA-ICP-MS. Chapters 2, 3, and 4 are scientificrjal articles that are published or prepared for
publication. Chapter 2 is a study of rare earémantal profiles in garnets. These garnets are
from the Broken Hill Deposit in New South Wales,stalia. The profiles in these garnets
provide new information about the formation of tl@ad, nickel, and silver ore deposit which
may be of use in exploration of new deposits. @rapis a forensics investigation of
automotive putty and caulking material for possilde in the matching of evidence. A
statistical method called Principal Components #sialis used to interpret the data. The
materials are investigated by manufacturer anddatber. Chapter 4 is an attempt to find new

methods of fixing and analyzing individual partielessembles. One method is to place the
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ensembles onto a gelatin substrate. The otheradetivestigated is to place the particles on

filter paper and then coat them with collodion.eT#U/?®U ratio is then determined in the

particles selected for ablation. Enhancementsdablation process are also studied. Chapter 5

is a conclusion section that contains a summarydanedtions for future research.
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Figure 1

Diagram of an ICP Torch
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Figure 2

Experimental setup of LA-ICRAS
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CHAPTER 2

Discrimination of M etamor phic and M etasomatic Processes at the Broken Hill Pb-Zn-Ag Deposit,
Australia: Rare Earth Element Signatures of Gar net-Rich Rocks

A paper published iEconomic Geology
Paul G. Spry, Adriana Heimann, Joshua D. MessBrl\s. Houk

Abstract

Garnet occurs in a variety of rock types spatiadihated to the giant stratiform Paleoproterozoic
Broken Hill lead-zinc-silver deposit, Australia. hd deposit was metamorphosed to granulite facies
conditions and subjected to at least five periotiseformation (@-Ds). Sulfides at Broken Hill are
commonly associated with quartz garnetite, gametind blue quartz gahnite-garnet rock (BQGGR).
The origin of quartz garnetite and garnetite istomrersial. Proposed models include: metamorphim o
manganiferous sediments formed by submarine hyednotal processes that mixed with aluminous
pelagic sediments; metamorphism of an original iétsediment; metasomatic mobilization of Mn
between the sulfide lenses and the wall rocks eghe-peak (-D,) or post-peak metamorphism 4D

and reaction of Mn derived from partially meltedfisie orebodies with the surrounding pelitic gneiss

REE patterns of whole-rock samples of garnetite quattz garnetite show high light rare earth
element/heavy rare earth element (LREE/HREE) ratiGhondrite-normalized REE patterns, based on
analyses of garnet in garnetite and quartz-gamatid some samples of BQGGR using laser ablation-
inductively coupled plasma-mass spectrometry (LRIKZS) techniques generally show very low
LREE/HREE ratios, flat HREE signatures, and low ralleREE contents (< 100 ppm). HREEs are
incorporated in garnet, whereas LREEs likely ogountergranular material between garnet grainsiand
monazite, zircon, and apatite inclusions in gaoredlong grain boundaries. Garnetite and finergrai

guartz garnetite show positive and negative Eu afies) respectively. Coarse metasomatic garnet
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surrounding R quartz veins, and metasomatic garnet in quartzegiée halos around lead-rich orebodies,
remobilized quartz garnetite and some BQGGR, shositige and negative Eu anomalies, variable
HREESs, low to moderate LREE/HREE ratios, and aeymtterns. The REE signature of garnet in
garnetite and quartz garnetite is characteristionetamorphic garnet with Eu anomalies reflecting
relative inputs of detrital to hydrothermal compotsein a premetamorphic protolitf), conditions and
temperature, whereas arcuate HREE signatures araatéristic of metasomatic garnet that formed-post
peak metamorphism. The REE chemistry of garnebissistent with mineralogical, petrological and
structural studies that demonstrate garnetite amatz) garnetite are metamorphosed sediments that

formed by submarine hydrothermal processes.

I ntroduction

The stratiform Paleoproterozoic Broken Hill deppkitated in the Broken Hill Domain of the
Curnamona Province, Australia, is the largest acdation of lead-zinc-silver mineralization in thexd
(280 million tons at 10% Pb, 8.5% Zn, and 148 g#) AFig. 1). It is spatially associated with a wid
variety of rock types, the most common being thealted “lode horizon” rocks that consist of quartz
garnetite, garnetite, blue quartz-gahnite (Z@%) lode, and lode pegmatite (Johnson and Klingner,
1975). These rocks are also spatially associatddover 400 minor Broken Hill-type (BHT) deposits
throughout the Curnamona Province and constityggraary empirical exploration tool for ores of this
type (Barnes et al., 1983). Despite the obvioudiapaelationship of these rock types to sulfide
mineralization, their origin is steeped in contnsye and the way these rocks can be used as etipfora
guides to BHT deposits in the Curnamona Provingeido be determined. However, exploration crateri

are, in part, dependent on our knowledge of howehecks formed.
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Several models have been proposed to explain thm af quartz garnetite and garnetite in the
main Broken Hill lode. These include (1) metamdsph of manganiferous exhalites mixed with
aluminous pelagic sediments (e.g., Richards, 1$8&nton, 1976b; Plimer, 1984; Wiggins, 1988; Spry
and Wonder, 1989; Lottermoser, 1989; Parr, 1992y &p al., 2000), (2 metamorphism of an original
manganiferous detrital sediment (e.g., Segnit, 18&lydon and McConachy, 1987; Wright et al., 1987;
Webster, 2006), (3) metasomatic movement of Mn fitbm sulfide orebodies into the aluminous wall
rocks (e.g., Henderson, 1953; O'Driscoll, 1953)v&til, 1959; Hodgson, 1975; Prendergast et al98)9
and (4) a reaction between Mn derived from pastiatielted orebodies with the surrounding pelitic
gneisses (Frost et al., 2002; Mavrogenes et &04)20 Wright et al. (1987) proposed that garneirty
rocks were originally high energy, detrital mandardus sands, which acted as host for the minéngliz
fluids. Hodgson (1975) suggested that the metasonewent occurred during the granulite-grade

metamorphic event, whereas Prendergast et al. J 58@@ested that the event was syn- to late-textoni

As a way to understand the origin of the garndt-rincks, bulk-rock rare earth element (REE)
studies of quartz garnetite, garnetite, and bluatqugahnite rocks in the Broken Hill Domain, irgilg
at the Broken Hill deposit, were conducted by Latieser (1989), and by Parr (1992) on the second
largest BHT deposit, the Pinnacles deposit. Rarthelement analyses of individual garnets in gften
from the Broken Hill lode were obtained by Lotteiseo (1988) and Wiggins (1988) using instrumental
neutron activation analyses (INAA), whereas seconitm mass spectrometry (SIMS) analyses of REEs

were obtained by Schwandt et al. (1993).

On the basis of bulk-rock REE studies of garnetiigartz garnetite, quartz-gahnite rock, and
feldspar-, calcite-, and magnetite-rich lithologipsoximal (i.e. intimately associated with baseahere)
and distal to the Broken Hill deposit (i.e., greatiean several hundred meters), Lottermoser (1989)
proposed that these rocks were isochemically metaimoged exhalites. Lottermoser showed that meta-

exhalites proximal to BHT mineralization, includige main Broken Hill lode, are enriched in light
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REEs (LREE: La to Sm) and Eu similar to what isestsed for metalliferous sediments and hydrothermal
fluids from the Red Sea and East Pacific Rise (©@miand Treuil, 1977). He also argued that meta-
exhalites distal to BHT mineralization exhibited ER and heavy REE (HREE: Gd to Lu) enrichments,
as well as negative Eu and Ce anomalies. Howewatedmoser’'s (1989) study was limited in scope
because he only analyzed five samples of exhafibgimal to the Broken Hill orebodies and three
samples of sulfide ore. The remaining ten samaitedyzed were of exhalites distal to the Broker Hil
deposit. It should be noted that Wright et al 9@2questioned the proximal versus distal classifin of
samples Lottermoser (1989) and suggested that sdmbe samples classified as distal should be
considered proximal, whereas others described @dmpal should be considered distal. Wright et al.
(1993) specifically noted that several of the sasmonsidered in Lottermoser (1989), although ldista

the Broken Hill ores, were proximal to other suffidcations along the main Line of Lode.

Parr (1992) analyzed 28 samples of garnetite, grggtnetite, sulfide-rich garnet-gahnite-bearing
rocks and unmineralized metapelite spatially asgedi with the Pinnacles deposit, located 15 km
southwest of Broken Hill. She found that quartznggite and garnetite in the footwall to the sulfmbmes
possess negative Eu anomalies and steep LREE-edrjmditerns, whereas similar rocks in the hanging
wall to the ores exhibit zero or positive Eu andeshnd less LREE-enriched patterns. Heavy rath ea
element concentrations are fairly uniform in theseks across the deposit, but they may be deplated
some samples. The metapelite is slightly enrichedREE and shows negative Eu anomalies. Although
their REE patterns are generally flat, some samplesved slight HREE depletions. Parr (1992)
considered all of these rocks, except for the gglito be meta-exhalites. She suggested that tiadioas
in REE patterns are stratigraphically related amdewdue to fluctuations in REE concentrations i th
primary exhalative fluids. These fluctuations wapparently produced by variations in the tempeeatu

andfO, of the exhalative fluid.
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Secondary ion mass spectrometry studies by Schvedradt (1993) of the REE content of garnet
in four samples of garnetite proximal and distatite Broken Hill deposit showed that garnet has low
LREE and high HREE contents, typical of garnet ietamorphic terranes elsewhere (e.g., Hickmott et
al., 1987; Schwandt et al., 1996). Garnet locatedimal to sulfide mineralization showed positiza
anomalies whereas garnet in a single distal samxiébited a negative Eu anomaly. These patterns
contrast with those obtained by Lottermoser (1988) Wiggins (1998) for garnet in garnetite from the
deposit. The garnets analyzed by Lottermoser (11888 Wiggins (1988) show LREE enrichment and
overall patterns similar to those of the bulk-rdiREE analyses of garnetite obtained by Lottermoser
(1989). Schwandt et al. (1993) attributed theedéhce between the patterns obtained in their sindy
those determined by Lottermoser (1988) as beingtdube way Lottermoser prepared his samples for
analysis. Lottermoser (1988) measured the REEeoowf individual garnets using INAA after they had
been leached in 2 M HCI. Schwandt et al. (1993)uded that the elevated LREE values obtained by
Lottermoser were the result of the incomplete remha@f LREE-enriched grain boundary material or
intergranular film from the surface of garnet. rArtsmission electron microscopy investigation o th
intergranular material by Schwandt et al. (1993)waid that it consisted of a gel-like phase with a
composition similar to garnet that also containe@& and Zn, as well as chlorite, potassium amiuso
chlorides, and a titanium-rich phase. Qualita®#lS analysis of this material by Schwandt et B993)

revealed that it had very high LREE/HREE ratios.

Highly precise in-situ REE analysis of garnet bgelaablation-inductively coupled plasma mass
spectrometry in several studies (e.g., Jacksorl.efi@2; Norman et al., 1996; Prince et al., 2000)
coupled with the limited number of SIMS data obeéaity Schwandt et al. (1993) (rim and centers ef on
garnet each in four garnetite samples only), prechjpt more comprehensive LA-ICP-MS study of garnet
in garnet-rich rocks from the Broken Hill depo3ihe REE data obtained from individual garnet aredys

are coupled with thirty-five new whole-rock analyssf garnet-rich rocks in and adjacent to the Bnoke
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Hill orebodies (i.e., proximal, using the termingjoof Lottermoser, 1989) to provide information
concerning the origin of garnet and its host raold to attempt to identify a REE fingerprint forggt-
rich rocks and individual garnets in and adjacerdre that can be used as an exploration guidBHar

mineralization in the Curnamona Province and elseeh

Geology of the Broken Hill Deposit

The Broken Hill deposit occurs in the Broken Hillomain of the Paleoproterozoic to
Mesoproterozoic southern Curnamona province (Pagk,€005a, b). Geochronological studies by Page
et al. (2005b) suggest a temporal correlation betwecks in the Curnamona province and those dlgatia
associated with the Carpentaria zinc belt in nerthfustralia, which hosts the Mount Isa and McArthu
River base metal deposits. It has been proposgtbbgxample, Giles et al. (2002) that the Mt. ésal
Curnamona provinces were once adjacent to each. otfigite et al. (1995, 1996) suggested that the
Broken Hill Domain formed part of a fold and thrdsglt but this has met with some opposition (e.g.,
Stevens, 1996). The Broken Hill deposit occurs idistinctive suite of metamorphosed rocks in the
Broken Hill Group within the Willyama Supergroup-g7km thick), which consists of psammopelites,
pelites, psammites, mafic and quartzofeldspathokspand chemical sediments (Fig. 1) (Willis et al.
1983; Parr and Plimer, 1993). The package of rati&roken Hill has been interpreted as formingin

epicontinental basin or an intracontinental rifaifPand Plimer, 1993; Page et al., 2005a).

The Hores Gneiss, which hosts the Broken Hill di#pissconstrained to an age of 1688 Ma
(Page et al. 2005a). The generally accepted sethat the Broken Hill Domain and the Broken Hill
deposit underwent at least three periods of deftiom#D;, D,, and 3) (Laing et al., 1978; Willis et al.,
1983; Gibson, 2000), with five periods of deformati(D;-Ds) being reported by Plimer (2006). ; 3

manifested as a penetrative schistosity and asgsacénal folds (Laing et al., 1978). ,[and 13 fabrics,
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which are inseparable within the interval 1593 to 1591+ 5 Ma (Page et al., 2005a), are related to the
development of mesoscopic folds.  Folds assatiatén D; are coaxial with Bfolds and are most
prominent adjacent to majorzZhear zones. In the Broken Hill area, peak metphio conditions
reached granulite facies at approximately Z800F°C and 5-6 kb (Phillips, 1980; Phillips and Wall,
1981), although P-T conditions greater than°858nd 5-7 kb were proposed by Frost et al. (2005aiM
area 5 km east of the mine area. Retrograde mepaimominerals associated with; Dormed at

approximately 558600F°C and 5.0-5.5 kb (Phillips, 1980; Stevens, 1986n&, 2006)

The Broken Hill deposit is 7 km long and consistssix separate orebodies (the A, B, and C
lodes and the 1, 2, and 3 lenses), with some orebdeing sub-divided into at least two massivéidail
lenses. Sulfide ores consist primarily of argemtiis galena and sphalerite with lesser pyrrhotite,
chalcopyrite, and arsenopyrite. Each orebody pessea characteristic metal (Pb, Zn, and Ag) content
and gangue mineralogy, consisting predominantlyarfous combinations of quartz, garnet, gahnite,
fluorite, calcite, rhodonite, bustamite, hedenltergand apatite. The A, B, and C lodes and theng &re
generally enriched in Zn, Cu, and Ca, whereas thad23 lenses contain higher proportions of Pb, Ag,
and Mn (Johnson and Klingner, 1975; Plimer, 1984)ng et al. (1978) suggested that the orebodies
were overturned during deformation and that thei€tblodes (Pb>Zn) lie stratigraphically above #re
rich lodes (Zn>Pb) (Fig. 2). Over the strike ldngf 7 km the orebodies are stratiform, but locatlg
ore zones can be either stratiform, stratabourabotrolled by B, D,, D; or later events. It is relevant to
the present study to note that the C lode andaiceg, the B lode are characterized by broad (df»@mn
by 400m) stratabound blue quartz-gahnite stringareralization that has an apparent crosscutting
relationship to stratigraphy. In places, the C legpears to be located in the axial plane pffdds.
However, recent structural studies by Webster (R@0&posed that the C lode represents the struigtura
offset and attenuated distal end of B lode. Fomptlmposes, of the present study the two sulfideegzanill

be referred to as the B and C lodes.
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The origin of the Broken Hill deposit remains inuthd due to the granulite facies metamorphism
that has affected the ore, recrystallization ofdhes and the resultant lack of primary sulfide aiional
textures (Large, 2003). Models for the genesishef deposit include metamorphism of a syngenetic,
stratiform volcanic-exhalative sea floor deposita(Bon, 1976a; Parr and Plimer, 1993), compactive
expulsion of metal-bearing brines during accumatatdf a thick sedimentary pile and subsequent
metamorphism (Haydon and McConachy, 1987; Wriglal.et1987), metamorphism of a synsedimentary
or syndiagenetic ore deposit (Large, 2003), syatectintroduction of metals during peak metamorphis
(Ehlers et al., 1996; Nutman and Ehlers, 1998; &gth2001; Gibson and Nutman, 2004), and a
magmatic-hydrothermal model in which ore-beariligds and metals were derived from concordant Fe-

rich tholeiites (Crawford, 2006).

The Pinnacles BHT deposit was metamorphosed taulifriacies and was considered by Parr
(1992) to be located in the Cues Formation, appmaiely 700 m stratigraphically below the Brokenl Hil
deposit. Approximately 2 Mt of base metal sulfidleshe main stratabound lead lode (average gra@e o
to 11% Pb; 2.5 % Zn, 300-500 g/t Ag and approxihyate% Pb, 10-15 % Zn, and 30 g/t Ag) in three
small zinc lodes have been mined (Parr, 1994).0rbés hosted in a sequence of metapelites intddzed

with psammopelites, quartz garnetite, garnetitequattz-gahnite rocks.

Garnet-Rich Rocks associated with the Broken Hill Orebodies

Three types of garnet-rich rock are recognizedraké&n Hill (Johnson and Klingner, 1975; Spry
and Wonder, 1989; Plimer, 2006) and were termedtzigarnetite, garnetite, and garnet envelope by
Spry and Wonder (1989), with quartz-garnetite bdindar the most common of the three rock typés.

detailed discussion of the garnet composition, nailogy, texture, and the spatial relationship asth
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rocks to the ore is given in Spry and Wonder (198%) Plimer (2006), and is only briefly summarized

here.

Quartz-garnetite consists of massive or laminate#ts that contain between 10 and 80% garnet
with varying amounts of several minerals includqgartz, biotite, apatite, gahnite, sphalerite, Ipgtite,
plagioclase, orthoclase, hedenbergite, and wolkistoQuartz-garnetite is spatially associated vailh
orebodies but is most abundant in and adjacetiet@tand 3 lenses. This rock may extend for hwsdre
of meters with laminations between 0.2 and 10 dektthat parallel bedding ¢pand the first foliation
(S). Laminae are defined by alternations of garnet@umattz, garnet and sulfide, variations in the color
and size of garnet, and alternations of garnet witer silicates (Fig. 3a). At least seven diffeére
varieties of quartz-garnetite were identified byysand Wonder (1989) and distinguished on the hbafsis
mineralogy. It is noted here that the “quartz-gehgarnetite” of Spry and Wonder (1989) is presant
and adjacent to sulfides in B and C lodes wheggatles into a more abundant blue quartz-gahnite roc
These rocks are massive and parallelSg and 3. One particular variety of massive quartz-gataegeti
which Spry and Wonder (1989) termed “remobilizecantgrgarnetite” consists of coarse spessartine
garnet, up to 1 cm in diameter, and quartz thasszomt massive and laminated varieties of quartz-

garnetite and garnetite (Fig. 3b). This rock tppebably formed during P

Garnetite is a metamorphic rock that contains >8y%olume of orange-brown and pink garnet
(Fig. 3b). It occurs mainly on the margins of he?, and 3 lenses and the A lode, as pods ok$lioc
ore, and stratigraphically along strike from ofeurthermore, it can grade into quartz-garnetitg.(Bt).
Garnetite is finely laminated with laminae up ton® thick defined by alternations between garnet and
guartz and different colors and sizes of garndimd? (2006) described the laminations as beingtiyos
parallel to § and $, but in places garnetite contains chaotic foldselated to these schistosities.
Garnetite and quartz garnetite consist of manyhaf $¢ame minerals and both possess granoblastic

textures (Figs. 3c, d).
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A garnet envelope occurs on the margins of Pbarelhodies as garnet stringers discordanpto S
and S, generally parallel tosSor it surrounds Pquartz and quartz-fluorite veins that cross-cussnae
guartz garnetite (Fig. 3e). Garnet in these gagnetlopes is generally orange-brown in color,daut be
red, and is coarse-grained (up to 1 cm in diameteFhe garnet envelopes formed during &nd

superficially resembles the remobilized quartz gtte described by Spry and Wonder (1989).

Samples and M ethods

Samples were collected from underground locatianth@ former North Broken Hill
(now Perilya’s North mine), and the Zinc Corporatemd New Broken Hill Consolidated mines
(now Perilya’s Southern Operations) and are doctedem Spry (1978). These samples have
been supplemented by drill core from the Southgrar&@ions and CIML7, surface samples from
CIML7, and from the collection of Steve Scott (Usiisity of Toronto). A summary of sample
location, rock type, and mineralogy is given in [eab, and sample locations are also shown in
Figure 4. Polished and polished-thin sections aingfarich rocks were examined with an
Olympus BX-60 dual reflected-transmitted light noiscope and the back-scattered electron
(BSE) mode of a Hitachi S 2460 reduced vacuum sogrglectron microscope (SEM) at lowa
State University (ISU), at an accelerating voltagfe20 kV. Electron probe microanalyses
(EPMA) of garnet were obtained at the UniversityMihnesota, using a JEOL 8900 Electron
Probe Microanalyzer at an accelerating voltagek¥Y and a beam current of 20 nA, using a
range of mineral standards including pyrope (Si, Kig), hornblende (Ti), ilmenite (Fe),

spessartine (Mn), and apatite (Ca). The compositiogarnet in some samples was reported
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previously by Spry and Wonder (1989), in which dstaf the operating conditions of the

electron microprobe for their study are given.

Major elements (Si@ Al,O3, FeOs; CaO, MgO, NgO, KO, MnO, TiQ, P,0Os, Cr0Os,
LOI) of whole-rock samples were determined follogvihiBO, fusion and measured by ICP-
AES techniques. C and S were measured by LECO sieabnd rare earth elements (La, Ce, Pr,
Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, Lu) and\Bare obtained following LiB@fusion and
measured by ICP-MS techniques at Acme Analyticdddratories (AAL). Base metal (Cu, Pb,
and Zn) compositions were obtained by dissolvirgggample in agua regia and analyzing with
an ICP-MS. Standards used by AAL were accurateittuin +5 ppm for the trace elements and

to within 2 percent for major elements.

Laser ablation-inductively coupled plasma-massspmetry (LA-ICP-MS) analyses of garnet
were carried out using a CETAC LSX-500 laser abratmodule coupled to a ThermoFinnigan
ELEMENTL1 ICP-MS instrument at ISU and an AgilentO@5laser ablation system interfaced with a
Merchantek EO-UV laser ablation system at Macqudnerersity, Sydney. The CETAC laser ablation
module is equipped with a Q-switched Nd:YAG laserquency quadrupoled to 266 nm. Samples were
ablated with 100 shots at a pulse energy of 6.3amépetition rate of 2 Hz, and a spot diametelGff
um. A time-resolved plot of signal for each elemesats integrated and concentrations computed using
Geopro software by CETAC. Operating conditions tfeg ThermoFinnigan ICP-MS instrument were:
low resolution, power (~1200 W), and sample gaw flate (~1.3 I/min Ar) adjusted to maximize atomic
ion signal. The Merchantek instrument uses a Qualtter AG laser, frequency quadrupoled to 266 nm.
Samples were ablated with a 100 shots at a pulseef 1 mJ, a repetition rate of 5 Hz, and a spot
diameter of ~5um. An internal standard’Ca) was used for both instruments for CaO concéntisiof

>1lwt. % CaO. For the Merchantek EO-UV laser abtatsystem for CaO concentrations of <lwt. %
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Ca0,?'Al was used as the internal standard. NIST 610sglBearce et al., 1997) was used an external
standard for both instruments, and Mongolian gakhdb388 (Norman et al., 1996) and USGS basaltic
glass standard (BCR2g) were used as internal s@sdiar the instrument at Macquarie University. The
carrier gas for the LA system at ISU was Ar, wheraalMacquarie University a mixture of He and Ar
was used. The raw ICP-MS data for the Macquarigriment were exported in ASCIlI format and

processed using GLITTER! (van Achterberg et alQ130an in-house data reduction program.

The REE data were normalized to chondrite values &cDonough and Sun (1995) rather than
a shale standard such as Post-Archean Australiale $RAAS). The main reason for doing this is that
all previously published REE plots of garnet-ricocks in the southern Curnamona Province
(Lottermoser, 1988, 1989; Wiggins, 1989; Parr, 199@ry et al., 2000; Schwandt et al., 1993) were
normalized to chondrite and it is easier to makeygarisons with these data. Furthermore, theréilis st
considerable debate concerning the origin of wviguall rock types in the Broken Hill area (i.e.
sedimentary protoliths versus igneous protolitlagid the source of the ore-forming components. For
example, Plimer (1985) argued that the ore-formiogmponents were derived from mantle
metasomatism, which supports the contention thretRBEE data should be plotted relative to chondrite
rather than PAAS. Moreover, the REE compositidnguartz garnetites that appear in the literatuwenf
worldwide localities are almost always normalizecchondrite regardless of the host rocks (see 8pry

al., 2000 and references therein).
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Major, Metallic and Rare Earth Element Studies

Major, metallic and rare earth element compositions of garnet-rich rocks

Major, metallic (Cu, Pb, Zn, and Ba), and rareleatement compositions were obtained from 35
samples (11 garnetites, 8 massive and laminatedzeg@rnetites, 7 remobilized quartz garnetites and
garnet envelopes, 7 garnet-gahnite-quartz rocks tiee B and C lodes, one hedenbergite garnet rock,
and one sillimanite gneiss) (Table 2). For all thmee of the 11 samples of garnetite (Kintore32-%39,
and Blackwood 4), the REE patterns for whole-roakngles of garnetite are enriched in chondrite-
normalized LREEs and depleted in HREEs (Fig. =gven of the remaining eight samples show positive
Eu anomalies (Eu/Eu* = 1.47 to 5.12) whereas sasrpd®-117, 532-139, and Kintore 3, exhibit negative
Eu anomalies (Eu/Eu* = 0.11 to 0.49). Samples ¢¢mt3, 532-139, and Blackwood 4 show relatively
flat REE patterns and are not enriched in LREEsheflenbergite-garnet rock (sample 532-285) also

exhibits a flat REE pattern and a very weak positu anomaly (Eu/Eu* = 1.09) (Fig. 5b).

Like most samples of garnetite, samples of tharalite gneiss (532-222B) that occurs adjacent
to the Broken Hill orebody (Fig. 5b), laminated andssive quartz garnetite (Fig. 5c), remobilizedrtu
garnetite and garnet envelopes (Fig. 5d) are emdich LREEs and depleted in HREEs. These garnet-
bearing rocks can show positive or negative Eu atiesiand there does not appear to be any significa
correlation between the nature of the Eu anomaty the sulfur or base metal content of the sample.
Some samples contain several percent S and >1%iced&u+Pb+Zn and have negative or positive Eu

anomalies.

Although the REE patterns of blue quartz-garnetwifehrocks from the B and C lodes
superficially resemble those of other garnet-bearatks in and adjacent to the Broken Hill depdbkity
all have prominent negative Eu anomalies (Eu/Eu®.£3-0.43) and flat HREE patterns (Fig. 5e).

Several other garnet-bearing samples also havéiR&E values, but many show a gradual decrease or
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increase in the normalized HREE values for elemeeévier than Gd. The Ce/Ce* values for all garnet

bearing rocks range from 0.87 to 1.18, which indisahat they possess only weak Ce anomalies.

Major element compositions of garnet in garnet-rich rocks

Although there are exceptions, electron microprafie@yses show that garnets from garnetite and
quartz garnetite from the 2 and 3 lenses are giyezariched in the grossular and spessartine
components, respectively whereas those from thed& khow both elevated spessartine and grossular
components (Fig. 6, Table 3). By contrast, gaimmeguartz garnetite and blue quartz-garnet-galroitis
from the B and C lodes is generally depleted insimessartine and grossular components and enriched
the almandine component. Garnet in one sampleuaftzy garnetite from the 1 lens also shows
enrichment in the almandine component. The contipasiof garnets obtained here reconfirms
observations made previously by Spry and Wonde8q)LSpry et al. (2003), and Plimer (2006) that the
composition of garnet in garnetite, quartz gareetdnd blue quartz-garnet-gahnite rocks reflects th
overall bulk composition of the individual orebaslidescribed by Johnson and Klingner (1975). Most
garnets in these rocks and remobilized quartz géengre homogeneous in composition and show no
discernible zoning. Exceptions to this are sharpmositional breaks in garnet from the garnet erpes
and rarely in garnetite. In both these rock typeange colored spessartine-grossular overgrowttisro
on earlier formed garnet (Fig. 3f). Similar ovengths were reported previously by Spry and Wonder

(1989) and Gregory et al. (2004).
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Rare earth element compositions of garnet in garnet-rich rocks

One hundred and forty eight REE analyses of gam&2 samples were obtained using LA-ICP-
MS techniques. The entire data set is availablaraslectronic supplement to this paper at http:

Representative compositions are givemable 4. The bulk rock REE content was also

determined for seventeen of these samples (Table 2)

Up to six ablations of garnet per sample were okthi Although attempts were made to evaluate
whether compositional zoning occurred within indival grains of garnet, this effort was thwartedHoy
presence of micromineral inclusions (silicates, nfyaiquartz, and sulfides) in many grains. Where
possible, the cores of garnet grains were chogemdat analyses to minimize the chances of hitiiber
stage or post peak metamorphic overgrowths. Maeahe areas that were ablated were those that

showed no visible mineral inclusions.

Chondrite-normalized REE abundances of garnet msepted in Figures 7 to 9. Care was taken
to ensure that micromineral inclusions were notyaresl. This was of greater concern with the LAHCP
MS instrument used at ISU, which had a beam spiottthe diameter of that at Macquarie University. L

could not be plotted in samples where values wel@bthe detection limit.

Garnetite and quartz garnetite: LA-ICP-MS analyses reveal that garnet in garnetted
laminated and massive varieties of quartz garnetdabit very low LREE/HREE values. In general,
garnetite and massive or laminated varieties oftgugarnetite show flat HREE patterns (Figs. 7 &hd
Garnet in seven out of eleven samples of garngtibev weak to strongly positive Eu anomalies (Figs.

g), whereas the remaining samples (Figs. 7h-k) heagative Eu anomalies. Sample 532-285, which
consists essentially of friable garnet and hedagitegrbut is not by definition a garnetite (i.eontains >
80% garnet), exhibits a pattern identical to thfagarnetite. It has a positive Eu anomaly, a HREE

distribution, and a very low LREE/HREE ratio (Fiti).
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Garnet in five of six samples of massive or lamedatjuartz garnetite exhibits negative Eu
anomalies; sample 532-284, a massive quartz geenfetm the A lode, shows a weak positive Eu
anomaly. No discernible Ce anomaly is present i sample of garnetite or, massive and laminated
quartz garnetite, which is consistent with the iingd of Schwandt et al. (1993) for garnet in gateet
Sample 532-298 was analyzed at ISU and Macquarigetsity. The patterns were essentially identical

and emphasize the robustness of the data usingrstthments (Figs. 8a and b).

To compare the patterns of garnet in garnetite quatz garnetite with those of garnet in
aluminous metasedimentary rocks spatially assatiaith sulfide mineralization, garnet in samples of
garnet sillimanite schist adjacent to the B lod@2(222B) and biotite-muscovite schist adjacenht® 3
lens (532-84) were also analyzed. The garnetaniwlo aluminous metasedimentary rocks have negative
Eu anomalies and the same overall REE patterndh@se texhibited by garnet in garnetite and in

laminated and massive varieties of quartz garng@itgs. 8h, i).

Garnet envelope and remobilized quartz garnetite: Samples 532-1, 532-21, and 532-502 are from
the garnet envelope at the margin of the Pb-rigbadies, whereas 532-316 is an example of a garnet
envelope that occurs on the margins of;@artz vein. REE patterns of these rocks are cteniaed by
LREE depletion similar to that exhibited by garmetgarnetite and in massive and laminated quartz
garnetite (Figs. 9a-d). They also have positiveaBamalies, except for sample 532-1 which shows a
weak negative Eu anomaly. However, unlike mostextas of garnet in garnetite and massive and
laminated quartz garnetite, garnet from the gaemtelope shows a decrease in normalized REE
abundances from Eu to Lu. Furthermore, individualyses of different garnets within a given sample
generally show a much greater variability in tHREE content than do those of garnet in garnetitkimn
massive and laminated quartz garnetite, which dittheszcompositional variation. Garnet in two saepl
of remobilized (possible {) quartz-garnetite (532-68 and 532-241) shows tepaglmost identical to

that of garnet in samples from the garnet enve(bms. 9e-f).
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Blue quartz-garnet-gahnite rocks: REE patterns of garnet in blue quartz-garnet-gahrotks
(samples 532-2, 532-19A, S77-11, 6925-89.1, anddZ3Z.9) and a garnet-biotite rock with minor
gahnite and quartz (sample 532-17) from B and @dahow patterns more similar to those of garnet in
remobilized quartz garnetite and from the garnetekpe than to those of garnet in garnetite and in
massive and laminated quartz garnetite (Figs. L0&#frnet in blue quartz-garnet-gahnite rocks ladhi
low LREE values and negative Eu anomalies. The EHR&terns for sample 532-17 and two analyses of
samples 532-19A and Z3293-77.9 are not flat butvshegative slopes for REEs heavier than Tb,
although the Lu/La ratio is higher than that ofrggirin remobilized quartz garnetite and from thenga
envelope. Individual analyses of garnet from almjte-bearing samples from the B and C lodes show
the same degree of variability of heavy REEs asdhexhibited by garnet from remobilized quartz

garnetite and garnet envelope.

Discussion

The REE pattern of garnet in metamorphic rocksejgsettdent on several variables including the
partitioning of elements among coexisting mineralak-rock composition, crystal chemistry, aqueous
speciation of REEs in the metamorphic fluid phasequilibrium with garnet, metamorphic P-T regime,
and fO, conditions, and can be used to help determineotigin of garnet and its host rock (e.g.,
Sverjensky, 1984; Lottermoser, 1988, 1989, 1992 Ba91; Van Westernen et al., 2000; Smith et al.,
2004). The garnet-bearing samples studied herastgmsnarily of garnet or garnet and quartz; hoamrev
variable amounts of sulfides and accessory phdsksipar, apatite, monazite as in Fig. 3d, ziram
titanite) are also present (Spry and Wonder, 1988¢ause quartz and sulfides are generally defiaren
REEs, REE patterns for garnet are unlikely to lbectéfd by the partitioning of REEs between garmnet a

these minerals. Garnetite and quartz garnetitecoatain several percent apatite and feldspar (Spdy
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Wonder, 1989). However, samples chosen for LR-MIS studies excluded those with more than trace
amounts of feldspar, monazite, zircon, and titanltecould be argued that even where a trace atmafun
these minerals is present they may significanflgcafthe REE content of the rock. However, it hasn
shown by Stanton (1976b, 2004) that chemical diffusn quartz garnetite and garnetite at Broker islil
limited to distances of the order of 0.1 mm. Thigygests that widespread diffusion of REE between

REE minerals and garnet has not occurred.

Studies by Shimizu (1975), Irving and Frey (1978)d McKay (1989) demonstrated that the
size of the dodecahedrally coordinated site andsihe of the REE cations make the HREE more
compatible than the LREE in garnet enriched indheandine and spessartine (SPALM) components.
Smith et al. (2004) showed that metasomatic gagnethed in Ca contains elevated LREEs because of
the similarity in size between €aand the trivalent LREE. Previous studies of matast garnet have
focused on Ca-rich garnets, which exhibit high LRHEEEE ratios and a wide range in chondrite-
normalized abundances among point analyses withindividual grain of garnet (Nicolescu et al., 899

Smith et al., 2004).

REE patterns of garnet in remobilized quartz-gar netite and garnet envelope

Garnet in the garnet envelopes and in remobilizeartg garnetite at Broken Hill was likely
precipitated from a metamorphic fluid during posgg metamorphism @Pbecause they occur in white
D; quartz veins or irregular patches that cross-gl8; $anding in wall-rock schists, quartz garnetite and
garnetite. Garnet in the garnet envelope and rdimediquartz garnetite is generally enriched in the
almandine and spessartine components, but in tmplea (532-241 and 532-507) garnet is enriched in

the grossular component (with up to 21 wt. % CaQGhprnet in these rocks also has low to moderately
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low LREE/HREE ratios, which are markedly differdmdm the high LREE/HREE ratios observed in

metasomatic Ca-rich garnet from skarns (Nicoles@l.£1998) and contact aureoles (Smith et aD420

The REE patterns of garnet in remobilized garnet snthe garnet envelope typically show
variable chondrite-normalized REE contents and @edsse in normalized REE abundances from Eu to
Lu (Fig. 9). The following factors must be consetk when evaluating these patterns (1) the major
element composition of the garnet, (2) the commsibf the metamorphic fluid, (3) the effects of
speciation of the hydrothermal fluid, and (4) tlaéune of pre-existing phases that may have brokemd
to form garnet during the {retrograde (amphibolite facies) metamorphic evenfor garnets analyzed
here, concentrations of major elements are unifaithin and between grains. Therefore, the overall
variations in the HREEs do not reflect differencesnajor element compositions. Although Ca-rich
overgrowths were found in several samples fromgdumet envelope, such grains were avoided during

this study.

The only information pertaining specifically to themposition of metasomatic fluids associated
with the formation of the garnet envelope and reilimsal quartz garnetite is that given by Spry (1978
who conducted a preliminary fluid inclusion studygoiartz and garnet in these rocks. Inclusionsaiont
H,O-CH,-COx-bearing fluids with up to eight daughter crystdlstal homogenization temperatures)(T
for fluid inclusions in garnet ranged from approztely 304 to 324C, whereas those in quartz were up
to 378C. Daughter crystals included halite, calcium dhle, sylvite, unidentified Na-Ca-Fe-Cl and Mn-
Ca-Fe-Cl salts, two Ca-S minerals (one of whiclrnbydrite), and dawsonite [NaAI(GQOH,)]. No
attempt was made to determine densities of thd hecause of its chemical complexity,(HCH,-CO.-
NaCl-MgChL-KCI-CaSQ-etc), but the pressure-corrected temperatureslilkely to be hundreds of
degrees higher than,Tdue to the high salinities, which is consistenthwihe amphibolite facies
metamorphic conditions associated with. DPrendergast et al. (1998) and Williams et a@9@) in

evaluating syn- to late-tectonic metasomatic flUids-Ds?) associated with quartz-garnet-hedenbergite
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rocks in the A lode showed that, based on fluidlision studies, they had high temperatures (300&00
and were saline, with characteristic daughter naineassemblages consisting of halite, sylvite,
pyrosmalite [(Fe,MnBii¢0:15(0OH,Cl),g], and an unidentified Pb-K chloride. This roclpéycontains the
same minerals as the remobilized hedenbergitexjganrnetite from the 2 lens that was described by
Spry (1978). Although Prendergast et al. (1998&) \Afilliams et al. (1998) did not specifically aside
these fluids with a given deformation event, thedflinclusion assemblages and temperature of foomat
that they reported resemble those that are asedcieth the formation of remobilized quartz garteeti

and garnetite envelope during.D

Based on the calculations of Sverjensky (1984), &V(®90) and Bau (1991), the positive Eu
anomaly in garnet from remobilized quartz garnegitel from the garnet envelope is likely due to the
dominance of Eii relative to E&' in the metamorphic fluid, owing to the high tengteres (1 fluids
were 500-550°C). However, it should be noted that the studypeérjensky (1984) focused on crustal
fluids between the fayalite-quartz-magnetite andymegite-hematite buffers. A positive Eu anomaly is
also generally associated with reducing fluids,olhs consistent with the presence of methaneuid fl
inclusions in quartz and garnet in these rockis #lso possible that the positive Eu anomaly calso
be associated with the alteration of plagioclasaihg rocks in the footwall of the deposit, butréhes no

microscopic evidence for the pervasive alteratibplagioclase.

As was pointed out by Wood (2003), the lack of expental data at elevated temperatures and
pressures limits the understanding of ligands iy complex with REE under metamorphic conditions.
Based on the experimental studies of Gammons €1896, 2002) and Migdisov and Williams-Jones
(2002), it has been shown that REE complex withorithes, rather than fluorides or hydroxides in
submarine geothermal conditions. However, theréess certainty as to the importance of chloride
complexes in chloride-rich continental thermal wsitéWood, 2003). Regardless of whether the

formation of Broken Hill ores was associated widmting in a submarine environment (e.g., Stanton,
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19764, b) or in a continental rift lake settingg(e Plimer, 2006), it is likely that chloride coregks
dominated over fluoride complexes in hydrothernhaibé associated with the formation of precursors t
laminated and massive quartz garnetite and gagnegtuorite is a common gangue mineral in then2 le
orebody, and it is also present in some sampl@saskive and laminated quartz garnetite, but agqubin
out by, for example, Samson and Wood (2005), REE&ritle complexes are likely to be less important
because of the low solubility of fluorite. =~ Chhie complexing would account for the decrease it RE
abundances from Eu to Lu in several samples of bdined quartz garnetite and garnet envelopes since

the stability of REE-chloride complexes increaséh atomic number (Wood, 1990; Haas et al., 1995).

Remobilized quartz garnetite and garnet from thengfaenvelope commonly replaced earlier
formed massive and laminated varieties of quartnegde and garnetite. Thus, it is likely that REE
patterns of garnet in remobilized quartz garnedite garnet envelopes were, in part, derived froen th
breakdown of garnet in massive and laminated veseatf quartz garnetite and garnetite since. This
could explain the depleted LREE content in the s@tatic Ca-rich garnet, which would otherwise be

expected to be elevated and to posseh. uaratios >1 (Nicolescu et al., 1998; Smith et a0042).

REE patterns of garnet in garnetite and massive and laminated quartz garnetite

Garnets in garnetite have very low LREE/HREE ratwsl REE patterns that are essentially
identical to those obtained by Schwandt et al. 8)9%uch patterns are typical of garnet enriclmetthé
almandine and spessartine (SPALM) components fonneégionally metamorphosed rocks elsewhere
(Hickmott et al., 1987; Seifert and Chadima, 198&kmott and Shimizu, 1990; Schwandt et al., 1996).
Most samples of garnetite and massive and laminatedties of quartz garnetite studied here wermfro
the 3 lens, and contain garnet enriched in thesgpiise component rather than the grossular conmgone

Garnet in these rocks contains between 0.53 arg8 1. % CaO. The amount of Ca in garnet does not
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appear to have any major effect on the shape oREie pattern. This observation is contrary to that
Schwandt et al. (1993) who reported that the masti¢h garnet in garnetite (13.1 wt. % CaO) in tthei
study had higher concentrations of LREE than gam#éte other three samples (between 0.9 and 4.1 wt
% CaO). Moreover, they suggested that there wasxaellent correlation among concentrations of Eu,
total LREE (La, Ce, and Nd) and Ca?(R0.97). Despite this, only a poor correlatiorf €R0.06) was

observed here between Ca and the total LREE.

Garnet in samples of massive and laminated quarteegite has essentially the same REE pattern
as the garnet in garnetite. Garnets in nine sargdlgarnetite, a friable hedenbergite-garnet (saknple
532-284), and one sample of massive quartz gaen@gmple 532-284) have positive Eu anomalies and
possess the same patterns as those reported by&itthet al. (1993) for garnet in proximal garnetite
Two samples of garnetite and four samples of latath@r massive quartz garnetite show negative Eu

anomalies that mimic patterns reported by Schwandkt (1993) for distal garnetite.

The REE data for garnet in garnetite and in masane laminated varieties of quartz garnetite
suggest that these rock types had a common otiginwas not related to sulfide melt metasomatism
during peak metamorphism (Mavrogenes et al., 2@4jo metasomatism during peak or post-peak
metamorphism as a result of fluid-facilitated iattion between the orebody and the aluminous wall
rocks (e.g., Jones, 1968; Hodgson, 1975). On ¢hérary, the REE patterns of garnet in garnetité an
quartz garnetite are distinct from those of metag@ngarnet in remobilized quartz garnetite and
garnetite and have patterns characteristic of mataimic garnet. The most likely explanations foe th
REE patterns of garnet in garnetite are those g@gpby Schwandt et al. (1993), who suggested hiegt t
are characteristic of either a metamorphosed Mm-rgediment of exhalative origin or of a
metamorphosed hydrothermally altered sediment. Sobtvet al. (1993) suggested that the positive Eu
anomalies for garnet in garnetite reflect 16@, conditions in the protolith of garnetite that fadh

proximal to a hydrothermal vent. Garnet in sampliegarnetite studied here also mostly have a pesiti
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Eu anomaly and support the view of Schwandt et(E)93) that these rocks formed proximal to a
hydrothermal vent. The remaining samples of gammethd most samples of laminated and massive

guartz garnetite have negative Eu anomalies.

The close spatial relationship between garnetitk qurartz garnetite, and the fact that they are
essentially only distinguished on the basis of guapbntent suggests that they formed by the same
process under similar physical and chemical comditi We suggest that both rock types are
metamorphosed products of submarine hydrothernoglesses that operated proximal to a vent site. The
negative Eu anomaly in some samples could be euaby the high oxygen fugacity conditions
associated with the protolith or a high detritalmpmnent of the precursor material (Peter and
Goodfellow, 1996; Spry et al., 2000). This mears these samples did not necessarily form moraldist
to a hydrothermal vent than those with a positiveaBomaly, as is implied by the studies of Lottesaro

(1989) and Schwandt et al. (1993).

Although REE compositions of individual garnets v@ot obtained from the Pinnacles deposit,
Parr (1992) showed that bulk-rock REE patterns ahet-rich rocks were controlled by stratigraphic
position and reflected relative degrees of detnitpuit. Such a stratigraphic dependence wouldydeca
scenario in which Mn-rich garnet rocks were forngch reaction between the Mn-rich orebodies and the
country rock (e.g., Mavrogenes et al., 2004), agrametrical zonation of the garnet-rich rocks acbun

the ores would be expected.

The patterns observed for garnet in garnetite aratg) garnetite are virtually the same as those
reported by Rozendaal and Stalder (2001) and Stalul# Rozendaal (2005) for garnet in Fe- and Mn-
rich exhalites spatially associated with the |aB}¢T Gamsberg Zn deposit, South Africa. Garnet in
garnet-rich rocks in the ore from the Gamsberg di¢pptas a distinct positive Eu anomaly whereas that

above, below and lateral to the ore has a negktivenomaly. However, in contrast to garnet in gaie
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and quartz-garnetite at Broken Hill, Ca-rich garinegjarnet-rich rocks at Gamsberg has elevated LREE
The reason for this difference is uncertain, buhi#ty be related to the presence of monazite, apatit
zircon, and titanite in garnetite and quartz gammefrom Broken Hill, which can incorporate high
concentrations of the LREE. Rozendaal and StgRi#91) also reported weak negative Ce anomalies in
garnet and suggested that they were caused byngedaexposure of the protolith to seawater. Alfiou
the low La content of garnet in several samplegualrtz garnetite and garnetite at Broken Hill prdek
the determination of a Ce anomaly, it is noted thatre there is detectable La no observable Ce alyom

is present in the samples studied.

REE patterns of garnet in blue quartz-gar net-gahnite rock from B and C lodes

Parts of the B and C lodes at Broken Hill are comipnaiscordant to gand S, and this raises
the question as to the relative timing of formatidthese orebodies. They are both characterizdaua
quartz-garnet-gahnite rocks, which can cross-amiriated quartz garnetite. Similar rocks have been
found elsewhere in the Curnamona Province and emerglly concordant to,&nd §, but they can also
be discordant to these planar features (e.g., Niite deposit). The spatial distribution of blueagtz-
garnet-gahnite rocks suggests that they had aagtett history of formation and that discordant etzes
were remobilized from concordant rocks. Three dampf blue quartz-garnet-gahnite rock (532-2, 532-
17, 532-19A) and one sample of a garnet-biotitd (682-17) are from a feature known as the “Western
Longitudinal” (Fig. 2), which is a fault-controlledemobilized, and in places drag-folded portionhaf B
lode. The REE pattern of garnet in these samplesrisistent with the interpretation that thesé&sare
products of remobilization, as the pattern resemth@t for garnet in remobilized quartz garnetitel a
garnet envelope. In particular, they have vari®diREE contents and, in the case of samples 17 @Ad 1

a decrease in normalized REE abundances from Tb.to
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Implications for exploration

The studies of Lottermoser (1989), Parr (1992), Badon (1996) suggest that the REE pattern
of rocks in or adjacent to the Broken Hill, Pinres;l and Cannington BHT deposits reflects the
composition of an exhalative precursor prior to anstrphism and that the REE were mobilized over
very short distances during prograde metamorphidmpointed out by Lottermoser (1989), the presence
of synchysite [(Ce, La)Ca(GRF] along the fractures of feldspathic gneiss atkBro Hill indicates
mobilization of REE during retrograde metamorphistowever, this was likely localized because, as
Lottermoser (1989) further pointed out, the tot&ddERabundance and pattern of garnet-rich rocks in

retrograde shear zones at Broken Hill have the gmtierns as those unaffected by shearing.

Lottermoser (1989) suggested that the positive medative Eu anomalies associated with
feldspar-, gahnite-, calcite, magnetite-, and darich lithologies (so-called meta-exhalites) was
essentially dictated by Eh, pH, and temperatureh $hat a positive Eu anomaly was indicative otelo
proximity to a hydrothermal vent and sulfide mineation, whereas a negative Eu anomaly was
characteristic of a meta-exhalite that formed distaore. A strong positive anomaly as well as IERE
enriched and HREE-depleted patterns were repogtd@bdon (1996) for various styles of mineralization
at the Cannington Ag-Pb-Zn deposit, Queenslandtetrmbser (1989) suggested that sulfide ores and
proximal exhalites are enriched in LREEs and Eulamto recent hydrothermal fluids and metallifesou
sediments at mid-ocean ridges. Parr (1992) showatdyarnet-rich rocks in the footwall of the Pinleac
deposit have negative Eu anomalies, whereas gachetecks in the hanging wall or in the orebodyda
no or positive Eu anomalies. This apparent stiapigic control was assessed in terms of the same

physical parameters discussed by Lottermoser (198€) the added caveat that the HREES in footwall
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samples may reflect hydrothermal leaching of thelments during pre-metamorphic hydrothermal

alteration.

At Broken Hill, whole-rock REE analyses of garnetis well as individual REE analyses of
garnet in garnetite show positive Eu anomalieses€ldata are consistent with the findings of Schivan
et al. (1993) who also showed positive Eu anomdbegjarnet in garnetite. Although this relatiomsh
can be used to indicate close proximity to a hyrohal vent and associated sulfides, it is notctme
for other garnet-bearing rocks. Blue quartz-gagadtnite rocks and garnet contained therein fronBthe
and C lodes in the stratigraphic footwall of theal&t have negative Eu anomalies. Whole-rock REE
analyses of laminated and massive quartz garnasitevell as individual REE analyses of garnet in
laminated and massive quartz garnetite have bahiy® and negative Eu anomalies. These REE data
show that only the positive and negative Eu anonoélgarnetite and blue quartz-garnet-gahnite rock
(and garnet contained therein), respectively, @oded as an exploration guide to ore but thasitreof

this anomaly for laminated and massive quartz gaeneannot be used in this manner.

Whole-rock REE patterns of garnetite and quadmetite and individual REE analyses of
garnets in these rocks that formed distal to thek&n Hill deposit and in minor BHT elsewhere in the
southern Curnamona Province, including the OlarynBio, are similar to those of garnetite and quartz
garnetite at Broken Hill (Heimann et al., 2005, idenn, 2006). Negative Eu anomalies are generally
observed in garnet-rich rocks in minor BHT deposit&l also in individual garnets from these same
rocks. It should be noted that garnet in garrat-riocks closest to ore at the Gamsberg deposit has
positive Eu anomalies and the largest Eu/Eu* valwbereas those distal to or stratigraphically @owv
below the deposit have negative Eu anomalies (Rizmdrand Stalder, 2001). Such patterns are similar

to those described by Parr (1992) for garnet-rictks from the Pinnacles deposit.
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Conclusions

The precursors to garnetite and massive and laednadrieties of quartz garnetite formed by subnearin
exhalative processes beneath the sea floor, wheeeasbilized quartz garnetite and garnet envelopes
surrounding quartz veins and the orebodies formethbtasomatic processes post-peak metamorphism
(likely D3). The chondrite-normalized REE patterns of metaga@ garnet at Broken Hill show positive
and negative Eu anomalies, variable HREEs, low talerate LREE/HREE ratios, and characteristic
arcuate patterns. The REE signature of garnet megjee and quartz garnetite resembles that of
metamorphic garnet with Eu anomalies reflectf@y conditions, temperature, and relative inputs of
detrital to hydrothermal components in a premetgmar protolith. An arcuate HREE pattern is also
evident for garnet in blue quartz-garnet-gahniteksothat also likely formed post-peak metamorphism.
Whether this means that all B and C lode mineratinaformed post-peak metamorphism and did not

form by submarine hydrothermal processes remaiokean

Whole-rock REE patterns of garnetite and of gatnetarnetite generally show positive Eu
anomalies, whereas whole-rock REE patterns of blusrtz-garnet-gahnite rock and of garnet in blue
guartz-garnet-gahnite rock show negative Eu an@waliThese patterns suggest that the Eu anomaly of
these rocks can be used as an indicator of clasénpity to ore at Broken Hill. However, the whaleek
REE patterns of massive and laminated quartz gegnand of garnet in these rocks have variably
positive or negative Eu anomalies suggesting thaartomalies for these rocks are not reliable irtdrsa

to ore.
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TanLk 1. Lithology, Location and Mineralogy of Garnet-Bearing Rocks Analyzed for REE Saudies

Sample Litholagy Location Mineralogy! Accessory and trace minerals!

Blackwl? Carnetite Blackwoods pit, hanging wall of 3 kens® Gr. qtz Mgt, ilm, hem

Blackw4 Carnetite Blackwoods pit, hanging wall of 3 lens® Gr: Qtz, m, En cop, sp. td, hem

Blackw3 Carnetite Blackwoods pit, hanging wall of 3 Jlens” Gr: Otz s, hrr

Blackwd Carnetite Blackwoods pit, hanging wall of 3 lens® Gr: (tz, m, po, ccp, sp

Kintore 32 Carnetite Kintore pit, adjacent to 3 lens? Gr: Otz

Kintore 42 Carnetite Kintore pit, adjacent to 3 lens!® Gr: Otz

5332202 Carnetite A7 level, 3 lens, 13N stope (NMiUL Gr: Otz m. ap, sp. cop. td

5332-834 Laminated gametite 7 Jevel, 3 lens, 13N stope (NM )12 Gr: (tz, m, ilm, po, cop

532-45% Carnetite 7 level, 3 lens, 16 stape (NM )1 Gr., sp. giz Apy. po, cu:p on

532-1043 Carnetite 7 level, 3 lens, 16 stape (NM )4 Gr. sp Otz (T ]px

532-1172 Carnetite 19 level, 3 lens, 13 stape (NEHC)® Gr: Otz, =hl, bt, ilm, gn, hem

532-1193 Carnetite 19 level, 3 lens, 13 stape (NEHC)® Gr: Otz

532-1392 Laminated gametite 18 Jevel, 3 lens, 14 stape (NM )V Gr: (tz, po, bt ilm, cep, sp, gn, apy

S7A-1543 Carnetite in o 27 level, 3 lenz, 13 stape (NM 18 Cr g (e, ip. cop, apy, po. td

532-283% Garnetite in ore [7 sublevel, A lode, 6 stope (NEHC)1 G (M, ip. po,gn. ccp

532-3133 Carnetite 12 level, A loce (ZC)0 Cr, qtz Sp. g, po, ecp

35444752 Carnetite section B3, 2 lens (NEHC )2 (B (tz, bt flm. ap

5332-2854 Hedenbergite- gamet-rock 17 subdevel. & lode, 6 stope (NEHC® He, gt (M. sp, gn, cep, po. apy. Im

532-3358 Laminated quartz- |7 level, 2 lens (203 Oz, mrt. cum, spom W, eal, cep, po
enmmingtonite-gamet rock

5O2-128B7 Massive quartz gamictite L8 level, B loce, H stope (NEHC) Ohs, prt, bt St, pe. cop, armn, dm, py

5322312 Massive quartz gametite 28 level, 2 lens (NM 2 Chz, gt Gn, val, ep, bt, chl ap, py. ilm

532-0843 Massive quartz gametite |6 level. A lode (NBHC Gr, qtz Cn

5332-1084 Massive quartz gametite Drill hole 2273 61.2 feet, C lode? Qtz, prt Gn. po, ilm, gah, cop. apy

533-3033 Massive quartz, gametite 12 level, 1 lens, (ZC)4 Chz, gt Et, sp. gn, cp. po. py. hin

532-3042 Massive quartz gametite 12 Tewel, 1 lens, (ZC)® Chz, gt Ilm, 5t, sp, zn, po, cop

532-0114 Massive quartz gametite 12 Tevel, B loce (ZC Chz, gt IIm, gn

S2-404 Laminaled quartz gametile 20 level, 1 lens, 24 I stope [NBITC)™ Gr, gz Cep, llm, po, 5p, gn

5323064 Laminated quartz gametite 3A level, 2 or 3 lens (NM)2 Chz, it llm, m, ep

ST6-283 Massive quartz gametite 13 Jewel, B loce (NBHC )M Qu, g ﬂ'rt Bt po, ms

53382 (nartz-gahnite-gamet rock L3 level. B loce, W Long (NBHC P Qu, g ﬂah Bt, sp. apy. 2cp. gn. po

532172 Carnet-bintite rock L3 level, B loce, W Long (NBHC ) Gr, ht Gah, qtz, sp. gn. po. cop, apy

532-19A8 Cahnite-gamet-quartz rock 13 level, B lode, W L:mg (NEHC Cah, grt, gtz Bt, po, sp. ccp.i].m

ST7-114 (nartz-gamet-gahnite rock 13 Jevel, B loce, W Long (NBHC Chz, git. gah Et, mgt, po, cep, apy, chl, ilm

GH25-68. 14 (uartz-gamet-galinite rock secton 41, C lode (NEHCP ez, grt, pah Et, ilm, sp, 7o, m, ccp, hn

G930-48 42 Carnet-bintite-zahnite rack Section 41, Clode (NBHCP® Cr, bt, gah (tz, sp. po.gn, ccp

32036308 Quartz-gahnite-gamet rock bection 38, C lode (NEHCH Chz, git, gah Et, kis, ms.st, ilm, py, cop, sp

L3203-T79  (nartz-gahnite-g -T‘unetmck section 35, C lode (NBHCH Gr, qtz, gah Et, ms, ilm, gn, pa, cop

3512677 Quartz-gahnite-g amet rock section 30, Clode (ZC)# (hz, git, gah Sp, g, ilm, cep, po

235121202 Quartz-gahnite.g -T‘unetmck section 30, Clode (ZC)4 (hz, git, gah Gn, eep. po. sp, ilm

532-654 Remobilized quartz garnetite 18 Jevel, 3 lens 15 stope (NM 4 Gr, qtz, bt, g, ip Ilm, 5t, sp, -

532-1072 Remobilized quartz garnetite 27 level, 3 1ens, 12 stape (NM & Gr, qtz Et, chl, cal, ap, apy, ilm, po

5322414 Remobilized quartz, gametite 28 level, 2 lens (NM 4 Gr, qtz Sp, . cep

532-1342 Remobilized quartz, garmetite 17 level, 2 lens (20 Cr. qtz, bt Gn. ep, sp. 20

5335003 Remolilized quartz, garnetite 28 Jevel, 3 lens, 13 stape (NM Gr, qtz

5324 Carnet envelope 1 Jevel, lead ‘ode 21W stope (NEHC#  Gr-, qtz, bt, ms [lm

53340 Carnet envelope 27 Jevel, 3 lens 16 stope (NM Cr., qtz Ilm, 1p

532-316° Carnet envelope 36 level, 1 lens (NM 3L Gr, qu Mgt, hem

533-5023 Carnet envelope 28 level, 3 lens (NM % Gr. qtz, sp Td, cop, gald

876-2214 Carnet envelope 19 Jewel, 2 lens (ZCH Chz, gt bt Cep, ilm, po, apy, sp. gn

532-222B4 GCarnet-sillimarite schist 15 level, B Lode (NEHC ™ Gr, sil, b, qo. st Ap. ms, po. cp. ilm

5332-842 Biotite-muscovite sehist 47 Jevel, 3 lens, 13N stope (NM Et. ms, o1t, gtz

!Listed in approdmate order of abundance; all mineral abbreviztions ave after Kretz (1983 ) gah = gahnite; NM = North Broken Hill mine; NEHC = New

Broken Hill Consdidated mine; 2C - Zine Cmporaton mine, W Lung - Westem Lungitud.iml
*Whele 1ock major and REE analysis
3LA-ICP-M5 analysis of REE in garnet
{Whale rock major and REE analysis and LA-TCP-MS analysis of REE in gamet
# Locations shawn in Figure 4
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TaniE 2 Major, Metlbe, and Fare Farth Element Composinons of Gamer-Eeanng Fiocks in the Broken Hill Deposit
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Tiotal 0.01 0.04 005 003 0.01 (.01 0.01 0l 0.04 0l (.04 0l
Tiotal & el .0z 017 (0 078 01l 003 2Tl 135 L2 (.06 057
Total ETE 00,45 oraLA 00,50 BATE 9047 .43 F2.31 el U762 o087 9273
La 6.6 a3y 50.7 a0 - LG T80 83 1556 2.8 113 47.1
Ce 187 1138 102.6 7.8 BA.6 36 1912 2.0 2403 2348 2085 1180
Fr 174 1557 1157 0.497 T3 0.1 27 2zl 800 2zl 270 1359
Md 135 ol.a 47 3.5 =0 24 32 115 1338 123 8.6 30.3
5m al 130 a7 46 fid (1.6 166 el =9 el 142 10.2
Eu 3.80 ala 408 L0 0.2 (.06 050 0.29 8.008 048 3.04 1.40
Cd 5.3 1249 8,06 8.27 a0 L1z 1117 4.8 21.18 267 10n06 0.28
Th 100 416 Lad L4 1.0 (.54 168 .80 a4 0.7 1.08 2w
v a1 1212 420 5.25 0l 283 927 4433 20,20 4.70 8.10 14.50
Ha 0.e8 24l LET L3 143 iy L.eg 08 441 .o 1.41 220
Er LT T.1% ER 406 445 a1l 6.70 250 1270 263 3.6 068
Tin 04l L6 Q.82 .55 070 .33 L2 037 L& ik (.40 138
Th 429 6.25 43 47 487 2.88 6.54 281 115 all am £.08
Lu 028 (.5 07l n.s1 072 04l L13 0 L0 ik .20 L.26
Ba a2 2143 1939 B18 1583 1364 126264 48.9 1363 1436 7489 286.1
i 1432 1134 g v LR 4507 Tl T8 4058 4744 9305 a1 3356
Fh = 100D 2301.8 2 1623 l9ad 7408 1459 =10000 = 10000 a0l4.1 2833 17888
n 3 T06 245 il 416 adl 197 = 10000 556 1570 it L
EuwEn* 321 L3 L47 .42 013 (.23 012 0.84 101 040 074 042
ClafCe® 050 LK 020 Lz L& (.96 IRLY | i3 103 Lz 101 L%

Moves: Major elements in wi % and trace elements in ppm

! Sample description given in Tabla 1
aFis thie sum of exides and LOT ool

LTok
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Tane 3. Average Electron Microprobe Composition of Gamet from Gamet-Bearing Rocks Anabvzed by LA-TCP-MS Techniques

Wit & Blackwd Elackws Blackws 53253 -4y 532104 53118 576254
n=12 m=49 n=l n= A2 n=1 m=13 n=f n =88
S0y RIAN| 3710 Fll 3671 4 3733 Jm 36.76
Tily 010 0.03 0m 0.10 010 0,08 D08 0.07
ALy 2150 2116 216 2105 2032 2L.30 019 2047
Fal) 1164 1371 LU 10.00 1a.09 16.21 8.30 870
Mnc Eiah a4 Ry 25.26 24l 23,60 2628 30,50
Hgg 04l 048 0.10 04l L10 0.04 0.6 0.1%
Ca 427 12.08 440 382 356 L.96 6.34 L83
Tiatal 10057 10002 JLEHLY 10015 100.02 10138 Pty 0a.47
Number of atoms in formiulse jorygen basis 12)
Si 2680 2062 2085 2oz 2870 2008 2003 30LL
Ti D.006 0.007 D.006 0.00 D.006 0.003 D.006 0.004
Al 21 Logz 2004 202y L2 Lol Laaa 202y
Fa 075 0815 0843 0667 1025 1085 0,640 0602
Mn L7483 0,883 IREE Loz LELS L0 1520 LW
Mz 0080 0114 0.012 0026 0133 0112 0083 0018
Ca 0,265 L1 0.379 0,330 0314 0. 16 0.500 0. 16
Tiatal 7881 8083 7879 858 8015 7800 8023 7.HGE
Wit & B3L-2A3 532313 B4-47.5 532285 535-254 532-208 53303 58323l
n=1 m=4 rn=f m=49 n=4 n=4 n=4 n=4
S0y Rl 36,56 I8 5787 376 ST 3684 36,90
Tiln 010 0.11 D 0.04 012 0.08 04 0.03
ALy 2100 2.4 al64 07 a0 2138 2106 2130
Fal) 1674 1553 1142 1240 1100 3334 8] 3388
Mnd 17.86 18.84 lal3 1551 2l 343 L4 337
Mz0 D.&7 L4 L3 0.18 0.36 3.26 Ll am
Cal) 6.8 254 als 1050 880 159 am Lag
Tiatal 14041 10044 100.30 0a.77 100,00 100.37 £ 10013
Number of atoms in formiulse jorygen basis 12)
S 2082 a7y 2054 3007 2,660 aus Lo A
Ti D.006 0.007 0003 0.002 007 0.003 0003 0.002
Al 1085 201l 1007 L1470 2,000 0%z 2012 0%z
Fa L1235 L26Z 079 0,534 0742 LAY 238 221
Mn 1219 L34 L2857 L262 L33 0.233 D167 0.230

Mg 0104 0.140 0156 0022 0043 0,300 0258 0,306
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Tamie 3 [Comt.)

Wi % NAL-6E 532241 532-500 532-1 5a2-21 532316 532-m0R 576-221
n=2 n=~6 n="T2 n=4 n=7 n==a =12 n=2
Ca 0.2 0.247 0781 0005 0761 0,136 0178 0,165
Tkl 5017 016 S.000 B.002 Sias S.00s Tl 5,001
W % D32-343 HA2-500 naZ-2 532-17 H32-10a 877-11 feRa-50.1 E3203-77a
n=11 n=11 n=15 n =28 =14 n=~6 n= 10 m=13
Si0g 3800 3673 3761 3504 ¥781 3746 I74n ATH6
Ty, 00 0.03 002 002 002 003 00l 002
Al 20,01 2L00 2Ly 2168 217 2174 2182 2208
Fel 3418 2478 316 i 319 3356 3RET 34,60
Mn( 4.6 .26 428 482 BT 4.36 602 aa7
Mg 288 117 312 3488 308 280 282 288
Cal 0.53 L.ao 066 065 071 0.5 lia 0,85
Tital Lie.33 0804 L0l 10164 (2R 101,20 101.51 10126
MNumber of atoms in formulae (ovgen basis 12)
Si a0 .00 2l 2,008 2883 2883 287 2,08
Ti 0,003 0,002 0,001 0.001 0,001 0.0z 0,000 0.001
Al 1201 2018 2018 2014 2023 2041 2040 20m2
Fe 2303 L&&T 2 2145 alal 2.8 2169 22581
Mn 0317 Loms 0280 0.324 05370 0.204 0404 0241
Mg 0.346 0.142 0.368 04n3 0,362 0344 0352 (k]
Ca 0046 0.088 00T 0038 0060 007z 0u0sT 0072
Tital Tiaal THET T Ta73 T8 7801 5003 TR
Wi % DA2-68 532241 532-00 532-1 na2-21 RA2-316 H32-002 576221
n=2 n=~6 n="T3 n=4 n=7 n==a =12 n=2l
S a7 3708 3600 3651 KRl 36.78 I aT.64
Tilh 017 0.09 01l 0.10 021 0.31 0.10 002
Al 20.51 .03 124 20,76 1.3 2065 2165 2057
Fel 1472 1100 541 16.30 1171 18.38 1144 11.00
Mn{ AT 585 2008 2178 anaT 18.08 1604 1=.18
H%D 038 028 0.1s al 021 050 048 071
Cal 421 21.19 339 230 A 4.11 1307 13.45
Tkl Lis 43 100,18 LET L0028 | [CER S 100,16 126 90,81
MNumber of atoms in formulae {(owvgen basis 12)
Si 257 287 3047 2877 2 2,080 aev 2881
Ti 0010 0.0 0,007 0.006 0001 0.o1g 0006 0.0z
Al 203l L840 2030 1878 2028 1877 20a7 aoaz
Fe e 0,723 0B Lol 079 1248 0759 0,732
Mn 1.600 0,506 2087 lanz 1728 1314 lios 1018
Mg 0046 0052 0018 0254 0026 0,008 00T 0.8
Ca 0.359 LT85 0 2ae 0207 0400 0358 L1111 1141
Tortal & 006 051 Si0as s.00 7268 g.003 Bi008 Tl
Wi % el H32-84
R=h n=19
5ile 3700 36.71
Tity 008 0.0z
Al 2084 18.51
Fel e i) 3l
Mn{ 2 033
Mg 278 L16
Cal ilie) Log
Tortal Le 06 09,05
Number of atoms in formulae (ovgen basis 12
Si 2 a.00s
Ti 0002 0002
Al 12 1873
Fe 2400 a1as
Mn 0207 0647
Mg 033 0.141
Ca DIEEs ] 0.0as
Tital T e T.805
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Figure 1

Geological map of the Broken Hill deposit. Abbedions: N.B.H.C = New Broken Hill Consolidated mifeairrently
part of Southern Operations operated by Perilyk@&rdill Limited), Z.C. = Zinc Corporation mine (cently part of
Southern Operations operated by Perilya Broken IHiilited), B.H.S. = Broken Hill South mine (currgntCML7

operated by New Broken Hill Consolidated Limitedhd N.B.H. = North Broken Hill mine (currently Nbrimine
operated by Perilya Broken Hill Limited).
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Figure 2
Cross-section (No. 62) though the Broken Hill dépdEhe location of the cross-section is showRigure 1.
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Figure 3
a.

62

Photograph of laminated quartz garnetite (3 lemsttiNmine, 26 level), b. Photo of massive garné@ecross-
cut by later formed “remobilized” quartz garneti®arnet in garnetite is < 1 mm in diameter whegzaset in
remobilized quartz garnetite is up to 1 cm in diemg3 lens, North mine, 26 level), c. Plane paladi
photomicrograph of garnetite showing foam textugagnets in contact with quartz-garnetite. The apaq
minerals are primarily galena and sphalerite (3,I&orth mine, 27 level), d. Back-scattered elecinoage of
garnets in garnetite. Inclusion in garnet is maea@¥inz) whereas pyrophanite (Pyf) and chloritel©kbcur
along grain boundaries (sample 532-29, 3 lens,h\uihe, 27 level), e. Garnet envelope (GE) surrmgnis
quartz fluorite vein (Qtz-fl vein) that cross-cuatassive quartz garnetite (MQG) (sample 532-316n4, INorth
mine, 36 level), and f. Garnets of quartz garnsti@wing late-stage metasomatic rims on garnesdaréens,
20 level, New Broken Hill Consolidated mine). Timatrix consists of quartz (Qtz) with interspersedcite
(Sc).

Fig. 4 Spry et al.
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Figure 4
Longitudinal projection of the Broken Hill Main Ledshowing major ore zones and sample locationsatiealisted in
Table 1 (modified after Burton 1994).
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Figure 5

Chondrite-normalized rare earth element patterigmaofet-rich rocks from the Broken Hill deposian$le descriptions
are given in Table 1. a. Garnetite; b. Garnet-heergite rock (sample 532-285), quartz-garnet-curgtoimite rock

(532-335) and sillimanite gneiss (532-222b); c. $ilas or laminated quartz garnetite; d. Remobiligadrtz garnetite
and garnet envelope; e. Blue quartz garnet-gafottefrom B or C lodes.
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Figure 6

Ternary plot of average garnet compositions (EPNMAYerms of spessartine, grossular, and andraditegdrnet
analyzed by LA-ICP-MS techniques for rare eartimelets.
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Figure 6 Spry et al.
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Figure 7

Chondrite-normalized rare earth element pattergaoiet in garnetite from the Broken Hill depostamples analyzed
at lowa State University are designated by (l)rafie sample number whereas those analyzed at laeduniversity
are designated by (M). Sample descriptions arengivéd able 1.
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Fig. 7 Spry et al.
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Figure 7 (cont)
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Fig. 7 (cont) Spry et al.



Figure 8

Chondrite-normalized rare earth element patterngaofiet in massive and laminated quartz garnetiteveall rock
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metasediments (532-222B and 532-84) from the Broktleposit. Sample descriptions are given ibl€al.
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Fig. 8 Spry et al.
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Figure 8 (cont)
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Figure 9

Chondrite-normalized rare earth element patterrgaaiet in remobilized quartz garnetite and gaenetlope from the
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Broken Hill deposit. Sample descriptions are givemable 1.
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Fig. 9. Spry et al.



Figure 10

Chondrite-normalized rare earth element patterrgaaiet in blue quartz-garnet-gahnite rock frorn8 &€ lodes from
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the Broken Hill deposit. Sample descriptions averyin Table 1.
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APPENDIX TO PAPER

The main data table contains rare earth elementecrations (in ppm) of garnet and apatite in garne

rich rocks at Broken Hill using laser ablation-istiuely coupled plasma-mass spectrometry (LA-ICP-
MS). Representative data are given in Table 4 filoenpaper. A copy of the sample number, lithoJogy

location, and mineralogy table from the paper @uded here so that the LA-ICP-MS data can be eross
referenced to this information. The sample numlixerhe first column are the same as those listed in
Table 1. The data were carried out using a CETAX-B80 laser ablation module coupled to a

ThermoFinnigan ELEMENT1 ICP-MS instrument at loweat8& University and an Agilent 7500 laser

ablation system interfaced with a Merchantek EO-ld¥er ablation system at Macquarie University,
Sydney. Details of the methodology are given aghper.
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TarlE 1. Lithalegy, Location and Minerakagy of Camet-Bearing Rocks Anabyzed for REE Studie=s

Sample Lithology Laeation Mineralizy! Aceessary and traoe minerals?

Blackw]= Carnetite Bl cods pie, hangirrg wall of 3 lers® Grt, gtz Met, dmi, h=m

Blackwdd Camnetite Blackwoods pie, hangirg wall of 3 lens® Gt [tz gn, po, cop, s, ¢, hem

Blackwa Carnetite Blackeroods pie, hangirg wall of 3 lers® Gt ez, ki3, hrn

Blackafd Camnetite Blackwoods pie, hangirg wall of 3 lens® Gt [tz gn, po, oop, 5p

Kinbars 42 Laarnetite Kirtore pif, ad jaeent &0 4 lens¥ Lert ez

K intere 42 Camnetite Eirtome pit, adjacent to 3 lens Gt e

232201 Camnetite 7 level, 3 dems, 15N stope | NARE Gt [tz gm, ap, sp, ot

=573 g Laminzed qarnetite 27 lerval, 3 hene, 1IN stops (A Crt ez, om, dlm, poy oop

332457 Camnetite 7 level, 3 bems, 16 stopes (WML Gt =, gz Apw, pa, e, g

321040 Camnetite 7 level, 3 Jens, 16 stope- (M) G, sp [tz cop, o, . o

LYRA e Carnetite 18 L], 3 Jems, 13 stope- (NEHCH Gt ez, chl, b, ilm, gn, hem

A32.11g Camnetite 18 lewes], 3 Jems, 13 stope- (WNEHCH® Crt =4

a33.138 Laminated gamnetite 8 level, 3 s, 14 stopes (WML Gt [tz po, b, lm, cop, =, go, e

STE-Cnds Camnetite in ore 7 level, 3 Jens, 13 stope- (M1 G, an [tz sp, cep, apy, po, kd

232.2832 e THErTE 10 are 17 suh-kevel, A Jode, 6 srope (NEHC I [Jcz, sp, po, Zn, oop

3231 Camnetite 12 lewel, & lode [(EC51 Crt, gtz Sp, m, po, cop

A844.47 5 Carnetite Saction 63, 2 lers (NEHC Gt ez, b, km, ap

232284 Hedenberaite-pamet -rock 17 sub-kevel. & Jode. 6 stope (NEHCH Hid. et (e sp. em, cep. poapy. dm

233315t Laminated quartz- 17 lewesl, 2 Jens (2008 vz, prt, eum, 5p, pn. Wia, cal, cops, po
cummingtonite-garret rock

30238 EL Masstee quartz garnistite 18 level, E lods, H stope (NEHC A Oz, prt, bt &t, po, eep, zm, dlm, py

a3 Massive quartz pametite I level, 2 Jens (KM iz, prt Zm, cal ep, B, ehl, ap, py; m

533284 Masstee quartz garnistite 16 level, & lede (WRHCE G, gt G

3322084 Massive quartz pametite Dl hole 2273 61.2 feet, C lode™ iz, prt Zm, po, Um, gah, cop, apy

a32-3087 Seliabee yum s puncidie 12 lewel, 1 denn, (25 Qre, il Bi, s, o, g poy py, Lun

232304 Mlasstes quartz parnetite 12 L], | Jems, (T iz, prt Tirn, bt, sp, gn, po, cop

323114 Masstee quartz garnistite 12 level, E lode= (4019 Oz, prt IImn, 2n

232340 Laminaed quartz gamnetite 3 lewel, | Jens, 24 E stope (NEHCH Crt, atz Cep, tm, po, 5, 20

2325004 Laminated quartz gurmetite 36 level, 2ar 3 Jens (2 Oz, prt Iimn, zn, ep

STE-CRE Massive quartz pametite 12 level, E lode [NBHC iz, pri, B, po, ms

333 Cuartz-zatinite-garnet rack 13 level, B lods, W Long (NEHCE™ (xz, pah, zrt Be, s, apy, oop g0, peo

Ayl Laarnet-bickile Tock L5 level, 1 lodes, W Long (REHL® Lart, bt Liah, gz, 5, 20, po, Cop, apy

2321044 Cahnite-gamnet-quarks rock 13 level, E lods, W Long (NEHCE® Cah, prt, qtz B, po, =p, cop, Um

577-114 Cariz-garnet-gahnite rock 12 level, E lode, W Long (KEHCES iz, pri, pah B, mgt, po, vop, agy, chl, (m

F08s.80, 11 Chuariz-parnct-puhnite rock Gootlon 41, Clode (MOTICHE (¥z, gri, goh L&, dm, ap, =, zn, cop, bm

G484 Carnet-biokite-pahnite Tock Section d1, Clode (NEHCH# o, bt, pah [tz sp, poy 2o, cop

Z3MAAA08  Cuartz-gahnitegamet rack Saction J6, Clade (NEHCH® ¥z, prt, pah Be, kfs, ms, st, dlm, pyc oop 5p

L3ATVE Cluarz-gahnite-gamet rock Section 6, Clode (NEHCH G, gz, gah B, ms, dlm, gn, po, cep

ZB12AY T Cuartz-gahnitegamet rack Saction A0, Clade (51 ¥z, prt, pah &p, m, lm, eep, po

Zm12-1202  Cluarz-gahnite-gamet rock Section 30, Clode [0 iz, pri, pah Zm, oop, po, sp Um

232684 Remobdlizad quartz garnetite 38 level, 2 dens 18 stope (NMM G, gz, bt g, =p Iimn, bt, sp, pos

23Z-107F Faem obilize<d q uart. gamears I7 lewesl, 3 dens, 12 sropes (N AMPE G, g B, chil, cal ap, apy, ilm, po

322414 Remobdlized quartz parnetit 8 level, 2 Jens (KM G, gt Ep, mn, ecp

232304 Fiemobilized quartz parnetite 17 lewes], 2 Jems (ECT o, gtz. bt i, op, 5p, po

=195 Fleminhillizesd quartr garnetite B lemvesl, % lene 18 sbipes (N M0 [

3214 Carnet e elope 21 level, lead Jode 21W stope (NEHCH#  Crt, gfz, bt, ms Im

332214 Carnet = elope 7 level, 3 bems 16 stope (M G, gt I, ap

A32-316 Carnet e elope 3 level, 1 Jens (WM Gt qe Met, hem

a335008 Carnet e elope 8 level, 3 Jens (KM G, gtz = T4, cop, peld

STE.22]4 Carnet e elope 18 L], 2 Jems (ECH ¢z, prt, b Cop, U, poy apy, sp. gn

530220 e Carnet-sil mardte schist 13 level, B Lods [WEHC P Gt o, B, o, st Ap, ms, pa, op, dm

232.84" Bl - pmsrs e sulded I lewed, 3 lens, 13N stupe [N Bl s, gl yha

L Listed in approximate onder of abundince; all minsral abbrevistions are after Kretz (1983); gah = pahroite; N8 = North Braken Hill ming NEHC = New

Bruken Hill Consolicdaded ncine; 0 = Eiue Covpusation mone; W Loug = Wiestern Lo liodinal
Whode rock major and REE analysis
LA CP-MS arubsis of BEE in pamet
WWhode reck majar and BEE anabests and LA -ICF M5 anabsk of BEE in garnst
4 Loscations shown in Figure 4
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CHAPTER 3

Elemental analysis of automotivefiller and caulk by laser ablation inductively coupled plasma mass

spectrometry and principal components analysisfor usein forensics

A paper to be submitted to the Journal of ForeSsiences

Josh Messerly, Stan Bajic, David Baldwin, R. S. Kou

Abstract

A study of caulk and automotive filler was donal&iermine the potential for forensic methods to be
developed from these materials. The samples stth®terials were prepared and then analyzed by
Laser Ablation Inductively Coupled Plasma Mass 8pewetry (LA-ICP-MS). An elemental profile of
the samples was produced and evaluated using palr@omponents Analysis (PCA). The PCA of filler
could differentiate samples by manufacturer antbbgumber of both components. The PCA of caulk

could differentiate by manufacturer only.

Forensic science uses many different techniqugaitoinformation about a crime scene. One
such technique is LA-ICP-MS. This technique allairect sampling of solids and measurement of their
elemental profiles. In this technique, a lasersed to remove a small amount of material thdtaés t
transported to the mass spectrometer for analyside or no sample preparation is needed in LARIC
MS. The laser is focused onto a small spot (1Gtui) on the sample. The amount of material
removed into the mass spectrometer is usually aragrievels per shot. This small amount of materia
loss is important as both the defendant and thgegrdion need to have access to potentially sredep

of evidence. Almost the entire sample survivedysia
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The elemental profile of different materials sashglass (1), paint chips (2, 3), steel (4), and
silver (5) has been previously studied. The eldalgofiles of material from a vehicle could idiépnif
that vehicle was involved in a hit and run accidémtexample. Building materials, such as cawgkin
may be found on or with a suspect. Matching tmeaterials to others from the crime scene can help

determine who was responsible for a crime.

Nearly every vehicle, even new ones, contains didlee It is used to smooth out dents and
bumps before painting. Filler is comprised of wamponents: polymer resin and a cream hardenex. Th
polyester resin is used in larger amounts thartéa@m hardener. The hardener acts as a catalyst in

creating solid polyester. Each component is marufad separately and mixed before use.

Caulk is used in a variety of construction projedtss used to seal joints and cracks. It i®als
used in waterproofing. Caulk is sold in varioustainers with the most common being tubes. It also

comes in types for different applications, sucimadd resistant caulk or waterproof caulk.

Variations in heat, dust levels, and the locatidrere each component is produced can add
differences in the amount of trace elements prasesdch component of filler or caulk. These
differences can occur in different lots of matepgedduced in the same location. The variation pray

be apparent in the trace elements.

Principal Components Analysis (PCA) was used tdyaradata obtained from LA-ICP-MS in
this study. PCA compares materials based on ¢heinental composition using variance in the data (6
This variance is plotted to show similarities difefiences between the samples. This can be shewan a
two dimensional plot of the variance in a set gltss. Each axis shows a principal component that
contains a percentage of the variance. The two oamts with the greatest percentage of the variance
the samples are usually plotted. These figuresalled scores plots. PCA can also be used tdeceea

plot of samples compared head to head with a nufdmtother sample. Both methods are used in this
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work to find if these materials can be used toezithatch evidence to a crime scene, or to eliminate
evidence from consideration. While matching a susfo a crime is an obvious goal in forensics, the

elimination of suspects can also be of use in mang down the number of possible perpetrators.

M ethods

Samples of filler were purchased based on thenufaaturer and lot number. The samples were
prepared according to manufacturer instructioriderbase to hardener ratio was approximatelypairs
base to one part hardener. Samples of caulk weohg@sed based on their color, manufacturer, igtnd

use, and lot number.

Prepared filler samples and caulking were pourtmwooden moulds and the top surface was smoothed

by a cleaned glass microscope slide. Stable sigmale recorded after four days of hardening.

Instrumental and ablation system parameters angrsin Table 1. The ICP-MS device used to
collect data was an ELEMENT 1 ICP-MS produced bgritoFinnigan. The instrument was tuned daily
for maximum sensitivity. In the analysis of eaeimple, 186 m/z values were monitored. These are
shown in Table 2. The laser ablation system usesiam LSX-500 produced by Cetac Technologies. It
uses a Nd:YAG laser that is frequency quadruplezb®nm. Nine m/z scans were taken by the ICP-MS
device while the laser system ablated a singledoress the sample. Each sample was analyzeden fiv
different days. The PCA comparisons of differeamhples were done only on data obtained on the same

day.

The data obtained from the ICP-MS device were drpdnto an ASCII file and transferred into

PLS — Toolbox software for PCA. The PCA of caulled the full list of m/z values shown in Table 2.
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The list of m/z values used for the analysis déffils shown in Table 3. Scores plots were geadrat

using this software comparing samples by manufactmd lot number of their components.

Results and Discussion

Filler results

A sample mass spectrum of filler is shown in Figlireln the case of automotive filler, the filler
base resin represents a much larger portion dfribEfiller product. The variance due to thiefi base
resin was found to dominate the PCA. The base edements would overwhelm the contributions from
the cream hardener. The filler base resin contange amounts of Na, Mg, and Al, for example. A-L
ICP-MS analysis of the cream hardener was dona@ebhato determine what elements were present.
These elements were included in the PCA along thightrace elements from the filler base. Of thé 18

m/z values measured during ablation only 148 weeslin the PCA of filler samples.

The PCA scores plot of filler from two different m#acturers is shown in Figure 2. This plot
shows that by principal component one (PC1), treegamples of filler that were produced by two
different manufacturers are clearly differentiatdduch of the variance (84.58%) in this score plamtes
from PC1. This component also shows the cleaitfetehtiation between the samples. Principal
component two (PC2) also shows some differentiatibaccounts for 10.53% of the variance in that.pl
There is some overlap between the samples in B0&bined with PC1, the samples are clearly

differentiated.

The PCA scores plot shown in Figure 3 was madegusamples created from three different
filler base lots produced by the same manufacturée filler base was taken from three cans with
different lot numbers. Material from each fillead® can was mixed with cream hardener from a single
tube. This created a comparison of the differilier base lots. This PCA scores plot shows

differentiation according to PC1 for all three sdespespecially between lots 507291 and 501272s Lo
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507291 and 502031 are closer on PC1 but may stilifferentiated. Looking at PC1 combined with
PC2, lots 507291 and 502031 become clearly diffextedl. The scores plot shows clear grouping ef th

samples by base filler lot number.

The next scores plot, Figure 4, compares two filkeses from different manufacturers with two
cream hardeners. The cream hardeners H-A and t&-Bamn the same lot, but different tubes. The
cream hardeners H-412 and H-506 are from diffdatat The plot shows that the filler base is the
greatest contributor to the variance of the samplds differences in the filler base give a clear
differentiation of Bondo and US Plastics basese U Plastics samples are not clearly differerdiate
from each other, possibly due to each sample auntahardener from the same lot. Both Bondo
samples cluster together, but may be differentitetheir hardener using different principal

components.

This potential differentiation based on hardeneaxiglored further in Figure 5. Six samples were
made using the same filler base resin lot and naatwfer. Each sample was made from tubes of cream
hardener with different lot numbers. Every coluimthe plot shows five samples of the six samples
compared to a model of the remaining sample us®y.F his is repeated by using each of the samples
as a model and comparing the rest of the sampliesTioe Q-residual value shows how closely each
sample resembles that model. In this way a doestparison can be made between samples. The Q-
residual value is a number which is generated bytdmparison process to show the amount of
differentiation between the sample and the modkte larger the Q-residual number, the more differe
the samples are. The 95 percent and 99 percefilence limits are shown as lines in the plot with
99 percent line drawn above that of the 95 pergeat A Q-residual value below that line is

indistinguishable from the model at that confideligt.
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This differentiation is shown in Table 4. The nwerdbshown are the probability that the sample
is indistinguishable from the model. A probability1x10* would be equivalent to a one in ten thousand
chance of the sample being indistinguishable frieennbhodel, for example. All of the samples are
differentiated from each other using this headgadhmodel. Some samples show a very small
probability of being indistinguishable from the etltsamples in this head to head comparison. Madlel
has the least differentiation from the other sampighis comparison. Its results have a largewae in
the score space. The other samples have some lasembo the model of AJ partly due to this large
variance. When sample AJ is compared to the otloelels, it does not resemble them. This is als du

to the large variance.

Caulk Results

The next material that was investigated in thiskweas caulk. This material differs from the
automotive filler in that it does not come in twar{s. No mixing is required with caulk. Lot numben
each tube used were usually different. Some ofubes of caulk were bound in prepackaged setesé@'h
sets sometimes contained the same or similar lobeus. The caulk material presented a diffengrd t
of challenge in this work. The two-part automotiler provided two materials with potentially défent
composition. The variations in both componentstiaea mixed in the final material. The caulk sagspl
come from a single lot encoded tube, not the mixihigvo materials with individual lot numbers. §hi

may result in less variation, as discussed lafesample mass spectrum of caulk is shown in Figure

First, PCA was done on caulk samples that wereallisindistinguishable, but were from
different manufacturers. This PCA scores plotieven in Figure 7. The caulk was purchased as four
tubes of caulk packaged together from each manurfct Samples BZ through CC were from lot

WC171-1 and were made by Henkel. Samples CD thr@(§ were from lot 16115 and were made by
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DAP. As can be seen by this plot, the two manufacs can be distinguished from each other. The PC
shows some differentiation between the samplegheutombination of PC1 and PC2 gives even more

differentiation.

The next step in the investigation of caulk wasmparison of caulk samples from a single
manufacturer. This comparison was done usingtidegs of caulk from the manufacturer DAP. This
caulk came from a four-pack of two sets of tubeh thie same lot number. The lot numbers of the fou
tubes were same except for the last two digitse Sdores plot in Figure 8 shows the PCA resultshigr
set of samples. In the space of this plot, thepsesrshow considerable spread and overlap. Thigpe
may be expected with samples that come from the sarsimilar lot numbers. The red circles shown fo
the second of the 1430 samples cluster near therli@ft portion of the plot, while the black squsd#
the other 1430 sample are spread out much moreatihaother sample. The 1453 lot samples are
clustered together in the central and upper podidhe plot, and overlap with the black squarethef
first 1430 sample. While there may be some snrmatiunt of differentiation between some samples with

the same or nearly the same lot numbers, no ciffarathce can be seen.

Conclusion

The two materials tested in this investigation sbdwome differentiation when subjected to
PCA. The automotive filler showed differentiatioy both manufacturer and lot number. The
combination of filler base resin and cream hardenssited a mixing of the small variations of eletaen
contained in each. These variations were prese¢hedot level. The combination of these variatio

created a unique signature that allowed for thierdihtiation of samples by PCA.

The caulking material tested did not have the siawe of differentiation as the automotive

filler. The different caulks showed differentiatiby manufacturer using PCA. They did not, howgver
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show significant differentiation by lot within andividual manufacturer. This may be of limitedeirgst
in forensic study. One possible future investigaif caulking would be to see if environmentatdas
at the installation site cause a differentiatiothi@ material. Perhaps this could be seen usig PC
Differentiation could also potentially be causedidmathering. Dust or other contaminants could exlhe
to the outer surface of the caulk, and could addeseariance to the model based on the local
environment. A combination of manufacturing andisstvmental variances could give a specific pattern
of variance that could be detected in future ingasions. These investigations are outside thpescd
this project. This investigation focused on thearece caused by the manufacturing process and the

preparation of materials for use.

Use of these findings may be of use for the matgbi evidence. The differentiation of samples
based on lot number or manufacturer presenteddom® not allow for the matching of evidence bylfitse
Such matching would require a larger amount ofystuidany more analyses would need to be performed
and a database of materials would need to be dedlfiar such matching. The results presentedibexe
first step in classifying these materials. Thessilts show the potential of these materials tofbe

possible future use in forensics.
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Table 1

Instrumental and ablation system parameters

ICP-MS parameters

Operated in low resolution mode ¢ = 300)
Ar cool gas flow rate - 16.00 L/min

Ar auxiliary gas flow rate - 0.70 L/min

Ar carrier gas flow rate - 1.10 to 1.30 L/min

Laser ablation parameters

Operated in single line ablation mode
Laser spot diameter — 1Qn

Shot repetition rate — 2 Hz

Laser spot movement rate — @pd/second

Table 2

Masses monitored during ablation

Li6, Li7, Be9, B10, B11, Na23, Mg24, Mg25, Mg26,2&l, Ca42, Ca43, Cad4, Sc45, Ti46, Ti47,
Ti48, Ti49, Ti50, V51, Cr52, Cr53, Fe54, Mn55, Febli58, Co59, Ni60, Ni6l, Ni62, Cu63,
Zn64, Cu65, Zn66, Zn67, Zn68, Gab9, Ge70, Ga712(8é73, Ge74, As75, Se76, Se77, S¢78,
Br79, Br81, Se82, Kr83, Kr84, Rb85, Sr86, Rb87,85M39, Zr90, Zr91, Zr92, Nb93, Zr94,
Mo95, M096, M097, M098, Ru99, Ru100, Rul01, Rul®2103, Rul04, Pd105, Pd106,
Agl107, Pd108, Agl109, Cd110, Cd111, Cd112, Cd1131€@din115, Sn116, Sn117, Sn118,
Snl119, Sn120, Sb121, Sn122, Sb123, Sn124, Tel236TH 27, Tel28, Xel29, Tel30, Xel31,
Xel32, Cs133, Xel34, Bal35, Bal36, Bal37, Bal3839aCe140, Pr141, Nd142, Nd143,
Nd144, Nd145, Nd146, Sm147, Sm148, Sm149, Sm15KEEmM152, Eul53, Sm154, Gd155,
Gd156, Gd157, Gd158, Th159, Gd160, Dyl61, Dyl162,63y Dy164, Ho165, Er166, Erl67,
Er168, Tm169, Er170, Yb171, Yb172, Yb173, Yb1741Y8, Yb176, Hf177, Hf178, Hf179,
Hf180, Tal81, W182, W183, W184, Rel85, W186, Re®1,88, 0s189, 0s190, Ir191, Os192,
Ir193, Pt194, Pt195, Pt196, Aul97, Hg198, Hg192®y Hg201, Hg202, TI203, Pb204,
TI205, Pb206, Pb207, Pb208, Bi209, Th230, Pa2323ZhU233, U234, U235, U236, U238,
Th0O248, UO254
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Table 3

Masses used in PCA of filler

Ca42, Ca43, Cad4, Sc45, V51, Cr52, Cr53, Mn55, CN#D, Ni61, Ni62, Cu63, Cu65, Zn67,
Gab69, Ge70, Ga7l, Ge72, Ge73, Ge74, As75, Se78, Se78, Br79, Br81, Se82, Kr83, Kr84
Rb85, Sr86, Rb87, Sr88, Y89, Zr90, Zr91, Zr92, NbA&®4, M095, M096, Ag107, Pd108,
Agl109, Cd110, Cd111, Cd112, Cd113, Cd114, In11516nSn117, Sn118, Sn119, Sn120,
Sbh121, Sn122, Sh123, Sn124, Tel26, 1127, Tel2&Xele130, Xel3l, Xel32, Cs133,
Xel34, Bal35, Bal36, Bal37, Bal38, Lal39, Cel41IPNd142, Nd143, Nd144, Nd145,
Nd146, Sm147, Sm148, Sm149, Sm150, Eul51, Sm13K5F $Sm154, Gd155, Gd156, Gd15
Gd158, Th159, Gd160, Dy161, Dy162, Dy163, Dy16416f Erl66, Erl67, Erl68, Tm169,
Erl70, Yb171, Yb172, Yb173, Yb174, Lul75, Yb1761HAT, Hf178, Hf179, Hf180, Tal81,
w182, W183, W184, Rel85, W186, Os188, Ir193, PtP395, Aul97, Hg198, Hg199, Hg20
Hg201, Hg202, TI203, Pb204, TI205, Pb206, Pb2020BpBi209, Th230, Pa231, Th232,
U233, U234, U235, U236, U238, ThO248, UO254

7,




Table 4
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Probability of sample being indistinguishable framodel

Sample | Sample | Sample | Sample | Sample | Sample

AF AG AH Al AJ AK
ol <10™ | 7x10"|<10™ | <10 |2x10
hodel | g x 10° 1x10° | 2x10° | <10* | 5x10°
,IXII?IdeI <10 <10 <10 <10 <10
XllOdd <10 <10 <10™ <10 <10%
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Figure 1
Sample spectrum of filler
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Filler manufacturer comparison

Manufacturer Comparison
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Hardener mixed with different filler base lots
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Plot of two manufacturers and two hardeners
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Figure 7
Comparison of two different caulk manufacturers
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Comparison of lots from one manufacturer
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Determination of uranium isotope ratios in partietesembles

Joshua Messerly, Stan Bajic, Nathan Saetveit, DAaldwin, R. S. Houk

Article prepared for submission to the Journal obitical Atomic Spectroscopy

Summary

Particulate ensembles were analyzed to determ@ie’tU/®U ratios. The particle ensembles
were fixed in place to provide spatial resolutidiparticles of interest. Two methods of fixing pelet
ensembles in place were investigated. A gelatostsate was used to fix;0g particles of for analysis.
The?*U/*?U ratios of these samples were determined to 2.9%.RThe gelatin substrate was also used
to fix particles of NIST 610 glass. A sample wiitle glass particles was also sprayed with a selutio
vanillic acid in an attempt to enhance the ablagimtess. Particle ensembles were also fixed imgbe
coated with collodion solution which was alloweddty. Vanillic acid was also mixed with the coliod
in a second solution. The vanillic acid was didinorease signal during the ablation of particedadn

gelatin, but increased ablation signals when usékd collodion experiment.

I ntroduction

Laser ablation with inductively coupled plasma messctrometry (LA-ICP-MS) is a leading tool
for analysis of solid samples. The ability to dihe analyze a sample with a minimum of preparatton
one advantage of this method. The use of LA-ICP+st8oves digestion and dilution steps which may

add interferences and errors to the analysis.
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One area of interest is to use LA-ICP-MS to anabmsembles of particles that may be
connected with nuclear weapons or dirty bombs. gdwsible acquisition or development of these types
of weapons by terrorists or rogue nations is atteeht in our world today. Fast and accurate
identification of possible evidence of these weapisra needed tool to fight nuclear proliferation.
Particle ensembles may be individually separateddissolved for ICP-MS analysis, but this process i

time consuminy

Samples of interest may be collected from ambigrdrafilter media or other means. Once
collected and inspected, some particle ensemblgdmauspected of containing uranium or other
actinides. Accurate and precise isotope ratio nreasents in these particles require that only dréighe
ensembles of interest are ablated and reach temaleSpatial resolution of the ensembles without

disturbing the other particles present or the stpgpmatrix is needed to accomplish this.

Ensembles collected on filter paper may be abldiexdtly, but this presents a problem. The
ablation event creates a shockwave that sendgiaibsahrough the filter paper. The effect is $anto a
trampoline. This vibration causes particle ensemblutside the ablation zone to bounce up into the
carrier gas stream. These ensembles may thertiaéned in the carrier gas and swept into the péasm

This leads to ensembles other than the one beilatedlentering the ICP.

Pressing powdered materials into a péllettaching particles to double-sided sticky tage
mixing the material with a binder are all ways @epg powdered samples for ablation. These
preparation methods present problems for the aisadysn individual ensemble of a few particles.
Ablation of a pellet does not allow for enough sdaesolution to analyze individual particle ensdes.
This is also true of a sample mixed with a bindeouble sided sticky tape may allow individual

ensembles to be ablated, but damage to the tap@caay. This may cause ensembles other than the
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ensemble of interest to become entrained in thgecayas. Volatilization of the tape adhesive and

melting of the plastic substrate around the abfiegite can cause this damage.

One current method of analysis for particle ensembhtails the removal of the particles of
interest from the filter medium and suspending thewcollodion. Once possibly radioactive mateisal
identified, the particle is cut from the collodiand analyzed by thermal ionization mass spectrgmetr
(TIMS)3. Secondary ion mass spectrometry (SIK&) also been used to analyze particles removed fro
filter medid. These methods are both time and labor intensivey also require significant

manipulation of the sample.

Two methods of trapping particle ensembles fortadieare investigated here. The first method
is to trap the ensembles on top of a gelatin basbstrate. The second method is to trap the festimn
filter paper media by applying a layer of collodiom top of the paper. The particles that werecctdd

on the paper are then trapped by the nitrocellueger that is left on the paper.

Gelatin based substrates have been used previoudhler and trap biological materials such as
spored. The gelatin then serves as a growth mediunhitrapped biological material. In this
experiment, the sample powder is either sprayesgpinklied onto gelatin based media to simulate the
gelatin filtration apparatus. The gelatin hasabeantage of being sticky; it also absorbs vibregidue

to the shockwave produced by the laser ablationteve

Powdered uranium oxide samples contaiffifig in depleted, enriched and unknown abundances
were analyzed as particle aggregates on the gslaltistrate. The depleted and enriche@sdamples
were nuclear reference materials (CRMS U0002 arDLA) obtained from New Brunswick Laboratory-
USDOE as well as a commercial sample ¢byJ Uranium isotope ratios were also determined i8N
610 ground to a powder with individual particlesasgring between 5 and 30én. This was sprinkled

onto a gelatin-based substrate. In an attemptharece the ablation process, the latter samples wer
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sprayed with a solution of vanillic acid in meth&n®he vanillic acid has been shown to absorlhat t
laser wavelength of 266 nm, and has been showrttedse the ablation efficiency in previous work by
Sharpet al®. It was thought that this extra absorption cquidsibly improve the precision and/or

accuracy of these measurements.

The second part of this experiment used the NISTgddss powder on filter media. The patrticles
were fixed onto the filter paper by pouring colladisolution over both and letting it dry. Vanilkcid

was also dissolved in the collodion solution ag@aimancement in later sets of experiments.

Experimental

Laser ablation was accomplished using a LSX-50€r lablation system from CETAC
Technologies. This system uses a homogenized bieBMAG laser, frequency-quadrupled to a
wavelength of 266 nm. The LSX-500 has variabld spes available through an adjustable apertbee; t
spot size was 100m in this experiment. The gelatin substrates wabtated with single laser shots on
each particle ensemble. The collodion samples redd0 shots at each location. The shots were #ite
arate of 10 Hz. The collodion layer had to beatdal through before reaching the particles of aster

The laser parameters are shown in Table 1.

The first part of this experiment used a partidteation coil first suggested by Guenttetral’.
The coil was used with the experiments that andlyz©s. A 15.24 cm long, 20-gauge, stainless steel
needle was coiled 4 times and placed in-line betvtike LSX-500 and the ICP-MS. The needle removed
large particles from the ablated aerosol. Thisiced the amount of large spikes seen in the tnainsie
signal. The coil was not used during the otheatédnh experiments. This was done in order to jutige

effects of vanillic acid and particle entrapmertépendent of the particle filtration coil. Thedasf
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signal that accompanies the use of the coil wolsid adversely affect the measurement’a in the

NIST 610 powder.

The ICP-MS instrument used during ablation expeniime@/as a ThermoFinnigan ELEMENT 1
ICP-MS. This instrument was operated in low resofumode for maximum sensitivity. RF operating
power of this instrument was set to 1200 W. Othstrumental parameters were optimized on a day to
day basis for maximum stability. The instrumempiaameters for the ELEMENT are shown in Table 1.
The instrument was operated in analog mode foatiadysis of WOg samples, while it was operated in
counting mode for the lower uranium levels in thleeo experiments. For determination of isotopmsat
from laser ablation, it was necessary to operaterthgnet at a single magnetic field value whilenaoay
the accelerating voltage and m/z transmitted thndbg electrostatic sector. In an attempt to gehany
data points per unit time, the magnet settling tivas set to 0.001 seconds instead of the defs8000.
seconds. The longer settling time was not needd¢kdeamagnet was kept at a single mass. The faster
scanning of the electrostatic sector allows fouath4 data points per second to be recorded. &isee

ablation produces a transient signal, more datatpbielp better define the transient peaks.

Portions of the three 40 samples were dissolved in a mixture of hydrochland nitric acids
and then diluted prior to analysis. These solutivage then analyzed by ICP-MS. The ICP-MS used for
the solution analysis was an Agilent 4500 ICP-M8 = The instrument was tuned for maximum
stability and sensitivity. The RF operating powéthis instrument was 1200 W. The operating

parameters for the Agilent 4500 are shown in Table

Particle ensembles were captured on a gelatinratidstomposed of Knox brand “Gelatine”
mixed with purified DI water. This food-grade gihais an inexpensive substrate which has a low
background for U. The ratio used was about 0.8lgtoy to about 4.5 mL of DI water in a plastic

weighing boat. The samples were heated using dre#ing lamp and mixed with a cleaned plastic
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utensil. Bubbles in the gelatin were skimmed b& surface with the utensil before the gelatin #dter
cooling to room temperature, particle ensembldd;Qf; or NIST 610 glass powder were sprinkled onto
the sample surface. The sample surface is suftlgisticky that the particle ensembles adheré¢o t
surface. The particles also embed themselvesradibtance into the substrate. This increases the

adhesion. The gelatin samples may be turned upside and the particles do not fall off.

A particulate standard that was homogenous witardsgto uranium was needed in this set of
experiments. The i@gstandards could not be used repeatedly due tontak amounts of sample
available for these experiments; and the addedatgus governing the safe handling of radioactive
materials. When ground into a powder, the NIST gl&8s standard provided a surrogate for dust pertic
ensembles. The NIST 610 glass also contains 4¢ilxbgb uranium. This relatively high concentration
allows better detection of tf&U isotope. A single NIST 610 glass wafer was gtbusing an agate
mortar and pestle to create the powder. The agattar and pestle was first cleaned thoroughly With
water and then cleaned with dilute nitric acid.eTMST 610 powder was used for the collodion
experiments as well as the vanillic acid experirs@nt gelatin. A blank sample without NIST 610
powder or YOg particle ensembles was also prepared and analyitke@very analysis to account for the
gelatin background. The gelatin background wasllysat or very near the instrumental background

level.

For a test of the enhancement effect of vanillid an ablation, a solution of vanillic acid (Fluka)
in methanol was prepared and sprayed onto the sasupfiace by use of a PFA concentric nebulizer
(Elemental Scientific, Inc). The adhesion of tlagtigle ensembles to the gelatin keeps the pastiole
place during this process. As long as the solutiomt allowed to pool significantly on the sudaaf the
gelatin, the particles are not removed. The samvpkesprayed with a solution containing 0.75 g Niani
acid in 15.06 g methanol. The sample was sprayaddiack and forth motion over the sample for three

minutes. The methanol was allowed to evaporateniniet with the sample covered and placed in arclea



101
hood. A blank sample of the gelatin sprayed ferdhme amount of time and in the same manner was

also prepared and analyzed.

Ensembles of NIST 610 glass particles were alsoldpd onto the surface of filter paper.
Collodion solution was poured onto the sample &edoaper was rotated so the solution would cower th
area with the glass powder. This was repeatedotinar piece of filter paper that had powdered NIST
610 on it, but the solution of vanillic acid in tmdion was poured onto the paper. To create thdisal
about 0.76 g of vanillic acid was added to 16.@5 gollodion. This created a saturated solutiotihwi
excess undissolved vanillic acid present. The Enluvas allowed to settle and the solution was diech
off the sediment. Two blank filter paper samplesevmade without powdered NIST 610. One was

created with collodion alone; the other had théockdn and vanillic acid solution.

Results and discussion

| sotope ratios were measured in three samples@f. Urhese samples contained different levels

of 2U/*%. Two samples were certified reference matefials New Brunswick Laboratory and
contained®U/**®U at 0.017% and 3.00% respectively. The third damas a commercial sample of
U;0g with no certified isotopic information. The sabut analysis results are shown in Table 2. The
measured®U/*U values of the NRMs are in agreement with the NBttified values. Th&*=U/*%U
value for the lab sample is 0.22%, indicating that sample is depleted ffU. A commercial ICP
standard solution of 10 ppb uranium was also aedljar comparison and yielded*aJ/?**U value of

0.72%. The literature value f6U/?*®U in natural uranium is 0.725%.

After the solution measurements were made, thd §bDs standards were analyzed on the

gelatin substrate. The gelatin is seen to be d gabstrate for laser ablation since particle eldescan
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be ablated without disturbing other particles ribarsite or far from it. An image of a gelatin strate
with dust particle ensembles is shown in Figurdtie labeled ensemble is targeted for ablatiorthén
image shown in Figure 2, the particle has beentedhlaThe other particles are not disturbed byldker

shockwave.

Three replicates of ten shots per replicate wexdan A representative time resolved intensity
plot is shown in Figure 3. The spikes that appeatop of the base laser ablation signal are mainby/to
the presence of large particle§ he coils filter out many, but not all large atield particles. The
instrument had to be operated in analog mode bedaessamples of pure;Os created large intensity
ablation transients. A sample mass spectrum d&f pgensity ablation of the enriched standard @vah
in Figure 4. The intensity of the signal generdiggure WYOs could be in excess of 1xI6ounts per
second. If this was the case, the signal wouldnb@gmove out of the linear dynamic range of the
instrument. All shots that produced signals gretiiten 1x18counts per second were discarded because

of this limitation.

Results of the analysis are shown in Table 2. atiation results of the two standard samples of
U;0g showed agreement with their certified values asdalved analysis values. The precision of the
enriched standard was very good (2.9% RSD). Theigion of the depleted standard was not as good at
9.6%. This may be due to the very small ratidhim depleted uranium. A spike in tHéU signal would
cause a greater proportional difference in the m@itithe depleted sample. The ablation resultshfer
commercial lab sample show good precision and aggaewith the solution measurement. The counting
statistics of thé*U signal in the depleted sample show that the firestision possible is 0.13% in this
analysis. A plot of the measured ratio from trsetaablation experiment vs. the actual value (et

value or solution measurement) is shown in Figure 5
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The next part of this investigation focused onriowing the ablation characteristics of this
experiment further. It also focused on a secong afaapturing and fixing particle ensembles. The
standard used to simulate dust or other particelasembles was powdered NIST 610 glass. This glass
has been found to have a uniform distribution ahiwm, though th&U/**?U ratio of 0.2381% is
somewhat depletéd The instrument was run in counting mode for botisses so an unbiased ratio
could be calculated. Instrumental parameters aaatarrier gas flow rate and detector voltage were

adjusted so that tH&%U signal would not overwhelm the detector in cougtinode.

The samples of gelatin with NIST 610 glass wetatad with a coating of vanillic acid. The
spray coated the surface of the gelatin and creatite coating around the NIST 610 powder on the
surface of the sample. A sample of NIST 610 povettegelatin with no coating was also ablated. The
results from both coated and uncoated NIST 61Gglasticles are shown in Table 3. Both analyses
showed worse precision than the previoy®déxperiments. Th&U/***U ratios from the coated and
uncoated gelatin samples were also somewhat higherthe ratio given for the NIST 610 standarde Th
2% data was very close to the background, and thig e the reason why the values were off
somewhat. Many fewer data points were calculaidthte?*U signal above the detection limit. The

counting statistics for thé°U data in both measurements gave an estimatedsjmedif 1.5%.

The addition of the vanillic acid onto the samgie not improve the precision of the analysis.
Both sample sets showed similar precision. A tiesolved plot of ablation transients without vaaill
acid and with vanillic acid is shown in Figuresr@l& respectively. The vanillic acid coated péetc
generally had lower intensity ablation transiehesntthe ones that were not coated. Apparently the
coating absorbed some of the laser radiation béfeen ablate the particle ensemble of interest.
Multiple laser shots may be needed to ensure thalilation of the particle. This may cause a peob

due to the particle possibly becoming fracturedroren farther into the gelatin by the initial lasiot.
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Coating the particles with vanillic acid may notreeded if the particles are much smaller thatetber

spot.

The collodion experiment used a different methbulagpping and preparing the particle
ensembles for ablation. The collodion experimardse done using a similar methodology as the gelati
experiments. Collodion samples made with vandticd were analyzed along with collodion samples tha
did not contain vanillic acid. The collodion saeprequired that the laser be fired 30 times to dig
through the collodion layer before reaching theipierensembles. This is similar to the methodiuse
analyze fluid inclusions in geological sampfesTime resolved ablation plots of collodion with@nd
with vanillic acid is shown in Figure 7 and Fig@eespectively. The collodion experiments gengrall
had higher ablation transients than the single ahalysis done on the gelatin samples. This élidue

to the extra shots on each particle ensemble.

Results for the collodion ablation are also showmable 3. This data shows a similar effect to
the experiments done on the gelatin substratereThas little effect on the precision of the anelyyy
using the vanillic acid over collodion alone. Téeras a 4 to 5 fold increase in signal from thegam
that had vanillic acid dissolved in the collodiofhis meant that more particles that were ablagetffiu
levels above three times the standard deviatiagheobackground. Fewer data points were discarded
because of this signal enhancement. This is axpatedvantage since particles suspected of auntai

uranium may be of a limited number in a sample.

Conclusions

This study has investigated the ability of LA-IGFS to analyze discreet particle ensembles
containing uranium. The gelatin substrate wasstigated for its suitability in ablation of pargcl

ensembles. It was found to be a useful tool fadyais of LOs ensembles while providing good
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precision on a scanning ICP-MS device. The metiqgmburing collodion onto filter paper provided a
second way to entrap and ablate particle ensemiiesensembles were not as easily recognized for
ablation as in the gelatin method, though. Latgarsients are seen in the collodion experimeratst m
likely due to more laser shots. Enhancement watfillic acid is seen to increase ablation transient
when mixed with the collodion. Enhancement isgesn in single shot ablation on the gelatin, dubdo

vanillic acid absorbing some of the laser radiation
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Table 1
Instrumental parameters

|CP-M S parametersfor laser ablation
Tuned daily for best stability

Carrier gas flow rate — 1.00 to 1.200 L/min
Cool gas flow rate — 16.00 L/min

Auxiliary gas flow rate — 0.70 L/min

| CP-M S parametersfor Uranium solution
measur ements

Tuned for best sensitivity and stability
Carrier gas flow rate — 1.00 to 1.10 L/min
Cool gas flow rate — 14 to 16 L/min
Auxiliary gas flow rate — 1 to 1.5 L/min

Laser ablation parameters

Frequency quadrupled Nd:YAG laser at 266 nm

Laser spot size — 1Qdm

Laser repetition rate for collodion experiment -H2
Laser shots for collodion experiment — 30 shots

Table 2

Gelatin and solution analysis 005 samples

Laser Ablation | Solution Standard
Measurement Measurement | Certified Value
235U/238U % 235U/238U % 235U/238U %
(RSD) (RSD) (RSD)
Depleted WOg 0.020 (9.3%) 0.0176 (3.4%) 0.01755
Standard n=29 (0.28%)
Commercial YOg 0.23 (4.3%) 0.23 (4.3%) Not available
Sample n=29
Enriched WOs 3.15 (2.9%) 3.11 (1.9%) 3.137
Standard n=30 (0.064%)

Commercial 10 ppb U

Standard

0.72 (5.6%)




Table 3
Enhanced ablation results
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NIST 610* particles

NIST 610* particles with

2PN % vanillic acid
235U/238U %
Particles on gelatin 0.269 (14% RSD) 0.257(13% RSD)
n=18 n=9

Particles on filter paper with

collodion

0.238 (5.8% RSD)
n=19

0.244 (5.6% RSD)
n=28

*NIST 610 glass standard ha$*aJ/?%U ratio of 0.2381%
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Figure 1
Image taken before ablation of particle ensemble
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Figure 2
Image taken after ablation of particle ensemble




Figure 3
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Time resolved plots of uranium oxide analysis
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Figure 4
Sample spectrum at peak transient intensity faglsishot ablation of a single enriched uranium
particle ensemble on gelatin
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Figure 5
Plot of2°U/>*®U ratio determined by laser ablation vs actdal/>%U
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Figure 6
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Plot of ablation transients on gelatin with no Vianacid

Count rate

Count rate

4.0x10°1
3.5x10 -
3.0x10
2 5x10 -
2.0x10° -
1.5x10 1
1.0x10 -
5

.0x10" 1
0.0

1800+
1600
1400
1200
10004
800+
6004
4004
2004

>*®U in gelatin analysis
ltm ML MM& -
0 100 200 300 400 500
Time (seconds)
>y in gelatin analysis
A M AT A 1\"\. piill }h. il
100 200 300 400 500

Time (seconds)



Figure 7
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Plot of ablation transients of NIST 610 with vaigilhcid on gelatin
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Figure 8
Plot of ablation transients of NIST 610 particleedl in collodion without vanillic acid
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Figure 9
Plot of ablation transients of NIST 610 particleefl in collodion with vanillic acid
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Chapter 5 — Conclusions

This dissertation focused on new applicationssél ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS). The divéisdds that were investigated show the
versatility of the technique. In Chapter 2, LA-KBAS was used to investigate the rare earth
element (REE) profiles of garnets from the Broketh Beposit in New South Wales, Australia.
The normalized REE profiles helped to shed newt lgghthe formation of deposits of sulfide
ores. This information may be helpful in identifgithe location of sulfide ore deposits in other
locations. New sources of metals such as Pg, thAg, produced from these ores, are needed
to sustain our current technological society.

The application of LA-ICP-MS presented in Cha@es the forensics analysis of
automotive putty and caulking. The elemental asialgf these materials was combined with the
use of Principal Components Analysis (PCA). TheARGmparison was able to differentiate the
automotive putty samples by manufacturer and lotlmer. The analysis of caulk was able to
show a differentiation based on manufacturer, loutlear differentiation was shown by lot
number. This differentiation may allow matchingevidence in the future. This will require
many more analyses and the construction of a deg¢atpade up of many different samples.

The 4th chapter was a study of the capabilitidls/efCP-MS for fast and precise
analysis of particle ensembles for nuclear nonfe@tion applications. Laser ablation has the
ability to spatially resolve particle ensembles ethmay contain uranium or other actinides from
other particles present in a sample. This is gfdrtance in samples obtained from air on filter
media. The particle ensembles of interest may ixearnin amongst dust and other particulates.

A problem arises when ablating these particle ebsesrdirectly from the filter media. Dust
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particles other than ones of interest may be aotadly entrained in the aerosol of the ablated
particle ensemble. This would cause the analgdetskewed. The use of a gelatin substrate
allows the ablation a particle ensemble withoututtlsing other particles or the gelatin surface.
A method to trap and ablate particles on filtergrapsing collodion was also investigated. The
laser was used to dig through the collodion layet iato the particle ensemble. Both of these
methods fix particles to allow spatial resolutidrttee particle ensembles. The use of vanillic
acid as a possible enhancement to ablation wasaldeed. A vanillic acid coating of the
particles fixed on top of the gelatin substrate wassfound to have any positive effect on either
signal intensity or precision. The mixing of vdigilacid in the collodion solution used to coat
the filter paper increased ablation signal intgnisit a factor of 4 to 5. There was little effeat o
precision, though. The collodion on filter papezthod and the gelatin method of resolving
particles have shown themselves to be possibls todighting proliferation of nuclear weapons
and material.

Future applications of LA-ICP-MS are only limiteg the imagination of the
investigator. Any material that can be ablated as@solized is a potential material for analysis
by LA-ICP-MS. Improvements in aerosol transpobiation chamber design, and laser focusing
can make possible the ablation and analysis of s)iergll amounts of material. This may
perhaps lead to more possible uses in forensicsimfar method to the one used in Chapter 3
could perhaps be used to match drug residue tpl#oe of origin. Perhaps a link could be made
based on the elements leached from the soil bytplesed to make drugs. This may have a
specific pattern based on where the plant was grdsymthetic drugs are produced in
clandestine laboratories that are often times daty. The dust, debris, and unique materials in

the lab environment could create enough variangetbaps match drugs produced there to
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samples obtained off the street. Even if the matak not strong enough to be evidence, the
knowledge that many samples of a drug are beindymed from a similar location could help
law enforcement find and shut down the lab.

Future nuclear nonproliferation research would #&e helped by the ability to get more
analyte signal from smaller and smaller amountsaterial. One possible future line of
research would be to find a way to make the cotlodayer as thin as possible so less laser shots
are needed to get to the particle of interest.ld@d@n and gelatin analysis could also be used for
environmental applications where spatial resolutibparticles is needed. Individual particles
could give information about the contaminants pnegea given location. The wide versatility
of LA-ICP-MS makes it a useful tool for nearly nastkuctive analysis of a variety of samples

and matrices.
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