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Abstract

The accumulation of metals and metalloids in diagenetic pyrite framboids is of interest
because framboids can be asink for heavy metal contaminants, a source of metalsin ore
deposits, and atool to interpret paleo-ocean chemistry. In this study we have used |aser
ablation inductively coupled plasma mass spectrometry (LA-ICPMS) to anayze pyrite
framboids from both the contaminated Derwent Estuary and the uncontaminated Huon
Estuary in Tasmania, Australia While the enrichment of many trace metals in the Huon
Estuary followed expected trends, the trends in the Derwent were quite different. In addition
to the expected high contents of Pb, Zn and Cu in the contaminated interval it was found that
anumber of elements are incorporated into pyrite less within the contaminated zone. It is
suggested that this is due to over competition for adsorption sites on the growing iron sulfides
in the contaminated zone resulting in diffusion of several elements down. Thisresultsin an
increase of these elementsin pyrite below the zone of major contamination. The LA-ICPMS
technique al so provided the opportunity to obtain accurate data on gold, silver and tellurium
in diagenetic pyrite, something rarely achieved in sequential leach extractions due to the low

concentrations of these metals observed in nature.
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Introduction

Metal and metalloid accumulation in sediments has recently become of interest for three main
reasons. Firstly, pyrite framboids can be important sinks for metals and metalloids (such as
As) in contaminated rivers and estuaries (Lowers et a., 2007). Secondly, trace metal
contents of shale can be used to interpret paleo-environmental conditions (Algeo, 2004;
Anbar et al., 2007; Berner et al., 2013; Tribovillard et al., 2006) and since diagenetic pyriteis
one of the sinks for trace metalsin sediments (Dellwig et a., 2002; Huerta-Diaz and Morse,
1992; Neumann et a., 2013), the processes that led to enrichment of trace metalsin pyrite are
important. Thirdly, recent ore deposit models suggest that diagenetic pyrite is the source for
several significant gold deposits (Large et a., 2007, 2009; Thomas et a., 2011). Itis
therefore important to gain some understanding of the factors that control the uptake of trace
elementsin pyrite. Previous studies have used partial digestions (Huerta-Diaz and Morse,
1992) to establish the variations of metal content in diagenetic pyrite according to sediment
depth. Whilethisis auseful technique for studying at uncontaminated sediments, there are
many potentia problems including the specificity of the reagents (Martin et a., 1987). This
is of particular concern in contaminated estuaries where there may be other metal bearing

sulfides (e.g. sphalerite, chalcopyrite, and galena) which dissolve under similar conditions to

pyrite.

This study examines pyrite samples from a metal-enriched site in the Derwent Estuary in
Tasmania and compares them to the pyrite formed in an uncontaminated environment in the
Huon Estuary some 45 km to the south to determine relative affinities of different trace

metals for incorporation in framboidal pyrite. To avoid problems associated with specificity
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of reagentsin partial digestion chemical analyses we employ LA-ICPM S analysesto directly
determine the composition of trace metalsin pyrite. To achieve similar results synchrotron
U-XRF has been used to analyze trace element content of pyrite (Berner et a., 2006;
Neumann et al., 2013). While synchrotron u-XRF is preferable due to its superior detection
limits and spatial resolution we show in this paper that LA-ICPMS is auseful technique

provided that the framboids analysed are large enough to obtain an adequate signal .
Trace element incor por ation into diagenetic pyrite

The iron sulfides examined in this study are pyrite framboids, which are clusters (often
spherical) of microcrystalline pyrite rarely over 15um in diameter (Figure 1). These crystals
form throughout the world in sediments under anoxic to euxinic conditions. The mechanism
of framboid formation has been the subject of much research and debate (Schoonen, 2004).
The process begins with the formation of iron monosulfides, which have a much higher rate
of nucleation, effectively prohibiting the direct precipitation of pyrite unless seed crystals of
pyrite are present (Schoonen and Barnes, 1991). These iron monosulfides are then converted
to the more thermodynamically stable pyrite (Rickard and Luther, 1997). A common FeS
species used in experimental studies is mackinawite (FeSy,) (Lennie et al., 1995; Wolthers et
a., 2003). However, FeS;,, may not be a necessary precursor in many natural systemsand is
only observed in systems with high Fe concentrations (Rickard and Luther, 2007), though as
the system examined in this study has a significant Fe supply (Risdon Zn smelter) FeS;,, was
probably present at one stage. The conversion of FeS to FeS, can be enhanced by the
presence of sulphur species with oxidation states between SO,* and H,S? which can be
common near the reduced sediment / oxidized water column interface (Neumann et al.,

2005).
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Bacteria can play arolein converting organic sulfur compounds to reactants that can take
part in pyrite formation (Donald and Southam, 1999; Schoonen, 2004). Microorganisms can
also provide anionic sites on their cell walls that are capable of binding ferric iron (Donald
and Southam, 1999; Konhauser, 1998). These ferric iron binding sites promote the growth of
athin FeS film on the outside of the cell wall (Schoonen, 2004), which then can react to form
pyrite. Pyrite precipitation may also be enhanced by the presence of an active surface that
alows Fe?* to react with Sy(-11) to form pyrite. Other Fe sulfides (such as mackinawite)

and/or organic surfaces may also fulfill thisrole (Rickard and Luther, 2007).

The mechanisms for the incorporation of trace metals into pyrite framboids are still not fully
understood. Work by Morse and Arakaki (1993) showed that many trace metals can be
adsorbed and incorporated into the precursor FeS mineral, mackinawite. They showed that a
metal with a sulfide species that has a higher solubility than mackinawite would have a
similar surface affinity to mackinawite and a metal with a sulfide species with lower
solubility than mackinawite would have a higher surface affinity with decreasing metal
sulfide solubility. Renock et al. (2009) showed that the mechanism of arsenic precipitation
onto mackinawite differs based on the pH of the solution. Arsenic forms“realgar like” As
sulfide minerals on the surface of mackinawite at pH 5 but at pH 9 it instead forms a coating
of arsenic on the surface of the mackinawite, possibly due to adsorption of As oxyanions
(Renock et al., 2009). However, mackinawite is not along lived species and reaction
pathways to convert mackinawite to pyrite proposed by (Rickard and Luther, 1997) require
its dissolution, which would likely release some of the trace metals. Work by Huerta-Diaz
and Morse (1992) showed that as progressively more mackinawite is converted to pyrite a
greater concentration of transition metals (excluding Cr) are incorporated into the structure of
pyrite. This processis limited only by the amount of pyrite produced and the amount of trace

metals avail able to be added to the pyrite. They also found that, although metals such as Cr,
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Zn, Pb and Cd do exhibit increases as more of the reactive iron is converted into pyrite (i.e.
with increasing degree of pyritization), the increases are not as significant as with the other

transition metals. This may be because these elements are not held within the structure of the

pyrite.

Based on their study of the Lower Toarcian Posidonia Shale, Berner et a. (2013) separated
trace elements in pyrite into four groups. heavy metals (Cu, Ni, Co, Pb, Bi and TI);
oxyanionic elements (As, Mo and Sb); elements that are predominantly in sub-microscopic
sphalerite inclusions (Zn and Cd) and elements that occur in micro-inclusions of organic
matter or silicates (Gaand V). Berner et a. (2013) and Dellwig et al.(2002) have shown that
heavy metals tend to be incorporated in pyrite predominantly during diagenesis of anoxic
sediments. This occurs by anumber of different processes: co-precipitation; chemical or
physical adsorption and redox reactions between dissolved species and the pyrite surface or

the surface of pyrite precursors.

In thisstudy LA-ICPM S was used to analyze individua pyrite framboids and determine their
trace metal and metalloid abundance. Thisisan improvement over sequential extraction
techniques of analyzing pyrite as it does not have the problems of selectivity of reactants that
were identified by Martin et al. (1987). By avoiding the problem of selectivity of reactants it
was possible to examine pyrite framboids that were growing in an area that contains high
levels of several trace elements to examine how trace elements are incorporated into
diagenetic pyrite. Thisisthefirst study to analyze the accumulation of elements in pyrite
framboids from a heavily contaminated site and gives insight into the importance of
competition for adsorptive sites on the surface of growing pyrite grains for the incorporation

of metals within diagenetic pyrite.

Material and Methods
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L ocation and setting

Samples were taken from two estuaries in southern Tasmania, Australia. A sediment core
from the Derwent Estuary, (Figure 2) (Gregory et al., 2013) was taken from Prince of Wales
Bay, adjacent to the Risdon zinc refinery which has been operating since 1917. Prior to the
1970’ slittle environmental precautions were taken; smelter waste was deposited directly into
the estuary and ore particles were blown into the water from uncovered stockpiles on the
river bank (Gregory et al., 2013). In 2010 the Australian national pollution inventory
reported 99 kg As, 311 kg Cd, 299 kg Cu, 654 kg Pb and 23834 kg Zn were deposited into

the estuary (Milne, 2012).

The Huon Estuary is located approximately south-southwest of the Derwent Estuary at 43°
14 Sand 147° 4 E. The Huon Estuary has similar underlying geology to the Derwent and
drains a hinterland of mixed forest and farming areas. In comparison to the Derwent the
Huon Estuary is sparsely populated and hosts few major industries on itsmarginsand is

therefore alow contamination analogue of the Derwent Estuary (Jones et al., 2003).

Sample collection and preparation

A 1.05 m sediment core taken from Prince of Wales bay (42°49'33"S, 147°18'12"E) in
August 2010 and a 0.65 m long sediment core taken from the Huon Estuary (43°10'26"S,
146°59'7"E ) in December 2011 were both sampled using an Uwitec hammer corer (Figure
2). The black silt found in both cores (predominantly 2.5Y 2.5/1 with zones of 5Y 2.5/1 on
the Munsell colour chart) contained nearly no stratification and exhibited strong evidence of
bioturbation by worms and arthropods. The sediment was extruded by pushing a plunger
through the tube and samples were taken every 2.5 cm for the first 30 cm of the Derwent
sediment core and 5 cm for the remainder of the cores. One half of each sample was dried

prior to processing for geochemical analysis; one quarter was removed for heavy mineral
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separation while the remaining quarter was stored in a freezer for future use. Heavy minerals
were separated by either panning or by heavy liquid separation (heavy liquid separation was
only used for the Derwent samples). The samples were first panned using a plastic riffled
pan. The concentrate was then transferred to a watch glass which was further panned to
produce a concentrated separate of heavy minerals. Individual pyrite framboids were
removed from the concentrate using a steel needle. Framboids were then mounted in 2.5 cm
diameter epoxy mounts prior to LA-ICPMS analysis. Heavy minera separates were also
made by mixing the sediment sample with lithium heteropolytungstates in a separatory funnel
and leaving for 24 hrs. The dense minerals (>2.95 specific gravity) settled to the bottom of
the funnel where they were collected by opening the valve and draining the bottom fraction
of the lithium heteropolytungstates with the dense minerals. The minerals were filtered out
and washed three times with deionized water. This concentrate was mounted in epoxy for
LA-ICPMS analysis. The extracted framboids tended to be 10-20 um in diameter and were
usually spherical. However pyrite was aso found to replace/fill biological structures and take

the shape of that structure, an partially filled example of thisis shown in Figure 1A.

Analytical methods

The dried samples were ground to <63 pm using a chromium steel mill. These samples were
analyzed for metal concentrations using a combination of ICPAES (Agilent 725 Radial
ICPAES) and ICPMS (Perkin Elmer Elan 9000 ICPMS) techniques at ALS Chemex in
Brisbane, Australia and separately for gold using the instrumental neutron activation (INAA)
technique at the Ecole Polytechnique Montreal in Canada. At ALS Chemex’slab the
samples were digested by four acids (HCI, HNO3, H,SO,4 and HF) prior to being analyzed by
ICPAES and ICPMS. Only ICPAES anadlysed Al, Ca, Cr Fe, K, Mg, Mn, Na, P, S, V and Zn
while only ICPMS analysed Ce, Cs, Ge, Hf, In, Li, Nb, Rb, Re, Sn, Ta, Te, Thand Y. Both

methods analysed Ag, As, Ba, Be, Bi, Cd, Co, Cu, Ga, La, Mo, Ni, Pb, Sh, Se, Sr, Ti, Tl, U,
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169 W and Zr and the final values were obtained by merging the results from both methods using
170  acomplex algorithm (details provide in electronic appendix). Blanks, geochemical reference
171 materials (MRGeo02 and GBM 398-1; prepared by Ore Research & Exploration Pty Ltd and
172 Geostats Pty Ltd respectively) and sample duplicates were used to ensure quality control.

173 These were within the criteriafor acceptable values (10-20% of the expected values, with

174  higher variation considered acceptable for elements with low expected values). Details of the
175  Derwent samples have been reported in a companion study (Gregory et a., 2013). At the
176  Ecole Polytechnique the samples were placed into 7 ml irradiation polyethylene vias prior to
177  irradiation in the Slowpoke nuclear reactor, where they wereirradiated for 30 min at an

178 average neutron flux of 5x 10*/cm?%s (varying from 4.43 to 5.58 x 10"/cm?s as afunction
179  of sample position in the irradiation site). They were then allowed to decay between three
180  and five days before the gammaray spectrum was recorded for three to five hours at a

181  distance of 1.6 mm. The amount of gold was then calculated using EPAA v3.0 (Ecole

182  Polytechnique Activation Analysis) software. Over several years of analyses the reactor

183  neutron flux and detector efficiency has been reproducible to 1% and a quality control

184  standard containing 30 pg gold isroutinely analyzed and it was within 5% of the expected

185  value.

186  Analyses of available metal ions for four of the Derwent samples were conducted as part of
187  the companion study based on the methods proposed by Zeien and Brimmer (1989). This
188  method consisted of seven leach steps designed to release metals that are: easily exchanged,
189  weakly complexed and bound by carbonates, bound by Mn (hydr)oxides, bound by organic
190  matter, bound by Fe (hydr)oxides of low crystallinity, bound by Fe (hydr)oxides of high

191  crystallinity and the residual fraction. Of these the first four leachates have been presented in
192  thisstudy as possibly available for incorporation into pyrite. Though it should be noted that

193  some of the elements held within the Mn (hydr)oxides and organic matter may be unavailable
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for incorporation into pyrite because they are too strongly held by the organic matter. The
first four leachates were obtained by leaching the samples with: 1 M NH4NO; for 24 hours at
20°C (leach 1); 1 M NH4OAc (pH 6) for 24 hours at 20°C (leach 2); 0.1 M NHsOHCI +
NH4OAc (pH 6) for 0.5 hours at 20°C (leach 3) and 0.025 M NH,-EDTA (pH 4.6) for 1.5
hours at 20°C (leach 4) (Gregory et a., 2013). The resulting aliquots were analyzed in the
Central Science Laboratory at the University of Tasmaniausing an ELEMENT 2 sector field
ICP-MS (Thermo Fisher, Bremen, Germany). Quality control was undertaken by analyzing
calibration solutions as ‘ unknowns' to monitor instrument performance and by analyzing a

water standard (NIST_RefWater1640a) to verify calibration accuracy.

The metal and metalloid contents of pyrite framboids were determined using aLA-ICPMS
system (a New Wave UP-193SS Nd:Y AG Q-switched Laser Ablation System or a New
Wave UP-213 Nd:Y AG Q-switched Laser Ablation System coupled to an Agilent 7500a
Quadrapole ICP-MS) based at the ARC Centre of Excellence in Ore Deposits at the
University of Tasmania. Using a 10 um beam the samples were ablated in an ultra-high
purity He atmosphere before being mixed with Ar and flowing into the ICPMS. Laser energy
of 1.8t0 2.5 Jem (for the New Wave UP-193ss) and approximately 3.5 Jcm? (for the New
Wave UP-213) were used for al analyses while the repetition rate was 5 Hz. Datawas
collected over 70-90 sintervals, with a 30 s pre-ablation acquisition (background) interval
and a40-60 s acquisition interval. Generally thefirst 20 s of the laser signal was used for
data reduction due to the tendency for the laser to completely ablate through the pyrite
framboid. However, this was enough time to obtain sufficient signal to produce analyses
with adequate detection limits and errors for most elements. Many of these results had
relatively high detection limits for Au and Te (>0.1 ppm and >1.0 ppm respectively) and so
an additional 97 samples were analyzed for alimited number of elements (Au and Te) inan

attempt to lower the detection limits.
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10

The primary standard used to cal cul ate concentrations and correct for instrument drift was
STDGL2b-2. The standard is alithium-borate fused disc of pyrite and sphalerite powder
doped with certified element solutions (Danyushevsky et al., 2011). This standard yields an
error of less than 15% for most elements. The standards were analyzed twice at the
beginning and end of each session, before and after each sample change and every one to two
hours of analysistime. A total of 256 analyses were conducted. Iron was used as an internal
standard as pyrite rarely varies from its stoichiometric value by more than 5%
(Danyushevsky et al., 2011). All results were corrected for linear drift and data reduction
was undertaken following the methodology developed by Longerich et a. (1996) using

SILLS software (Guillong et a., 2008).

Results

Geochemistry

Results for the whole sediment analysis are summarized in Figure 3. A more comprehensive
analysis of the bulk chemistry of the sedimentsis presented in a companion paper (Gregory et
al., 2013). It isreadily apparent that the Derwent samples are much more enriched than the
Huon samples above 75 cm depth for al reported elements except Co, Te and Mo (Figure 3).
Theincrease in S content with depth in the Huon samples may reflect a natural increasein the
degree of pyritization in the core (i.e. the amount of reactive Fe that has been precipitated as
pyrite) (Figure 3). The Derwent core sample has been divided into 5 different groups based
on the geochemical results: moderate metal and low sulfur (0 to 25 cm); moderate metal and
high sulfur (25 to 45 cm); high metal (45 to 55 cm); high to low metal transition zone (55 to
80 cm) and low metal (80 to 100 cm). Representative samples from four of these groups
were analyzed by sequential analysis to determine what sediment components the different

metals are held within (Gregory et a., 2013). Results for the amount of trace metals that may
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11

be available for incorporation into pyrite are summarized in Table 1. These are the sum of
the easily extractable fraction; carbonate held fraction; Mn(hydr)oxide fractions and organic
held fraction. The poorly crystallized Fe (hydr)oxide and well crystallized Fe (hydr)oxide
fractions obtained from the sequential |each extractions were not included because in the
Derwent Estuary there is a high concentration of franklinite (zinc ferrite) which dissolves
under the conditions used to extract the different Fe (hydr)oxide fractions (Gregory et al.,
2013). Thisfrankliniteis stable in the sediments asisindicated by SEM analyses that show
no ateration on the rims of the grains (Gregory et a., 2013). Thusit was believed that
including analyses from these extractions would give concentrations much higher than those
actually available for incorporation in the pyrite. Unfortunately degree of pyritization
analyses are not possible in the Derwent Estuary due to the presence of significant quantities
of Fe (hydr)oxide and sulfide minerals being introduced into the estuary as smelting by
products (Gregory et al., 2013). For complete discussion on techniques used to isolate these

different fractions please see Gregory et a. (2013).

During the course of this study 159 pyrite framboids were analyzed for Al, V, Co, Ni, Cu, Zn,
As, Mo, Ag, Cd, Te, Au, Pb and Bi and 97 pyrite framboids were analyzed for only Au and
Te using the LA-ICPM S technique. Median, maximum and minimum values for Zn, Pb, Cu,
Bi, Ni, Co, Mo, As, Au, Ag and Te in pyrite for the Derwent and Huon Estuaries are reported

in Table 2 and 3 respectively.

Median values for pyrite framboids from the Huon Estuary are generally uniform with
concentrations of trace metals varying little with depth. Gold, Ag and Te from individual
grains are generally below detection limits and medians of Zn (26 — 65 ppm), Pb (0.30—-2.5
ppm), Bi (0.05— 12 ppm), Ni (2.77 — 18.8 ppm), Co (0.87 — 25.7 ppm) and As (122 — 590

ppm) show little systematic variation with depth. Whereas the concentration in pyrite of Cu
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267 (11 -82 ppm) and Mo (below 30 cm depth) (5.3 — 40 ppm) show asignificant increase with

268  increasing depth (Figure 4).

269  TheZn, Pb, Cuand Bi content in pyrite framboids in the Derwent follow the trend indicated
270 by the whole rock analyses (Figure 4), with the highest amount of metal in the framboids
271 occurring in the most contaminated zone but with much lower content of metal within the
272 pyritethanin the sediment itself. Arsenicin pyrite aso follows the whole rock values;

273 however it contains higher As values than the sediment. The concentration of Agin pyriteis
274  relatively low and uniform throughout the contaminated interval (between <0.11 ppm and
275  2.90 ppm from 0 to 55 cm) and are highly enriched at 70 to 75 cm (23.96 ppm), with minor
276 enrichment at 60-65 cm. A similar peak in trace element content of pyriteinthe 70 to 75 cm
277  interval ispresent for Ni, Co and Mo (35.0, 83.8 and 22.1 ppm respectively) despite these
278  elements not being noticeably enriched in any section of the core. Gold behaves similarly,
279  however itsinterval of major enrichment occurs between 60 and 65 cm below the main zinc
280 enrichment. The Te content of pyriteis not enriched at any level in the core, however itis
281  significantly enriched compared to the Huon core despite both cores having similar bulk Te

282  contents. Both Au and Te are enriched in pyrite compared to the bulk sediment.

283 TheLA-ICPMSdatais collected every 0.1-0.5 s as the laser ablates through the framboid and
284  thisdata can help to distinguish which elements are held within the pyrites structure/micro-
285 inclusions within the pyrite or as larger inclusions within the framboid. Elements that exhibit
286  relatively flat traces throughout the laser ablation are thought to be contained within the

287  structure or micro-inclusions while elements with distinct peaks are thought to exist as larger
288 inclusions (Thomaset a., 2011). Based on these criteria As, Mn and Zn appear to be held
289  within the pyrite structure or as micro-inclusions; Te, Au and Sb are held as inclusions and
290 Cu, Pband Ag are contained in the framboids as both inclusions and contained within the

291  pyrite structure or microinclusions (Figure 5).
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292 Discussion

293 Previous enquiries into the accumulation of trace elementsin pyrite forming within sediments
294  have shown that mechanisms that incorporate different trace metals into pyrite proceed at

295 different rates. These are, in decreasing order: As=Mo > Cu=Fe>Co>Ni > Mn>Zn>
296 Cr=Pb>Cd(Morseand Luther, 1999). These were determined using modifications by

297 Huerta-Diaz and Morse (1990) on the pyrite extraction method proposed by Lord (1982) to
298  determine the percentage of different trace metals and metalloids incorporated into pyrite,

299 termed the degree of trace metal pyritization. Asthis method is not selective for pyrite, itis
300 only applicablein areas where no other sulfides or minerals with similar chemical properties
301 tosulfidesoccur. Our study differsin that the LA-ICPMS technique alows us to analyze

302  selected pyrite framboids individually which greatly expands the potential areas of study.

303  Incorporation of metals and metalloids occurs by a number of different ways (Rosso and

304 Vaughan, 2006). Which of these, or combination of these, mechanisms occur for the

305 different elements effects how much of them can be incorporated into the individual

306 framboids and the rate of incorporation. These interactions of metals and metalloids with the
307  surface of the growing pyrite are controlled by several factors: equilibration time, solution
308 pH,initial concentration of elements, particle size, temperature (Borah and Senapati, 2006)

309 and point of zero charge (Pikaray et a., 2005).

310 However, micro-environments with different pH or trace element concentrations may have
311 formed locally within the sediment. The existence of these micro-environments may explain
312 the spread that is evident for trace element content of pyrite in the same sediment interval

313  (Hochellaet al., 2005; Xiaet al., 2009).

314  Arsenicisenriched in pyrite by approximately an order of magnitude in both the high metal

315  content Derwent and low metal Huon Estuaries when compared to the whole rock sediment
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316  anayses. Theonly interval where this does not hold isin the most contaminated section of
317  the Derwent core where several framboids have lower arsenic content than that measured in
318 thehost sediment. Thisisdueto much of the Asbeing held in other phases (such as

319  arsenopyrite) in thisinterval that is not available for incorporation into pyrite (Figure 6). This
320 ishecause Asreadily substitutesinto pyrite at a high rate; which makes incorporation into

321  pyrite the primary mechanism in which Asisremoved from pore water (Lowers et a., 2007).
322  Thisissupported by SEM analyses (Gregory et al., 2013) that show the presence of

323  arsenopyrite in the metal enriched sections of the sediment.

324  Molybdenum behaves differently than expected with several framboids displaying erratic
325  enrichment relative to the host sediment in the contaminated zone and an increase in the Mo
326  in pyrite below the contaminated zone at 70-75 cm. Molybdenum exists in the sediment as
327  the molybdate or thiomolybdate anion or one of the intermediates between these two end

328  members (Erickson and Helz, 2000; Helz et a., 1996; Xu et a., 2006). Of these, the

329  thiomolybdate anion islikely to bein highest abundance in the sulfide rich conditions of the
330  sediments (Erickson and Helz, 2000). Thisis also the most efficient form to adsorb onto

331  pyrite, however it is aso the most efficient form to adsorb onto organic matter (Erickson and
332 Helz, 2000; Helz et al., 1996). In the Derwent samples there is significantly more organic
333  matter above 45 cm depth (Gregory et a., 2013), which is where the Mo content of pyriteis
334 comparatively low. This suggests that competition between pyrite and organic matter for
335  adsorption of Mo may be responsible for the observed lower Mo content of pyrite above 45
336 cm. Inthe uncontaminated Huon Estuary molybdenum holds with the predictions of Morse
337  and Luther (1999) with the medians of the Mo in pyrite above that in the host sediment. The
338  trendswith depth also fit with the predictions by Huerta-Diaz and Morse (1992), which

339  predict an increasing trace metal abundance with depth; in the Huon we see this trend below

340 30 cm of sediment depth (Figure 4).
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341  Water exchange rate kinetics for Pb and Zn are faster than that for iron which suggests that
342  Pband Zn sulfides should precipitate earlier than pyrite (Morse and Luther, 1999). The

343  incorporation of these metalsin pyrite is also favored under the conditions found in the saline
344  sediments as the pH found in the sediments is above the adsorption edge for these metals on
345  pyrite (Jean and Bancroft, 1986). Our data support thisresult in the Huon Estuary where the
346  timeresolved LA-ICPMS output graphs show relatively spikey compositions of Pb and Zn
347  (Figure5), suggesting the presence of inclusions of these elements as sulfide inclusions

348  within the pyrite. Thetimeresolved LA-ICPMS data from the Huon samples also indicates a
349  decrease in the amount of Pb and Zn from the center of the framboid to the edge. Thisis

350 consistent with early rapid crystallization of Pb and Zn sulfides, which are associated with the
351  earliest growth of pyrite framboids. In the contaminated sediments of the Derwent Estuary
352 lead and zinc behave somewhat differently with relatively consistent compositions

353  throughout the pyrite framboid (Figure 5). This may be due to the amount of available zinc
354  and lead (from the first four steps of the sequential leach data), which increases from 1935
355  ppm and 1415 ppm respectively in the 20-25 cm interval to 4750 ppm and 4645 ppm

356  respectively in the 50-55 ppminterval (Table 1 and Figure 6). Thisresultsin the observed
357 increasein Pb and Znin the framboids. These metals occur most likely as severa micro-

358 inclusionsthat are evenly distributed throughout the framboid. Though the exact minera that
359  forms the nanoparticles was not determined studies by Berner et a, (2013) and Deditius et al.,
360  (2011) has shown that Zn and Pb often exist as sulfide nanoparticlesin pyrite; thereforeit is
361  probable that the nanoparticles are sulfides. Thisinclusion hypothesisis supported by work
362  from Deditius et al. (2011) which has shown that a wide range of nano particles are found in
363  pyrite as native metals, sulfides, sulfo-salts and iron bearing nanoparticles. In the course of
364  their study they showed that Pb, Bi, Sb, Au, Ag, Ni, Te and As preferentially distribute into

365 nano particles, with large particles forming by exsolution and small ones forming by direct
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366  precipitation. However, they did not investigate Zn, in this study Zn appears to behave

367 similarly to Pb and thus it is suggested that it too preferentially forms nano particles in pyrite.

368  Zinc tendsto be accumulated in pyrite less than Pb and Cu, relative to the total amounts of
369  Zn, Pband Cuin the system. Thismay be because the pK for the formation of the MeOH**
370  complexes are higher for Zn (8 for Cu, 7.7 for Pb and 9 for Zn) (Baes and Mesmer, 1976),
371 resulting in less efficient Zn adsorption (MUller et a., 2002). A wide degree of variation in
372 the content of Pb and Cu isfound, especially within the most contaminated zones. This may
373  bedueto competition for the same adsorption sites, similar to that noted by Mller et al.

374  (2002).

375  Inour experiment Cu behaves very similarly to Pb and Zn, as predicted by water exchange
376  reaction kinetics (Morse and Luther, 1999). Thisis not surprising as Cu adsorption on pyrite
377  hasbeen shown to be rapid and at pH over 5 (Wang et a., 1989). Similar to Pb and Zn, the
378  Cuin framboids from the uncontaminated Huon Estuary sediments has a spiky (inclusion-
379  rich) distribution with an overall decrease in Cu towards the rims of the framboid (Figure 5).
380  Inthe Derwent Estuary sediments Cu in the framboid is less spikey than in that the Huon

381  River framboids but more spikey than the Derwent Pb and Zn.

382  Gold content in pyrite was found to be subdued in the most metal enriched part of the

383  Derwent core, with the highest gold in pyrite present below the mgjor metal enrichment. The
384  Au precipitates from pore waters either by adsorbing onto sulfides or other materials (Jean
385 and G Michael, 1985; Maddox et a., 1998; Mycroft et al., 1995; Renders and Seward, 1989;
386  Schoonen et al., 1992; Widler and Seward, 2002; Woods, 1996) or by precipitation due to
387  bacterial mediated precipitation of gold metal (Gwynne, 2013; Hough et a., 2011; Lengke et
388 a., 2006; Reith et a., 2009). Schoonen et a. (1992) showed that pyriteisavery good

389  scavenger of gold in natural systems. Thisis achieved by the adsorption of gold on the
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surface of the growing crystals with incorporation into the structure of the pyrite by
subsequent over growth. However, gold is also adsorbed by organic matter through biologic
pathways (Zhang et a., 1997). The top of the sediment section in the Derwent core contains
a higher amount of organic matter (Gregory et al., 2013) and in this region pyrite framboids
tend to also have lower Au content. This suggests that more of the available Au is adsorbed
onto organic matter resulting in less gold accumulation in pyrite. Mller et al. (2002) showed
that high concentrations of Cu, Pb and Zn prevented the adsorption onto pyrite of Auin
pyriterich minetailings. It is possible that this processis occurring in the Derwent core,
where additional competition for surface adsorption sites from Pb, Zn and Cu in the
contaminated zone has resulted in relatively low Au incorporation into pyrite fraction (Figure
6 and Table 1). Another possibility isthat bacterial meditated precipitation of Au is enhanced
at thisdepth. Several studies (Gwynne, 2013; Lengke et al., 2006; Reith et al., 2009) have
shown that sulfate-reducing bacteria can precipitate nanoparticle Au in conditions where
pyrite can be formed. We consider this mechanism to be plausible in our samples as our data
show the small inclusions of Au that are expected from this mechanism and the Au nano-
particle fixing bacteria (Cupiavidus metallidures) has been identified in Australian field sites

(Reith et al., 2006).

Anather factor likely to effect the uptake of Au in pyrite framboidsis the presence or lack of
As. Severa studies have shown that coatings of As on the surface of iron sulphides greatly
enhance the adsorption of Au on pyrite and higher As concentrations are often associated
with higher Au concentrations (Deditius et al., 2008; Deditius et al., 2009; Deditius et al.,
2011; Hough et ., 2011; Mikhlin et al., 2011; Reich et al., 2005; Reich and Becker, 2006).
While the presence of Asin pyrite has probably aided in the adsorption and accumulation of

Auin pyrite in the Derwent samples Asis not significantly enriched in the sections where
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strong Au enrichment is observed. Thus, relative As enrichment in pyrite probably did not

result in relative enrichment of Au in pyrite.

Inclusions were found to be an important host of the Ag in diagenetic pyrite. Thisis
consistent with several other studies that have found silver to form Ag metal or Ag sulfide
micro particleson or in pyrite (Deditius et al., 2011; Mikhlin et al., 2011; Mller et a., 2002;
Pooley and Shrestha, 1996). Previous studies have suggested that these form first as films of
AQS that can consolidate into round nanoparticles. Over time these sulphides can
decomposeto Ag metal (Mikhlin et a., 2011). Similarly to Au, the Agin pyriteisat a
maximum below the major zone of metal contamination (Figure 4). The pKy for the MeOH”
! of Agis 12 (Baes and Mesmer, 1976), which suggests that the pH conditions of the
sediments are not as ideal for Ag adsorption on pyrite as for some other elements (notably
Cu, Pb and Zn) (Mller et al., 2002). This coupled with afar greater amount of competition
for binding sites with Cu, Pb and Zn higher in the section resulted in relatively low Agin
pyrite in the more metal enriched part of the sediment and high Ag in pyrite below the major
metal enrichment. Thisissimilar to explanations given for low Ag adsorption in zones of

high Pb, Cu and Zn adsorption for studies of mine tailings (Muller et al., 2002).

The Ni content of pyriteis generally subdued in most of the Derwent pyrite, despite Ni
commonly being enriched in pyrite. Thisisdue to the general low levels of Ni in the system.
The amount of Co in pyrite is similarly subdued, though not to the extent of Ni and probably
stems from asimilar lack of Co available for adsorption (Figure 6). Competition for
adsorption sites on the pyrite may also play arolein the low levels of Ni and Co in the metal
enriched sections. Thiswould explain why the highest average Ni and Co enrichment is
found in pyrite from the 70 to 75 cm section, coincident with the highest Ag in pyrite. This
again is consistent with the explanation for lower adsorption of less abundant trace metals on

pyrite when there is significant competition for adsorption sites by Miiller et a. (2002).
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The reason for the high Te measured within the Derwent pyrite framboids compared to the
Huon framboids is not immediately clear, particularly as the total amount of Te (whole
sediment) are similar. It may be due to complexing between tellurium and other elements
(such as gold) in solution, causing the tellurium to be adsorbed onto the pyrite with the other
metals or that Te in the Huon is hosted in an insoluble detrital mineral and is not available for

incorporation into pyrite.

Asthereis no data for the amount of mobile Au, Ag and Te available in the sediments at
different depths due to analytical difficulties with measuring these elements in the sequential
leaches, we cannot be certain of our competition for adsorption site hypothesis for siting of
these elements in diagenetic pyrite. Other explanations for the observations may be that the
Au, Ag and Te are entirely held within immobile phases such as franklinite or sulphidesin
the more contaminated zones and held within more soluble phases, such as organic matter
immediately below the contaminated zone. We see this explanation as unlikely because the
source of the Au, Ag and Te appears to be the smelter waste and for it to diffuse down to
enter the pyrite below the contamination it would have to be mobile and thus would be
available for incorporation into the pyrite earlier aswell. A second possibility is that trace
metal incorporation is at least to some degree controlled by biological processes and the
organisms that are needed cannot live in the high metal conditions of the higher sections of
the core. Though thisis an interesting possibility it iswell out of our field of expertise and

we are unableto test it at thistime.

Thisisthefirst study that has analysed pyrite framboids that have formed in a contaminated
estuary. It shows the amount of trace elements that can be incorporated into pyrite and thus
be rendered unavailable for biological uptake. The study aso shows how the incorporation

of some more concentrated trace elements can limit the incorporation of other trace elements.
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463  Theuseof LA-ICPMS has allowed the analysis gold, silver and tellurium in sedimentary

464  pyrite, something not possible using traditional sequential extraction techniques. This

465  demonstrates some of the factors that affect the uptake of these el ements in sedimentary

466  pyritewhichis of particular interest now as recent models for ore deposits suggest pyriteis an

467  important source for some metals and metalloids.

468
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Figure Captions

Figure 1: Location of samples taken from the Derwent (SM1001) and Huon (H1) Estuaries.

Hatched patternsindicate residential areas.

Figure 2: Scanning electron microscope images of pyrite framboids from the Derwent
Estuary (A and B) and the Huon Estuary (C to F). The framboids are very similar between

the relatively uncontaminated Huon Estuary and the contaminated Derwent Estuary.
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Figure 3: Whole sediment geochemical analyses of sediment cores from the Derwent (red)
and Huon (blue) Estuaries. The Derwent estuary is enriched in metals and metalloids in the

top 45 cm, very enriched from 45-55 cm and tapers down to background values by 75 cm.

Figure 4: Whole sediment analyses (red squares) and LA-ICPM S analyses (blue circles) of

pyrite framboids from the Derwent (left) and Huon (right) Estuaries.

Figure5: Timeresolved LA-ICPMS output graphs of pyrite framboid analyses for Derwent
and Huon Estuaries. Thetrace of the iron (when above 1000000 counts) shows where pyrite
isbeing ablated. Spikesin the plots show microinclusions within the pyrite while relatively
flat plots indicated the elements are held within the pyrite structure. The framboids are
mounted in epoxy then polished down resulting in the laser starting in the center and ablating

to the edge.

Figure 6: Trace metal contents of pyrite, whole sediment and trace metals available to be
incorporated into pyrite. Note that both Pb and Zn have very high proportions of metals that
can be incorporated into pyrite. This may cause some metals to be unable to adsorb onto the
surface of the growing pyrite allowing them to diffuse to lower levelsin the sediment and

become incorporated into the pyrite there.

Tables

Table 1: Trace metalsthat are easily exchanged, weakly complexed and bound by carbonates,
bound by Mn (hydr)oxides and bound by organic matter from the Derwent Estuary sediments

as determined by Gregory et a. (2013).

Depth Lead Manganese Cobalt  Nickel  Copper Zinc Arsenic  Cadmium  Molybdenum
Interval  (ppm)  (ppm) (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm) (ppm)
(cm)
20-25 1415 51.5 3.0 4.0 143 1935 33.8 17.8 0.56
30-35 2007 87.5 4.1 9.7 225 3459 130.1 211 1.22
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*Specific values for the different extraction step and error estimates can be found in Gregory et al., (2013).
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Note: Theindividual standard deviation of each laser spot varies, however the median values of one standard
deviation as calculated by Sills software is as follows: Huon: Ag (0.049), As (5.42), Au (0.026), Cu (4.85), Mo
(0.95), Pb (0.33), Te (0.25), Mn (21.98) and Zn (2.24); Derwent: Ag (0.13), As (16.91), Au (0.053), Cu (3.45),
Mo (0.31), Pb (4.26), Te (0.26), Mn (21.76) and Zn (6.15).
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