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ABSTRACT 

This thesis reports on the results of high-temperature experiments and detailed 

chemical analysis of natural samples that assess the oxidation state of As and Sb, and the 

distribution of As in the solidification products of felsic magmas. 

In the first study of this thesis, X-ray absorption near edge structure (XANES) 

determined that As and Sb are predominantly in the trivalent state in basaltic glasses 

synthesized at 1200°C, 0.1 MPa, and oxygen fugacity (fO2) of FMQ -3.3 to +5.7 (FMQ is 

the Fayalite-Magnetite-Quartz redox buffer). Additionally, extended X-ray absorption 

fine structures spectroscopy (EXAFS) revealed that the configuration of both elements is 

MeIIIO3E trigonal pyramids (Me = metal; E is the lone pair of electrons). As trivalent As 

and Sb are a poor match for most major elements based on charge and ionic radius, 

common rock-forming minerals will reject these metalloids during crystallization. 

The second study of this thesis explores the unexpected enrichment of As in 

apatite observed in a number of felsic plutonic rock suites.  Piston-cylinder experiments 

were used to measure apatite/melt partitioning and speciation of As in a range of felsic 

melt compositions at 900-1050°C, 0.75 GPa, and FMQ -0.4 to +7.5. Results indicate that 

As is incompatible in apatite, except at extraordinarily high fO2.  Arsenic-enriched apatite 

could form from melts after protracted crystallization generates high As levels. 

Combining the experimental results with crystallization models shows that this process is 

consistent with the enrichment of incompatible trace elements observed in apatites from 

the South Mountain Batholith, Nova Scotia.  

The final study of this thesis determined the geogenic sources of As 

contamination in groundwater from granitic bedrock terranes in southwestern Nova 

Scotia. Trace element analysis of the major and accessory minerals from representative 

bedrock samples and calculation of mineral stability were used to assess the lability of As 

at near-surface conditions. Pyrite and cordierite are phases with elevated As 

concentrations and oxidation (pyrite), or dissolution (cordierite) of these phases could 

release As into the groundwater. This process is consistent with the occurrence of high 

As concentrations in groundwater associated with cordierite and oxidized pyrite-bearing 

granitic bedrock. The best predictor of elevated As in groundwater is a combination of 

the identity and low-temperature stability of the As host minerals and secondary factors 

such as the permeability of the sample.  

Collectively, these three studies show that As is likely incompatible in most 

phases that crystallize from both felsic and mafic magmas over the known range of 

terrestrial redox conditions.  The highest As concentrations will therefore be associated 

with the most evolved melts and produce the most As-enriched minerals. If these 

minerals are unstable at low-temperature conditions, then they will become geogenic 

sources of As contamination after the igneous rocks are brought to the surface by erosion 

and uplift.  
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Chapter 1  

INTRODUCTION 

Elements that are present at the trace level, here loosely defined as less than 

10,000 g/g, offer a unique window on a variety of geochemical processes, as their 

distribution is independent of phase stoichiometry. Instead, thermodynamically defined 

partitioning relationships control the allocation of these so-called trace elements. The 

phases that trace elements prefer to occupy define their geochemical affinities, which 

include atmophile, lithophile, chalcophile or siderophile (Goldschmidt, 1954). The use of 

trace elements to understand high- and low-temperature geochemical processes is far-

ranging: from research into planetary differentiation to identifying geogenic sources of 

groundwater contamination. Trace elements with multiple oxidation states are a 

particularly interesting subgroup as their geochemical properties, including ionic radii, 

charge, and coordination environment may shift depending on the redox conditions of the 

system. The combination of the oxidation state and the nature of the binding ligands 

define a geochemical species. In some cases, the inventory of a particular trace element 

within a sample may comprise multiple species, resulting in diverse geochemical 

behavior.  Hence, the chemical characteristics and relative abundance of each species are 

essential to the accurate interpretation of trace element behavior. A number of intensive 

variables may control the abundance of species, or speciation, with the most important at 

conditions of magma formation and differentiation being temperature and the fugacities 

of oxygen and sulfur (fO2 and fS2, respectively).  

 Amongst the more geochemically complex group of elements are the metalloids, 

defined by their transitional electronic properties between metals and non-metals. This 

group of elements has the propensity to form both anions and cations and a potentially 

wide range of oxidation states. Within this group are the elements As and Sb, typically 

present at trace levels in natural systems. The behavior of these two metalloids related to 

high-temperature magmatic processes is not well-studied; however, As and Sb exhibit 

chalcophile, lithophile and even siderophile tendencies (Goldschmidt, 1954), likely 

dictated by the prevailing fO2 and fS2 conditions (see Chapter 2, section 2.1).  Therefore, 

interpreting the natural variation of As and Sb abundances more fully in igneous rocks 
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requires information on which chemical states, or speciation, exist for a specific range of 

conditions. The major focus of this thesis is to provide such information through 

calibration by high temperature laboratory experiments in which the relevant intensive 

parameters can be varied in a systematic way. Emphasis is on the behavior of As, with 

more limited results for Sb as the lower natural abundances of Sb limit the data available 

for interpretation. This thesis also documents the distribution and groundwater lability of 

As in the solidification products of a felsic plutonic magma; thus, linking the knowledge 

of igneous partitioning with environmental mobility. 

Chapter 2 provides the necessary background information to aid in the 

understanding and interpretation of this thesis.  Information is provided on the general 

geochemical properties of As and Sb, background on the concept of oxygen fugacity, the 

geochemistry of apatite, as well as the physical basis for the spectroscopic methods 

employed to assess the speciation of As and Sb.  
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Chapter 2  

BACKGROUND 

2.1. Geochemistry of Arsenic and Antimony 

2.1.1. Chemical Properties and Abundances 

Arsenic, Sb, Bi, P and N are collectively called the “pnictogens” and occupy 

Group 15 on the periodic table. Pnictogens have three stable electron configurations for 

ionic bonding (+III or +V cations or as a -III anion). Other nominal charges are possible 

through covalent bonding. As both As and Sb are metalloids they will behave as either 

metals or non-metals depending on the system conditions. A summary of the oxidation 

states and ionic radii for As and Sb is provided in Table 2.1.  

The concentration of As and Sb in most geochemical reservoirs is low (Table 

2.2), but these elements can be enriched in sedimentary rocks, particularly shales (As: 

100 µg/g; Sb: 15 µg/g; Ketris and Yudovich, 2009). Additionaly, the concentration of 

these metalloids in the mantle (As: 0.07 µg/g, Sb: 0.01 µg/g; Palme and O’Neill, 2003) is 

1-2 orders of magnitude lower than in the crust (As: 2.5 µg/g; Sb: 0.2 µg/g; Rudnick and 

Gao, 2003), suggesting that As and Sb behaved incompatibly during crust-mantle 

fractionation. Arsenic also has an affinity for PGE, with immiscible arsenide-melts 

preferentially sequestering Pt, Rh, and Ir over to the co-existing sulfide-melt (Gervilla et 

al. 1996; Hanley 2007; Helmy et al. 2013; Piña et al. 2015; Bai et al. 2017). Arsneic and 

PGEs can form PGE-arsenides that may segregate from the base metal sulfides like at the 

Serranía de Ronda deposit, Spain (Piña et al. 2015) or form early sperrylite [PtAs2] like at 

the Monts de Cristal complex, Gabon (Maier et al. 2015). 
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Table 2.1 Ionic charge and radii of As and Sb 

 Charge Ionic Radii (Å) Reference 

Arsenic 5+ (6-fold) 0.46 (Shannon, 1976) 

 5+ (4-fold) 0.335 (Shannon, 1976) 

 3+ (6-fold 0.58 (Shannon, 1976) 

 3+ (3-fold) 0.42* (Shannon, 1976; Soignard et al., 2008) 

 0 1.48 (Railsback, 2003) 

 3- 2.22 (Railsback, 2003) 

Antimony 5+ (6-fold) 0.6 (Shannon, 1976) 

 3+ (4-fold) 0.76 (Shannon, 1976) 

 3+ (5-fold) 0.8 (Shannon, 1976) 

 3+ (6-fold) 0.76 (Shannon, 1976) 

 0 1.61 (Railsback, 2003) 

 3- 2.45 (Railsback, 2003) 

*Calculated as As-O bond length -IR of oxygen in 3-fold coordination (1.38Å) 

 

Table 2.2 Concentrations of As and Sb in select geochemical reservoirs 

Reservoir Arsenic 

concentration 

(µg/g) 

Antimony 

concentration 

(µg/g) 

Reference 

CI Chondrite 1.85 0.14 (McDonough and Sun, 1995) 

Bulk Silicate Earth 0.05 0.0055 (McDonough and Sun, 1995) 

Primitive Mantle 0.066 0.012 (Jochum and Hofmann, 1997; Palme 

and O’Neill, 2003) 

Average Crust 2.5 0.2 (Rudnick and Gao, 2003) 

Upper Crust 4.8 0.4 (Rudnick and Gao, 2003) 

Mid-ocean Ridge 

Basalt 

0.20 0.02 (Jochum and Hofmann, 1997; Jenner 

and O’Neill, 2012) 

Ocean Island Basalt 0.46 0.2 (Jochum and Hofmann, 1997; Jenner 

and O’Neill, 2012) 

Granite 0.77 0.13 (Gao et al., 1998) 

Felsic Volcanics 4.53 0.3 (Gao et al., 1998) 

Black Shale 30 5 (Ketris and Yudovich, 2009) 

 

2.1.2. Speciation and Partitioning at the Magmatic Stage 

Limited quantitative data is currently available on the speciation of As and Sb in 

silicate melts that is applicable to terrestrial magmatic systems. Although model 

dependent, the oxidation state of As and Sb has been inferred from studies of interphase 

partitioning between sulfide and silicate melt (Li and Audétat, 2012, 2015; Kiseeva and 

Wood, 2013, 2015), rutile and silicate melt (Klemme et al., 2005) and metal and silicate 

melt (Righter et al., 2009; Siebert et al., 2011). 

Direct measurements of speciation for As are limited to the studies of: Borisova et 

al. (2010), who determined that As has the form of AsIII(OH)3 in a natural peraluminous 

rhyolite glass using X-ray near-edge structures (XANES) and extended X-ray absorption 
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fine structures (EXAFS); Canali et al. (2017), who used XANES to determine that As is 

only in the III+ oxidation state in synthetic basaltic melts at 1200°C, 0.1 MPa over the 

range of redox conditions found in terrestrial systems; and Guo (2008), who used X-ray 

photoelectron spectroscopy to determine that As is AsIII in synthetic hydrous granitic 

glasses produced at 800⁰C and 200 MPa.  Antimony speciation in silicate melts was 

studied in Fe-free basaltic analogues, where the oxidation state was found to be SbIII over 

the terrestrial range of redox conditions (Miller et al.,2019). Chapter 3, Table 3.5 

provides a full summary of the studies done to measure the speciation of As and Sb in 

silicate melts.   

In addition to the past work on speciation, other aspects of the high-temperature 

geochemistry of As and Sb include studies of the partitioning amongst melts, vapor and 

coexisting crystalline phases. Guo (2008) measured vapor-granitic melt partitioning in 

experiments done at 800°C and 200 MPa and determined a value of ~1 for As, which is 

insensitive to changes in melt composition, while the partition coefficient for Sb 

increases from 0.1 to 1.3 as the melt alumina saturation index increases from 0.65 to 

1.31. A similar partition coefficient for As between low salinity vapor and rhyolite melt 

was obtained by Simon et al. (2007) from experiments done at 800°C, 120 MPa, with a 

~2-fold increase in the partition coefficient with the addition of 0.7 molar sulfur to the 

vapor. Experimentally-determined vapor/basaltic melt partition coefficients reported by 

Guo and Audétat (2017) are between 0.8 and 6 (As) and 0.1 and 3 (Sb), for experiments 

done at 850°C, 200 MPa. D’Souza and Canil (2018) found that the As and Sb partition 

coefficients between fluid and a sediment melt are 2.5 ± 1.7 and 12 ± 5.1, in sulfate 

saturated systems. Augmenting these experimental partitioning studies is the work of 

Zajacz et al. (2008) who measured the As and Sb content of coexisting melt and vapor 

inclusions trapped in pegmatite quartz crystals. Vapor/melt partition coefficients inferred 

from the inclusion pairs are 0.2-15 (As) and 1-10 (Sb). Partition coefficients for low 

salinity vapors decrease with increasing chlorinity, consistent with As and Sb forming 

hydroxy complexes in the vapor phase. However, in extremely chlorine-rich brines (>12 

mol/kg Cl) the brine/melt partition coefficients increase to over 20, likely due to the 

formation of hydroxy-chloride complexes.  
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In terms of the chalcophile behavior of As and Sb, sulfide melt/silicate partition 

coefficients range from 20 to 50 (As) and 10 to 30 (Sb), from experiments done at 1.5 

GPa and 1200oC, with values decreasing with silicate melt FeO content and temperature 

(Li and Audétat, 2012, 2015). Kiseeva and Wood (2013) report a somewhat greater, but 

overlapping, range of values for Sb (4 to 100) from experiments done at 1.5 GPa and 

1400oC, with a similar dependence on melt FeO content.  In terms of partitioning 

between crystalline sulfide (monosulfide solid solution) and sulfide melt, As and Sb are 

more strongly partitioned into sulfide liquid relative to monosulfide solid solution, with 

values for sulfide melt/ monosulfide solid solution partitioning of 10-20 (As) and 50-200 

(Sb) (Li and Audétat 2015).  Arsenic and Sb also exhibit siderophile behavior at 

reducing conditions, with Fe-Ni metal/silicate melt partition coefficients of ~100 to 

~60,000 reported by Siebert et al. (2011) and Righter et al. (2009) over the P-T range of 

1-3 GPa and 1500-2600oC and FMQ-1.5 to -12.   

The lithophile behavior of As and Sb is observed by their dissolution into 

accessory minerals commonly associated with igneous rocks.  For example, Klemme et 

al. (2005) report rutile/melt partition coefficients for Sb of 0.2 to 2, from experiments 

done at 1250-1300oC, 0.1 MPa, FMQ-3 to +7.  The oxidized arsenate [AsVO4
3-] species 

can readily substitute for phosphate [PVO4
3-], allowing the incorporation of As into 

phosphate minerals such as apatite [Ca10(PO4)6F2], monazite [CePO4] and xenotime 

[YPO4] (Pan and Fleet, 2002; Majzlan et al., 2014). Experimentally-determined partition 

coefficients for As between monazite and rhyolitic melt at 100-500 MPa and 750-

1200°C are between 60 and 100 (Stepanov et al., 2012). Although no direct 

measurements of apatite/melt partitioning for As exist, empirical estimates have been 

reported from apatite/whole-rock ratios for granites from the Lachlan Fold Belt, 

Australia (Sha and Chappell, 1999).  Median values determined in this way are ~1 for S-

type granites, and 14 for I-type granites. The difference in partitioning was attributed to 

the more oxidized nature of the I-type compared to the S-type occurrences. 

2.1.3. Controls on Arsenic Mobility in Groundwaters 

Both the mobility and toxicity of As in surface and groundwater are a function of 

its chemical form, with trivalent As being significantly more toxic than pentavalent As 

(National Research Council, 1977; Stoeppler, 1992; Jain and Ali, 2000).  A number of 
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studies have found that the speciation of As in aqueous systems is strongly dependent on 

the pH and redox conditions of the system with both trivalent and pentavalent As species 

being present as oxyanions (Bowell et al., 2014). The release of As into groundwater is 

primarily attributed to four mechanisms: 1) sulfide oxidation, 2) geothermal input, 3) 

alkali desorption from Fe-oxides, and 4) reductive dissolution of Fe-oxide phases 

(Nickson et al., 2000; Smedley and Kinniburgh, 2002; Ravenscroft et al., 2011; Ali et al., 

2018). Mechanisms 3 and 4 incorporate the desorption of As oxyanions from Fe, Al, and 

Mn oxides, thus the sorption behavior of As is critical to understanding groundwater 

contamination. Arsenic will readily desorb from Fe-oxides if there is: 1) a shift to high 

pH at oxidizing conditions, 2) reduction, 3) a decrease in the surface area of the oxide 

mineral, 4) the complete dissolution of the oxide host, or 5) changes in As speciation due 

to microbial activity (Smedley and Kinniburgh, 2002; Dixit and Hering, 2003; Ohtsuka et 

al., 2013; Chen et al., 2017).  The sorption strength of AsIII and AsV is strongly dependent 

on the solution composition and the nature of the oxide substrate. In general, AsIII is 

sorbed similarly or stronger than AsV in waters with a pH between 6 to 9 (Dixit and 

Hering, 2003). At pH less than 6, AsV is more strongly sorbed than AsIII (Dixit and 

Hering, 2003). Additionally, competition for sorption sites with other oxyanions can 

reduce the amount of As sorbed to oxides. Phosphate is a common competitor for 

sorption sites and is much more abundant in natural groundwater than As. Arsenite 

sorption is suppressed more than arsenate in the presence of phosphates (Dixit and 

Hering, 2003). Regardless of the species, goethite (FeO[OH]) has a greater capacity to 

adsorb oxyanions than hydrous ferric oxides (Dixit and Hering, 2003). 

2.2.  Apatite Geochemistry 

Apatite is a ubiquitous accessory phase in a variety of rock types and comprises a 

compositionally diverse mineral supergroup. The three main end members of apatite are 

fluorapatite [Ca10(PO4)6F2], hydroxyapatite [Ca10(PO4)6(OH)2], and chlorapatite 

[Ca10(PO4)6Cl2]. The general chemical formula for apatite is M14M26(TO4)6X2, where 

M1 and M2 are divalent cation sites both filled by Ca; T is a pentavalent tetrahedra site 

primarily occupied by PO4
3- tetrahedra; and X is an anion site containing F, Cl or OH 

(Pan and Fleet, 2002; Hughes and Rakovan, 2015). The M1 site is a tricapped-trigonal 

prism with a coordination number of 9, while the M2 site is coordinated to six oxygens 
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and the halogen site (Hughes and Rakovan, 2015). The multiple crystallographic sites are 

structurally accommodating to allow a large suite of element substitutions (Hughes and 

Rakovan, 2015). A detailed summary of the trace elements that are compatible within the 

apatite structure can be found in Pan and Fleet (2002).  Some of the more important 

substitutions include NaI, MnII, REEIII, YIII, UIV and ThIV into the M sites; CO3
2-, SO4

2-

and SiO4
4- into the T site; and CO3

2-, S2- and O2- into the X site. The anions in the X site 

form a column along the edges of the unit cell parallel to the c-axis.  

Fluorine-rich apatite is the primary phosphate phase in igneous systems (Webster 

and Piccoli, 2015) despite being an accessory phase. The composition of F-rich apatite 

reflects the geochemistry and geologic history of its crystallizing or re-equilibrated 

environment (Patiño Douce and Roden, 2006; Boyce and Hervig, 2008). Fluorine-rich 

apatite is important for investigations based on trace-element geochemistry (Campbell 

and Henderson, 1997; Pan and Fleet, 2002; Klemme and Dalpé, 2003; Harlov and 

Förster, 2003). Apatite geochemistry can be used to understand a number of aspects of 

the environment in which it has grown, including the behavior of volatiles (F, Cl, H2O) 

(Piccoli and Candela, 1994), the trace element composition of the host magma (Sha and 

Chappell, 1999), magma redox state by S speciation (Konecke et al., 2019) or the relative 

Eu and Ce anomalies (Belousova et al., 2002; Cao et al., 2012; Bromiley, 2021), and as a 

geochronometer (Chew and Spikings, 2015). 

Arsenic is compatible in apatite in the form of arsenate [AsVO4
3-] substituting for 

phosphate [PVO4
3-] in the T site, given by the reaction:  

6𝐴𝑠𝑉𝑂4
3− + 𝐶𝑎10(𝑃𝑉𝑂4)6𝐹2 ↔  6𝑃𝑉𝑂4

3− + 𝐶𝑎10(𝐴𝑠𝑉𝑂4)6𝐹2   (2.1) 

Complete replacement of phosphate with arsenate is possible for each halogen 

end member of apatite. The resulting “arsenate apatites” are svabite [Ca10(AsO4)6F2], 

johnbaumite [Ca10(AsO4)6(OH)2], and turneaureite [Ca10(AsO4)6Cl2] (Pan and Fleet, 

2002). Liu et al. (2017) conducted a series of dynamic crystallization experiments which 

demonstrated that arsenite [AsIIIO3
3-] can be incorporated into apatite in the phosphate 

site, but only if AsIII is the only species in the fluid. The incorporation of AsIII was 

ascribed to the process of “dynamic uptake”. However, AsIII rapidly converts to AsV 

during recrystallization if AsV is available in the fluid. As an example of this process 

occurring in the natural environment, Liu et al. (2017) found that the As in apatite from 
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the Ernest Henry Iron Oxide Copper Gold deposit, Australia is primarily AsV, but a few 

of these grains have cores of AsIII, suggesting initial growth in the presence of the 

arsenite oxyanion. 

2.3. Representation of the Redox State of a Natural System 

The relative proportion of oxidized and reduced species characterizes the redox 

state of a natural system. There are two ways to represent the redox state of such systems 

in common use, either redox potential (Eh) or oxygen fugacity (fO2).  These expressions 

of the system’s redox state are interchangeable. Converting between Eh and fO2 uses the 

half cell reaction: 

4H+ +  O2 (Gas) + 4e−  ↔  2H2O (liquid)      (2.2) 

and its related Nernst equation: 

𝐸h = Eo −
RT

nℱ
ln(𝑓O2aH+

4 )       (2.3) 

where ℱ is the Faraday constant, aH+ is the hydrogen ion activity, n is the number of 

electrons transferred and E0 is the standard cell voltage. In petrology, fO2 is the standard 

metric for system redox state, mainly because values of Eh are linked to reactions with 

pH. Additionally, any redox reaction can be written to include oxygen (Anderson, 2017).   

Fugacity is a thermodynamic quantity that was originally introduced by G.N. 

Lewis in 1901. This term is used to describe the flow of matter, or “escaping tendency” 

between phases to equalize chemical potentials and attain equilibrium (Anderson, 2017).  

Fugacity, f, is a measurable quantity defined as: 

𝑑G = ∀𝑑𝑃 = RT ln 𝑓         (2.4) 

where dG is the change in Gibbs free energy, dP is the change in pressure, ∀ is the 

volume, R is the gas constant and T is the temperature in Kelvin.  

As gases behave more ideally under low pressures, the fugacity is related to the 

pressure by: 

lim
𝑃→0

𝑓

𝑃
= 1         (2.5)  

The ratio of  
𝑓

𝑃
 is the fugacity coefficient, f, therefore: 

𝑓𝑖 = 𝛾𝑓𝑖
𝑃         (2.6) 

in which 𝑓𝑖 is the fugacity of component i in the fluid or gas phase. In natural systems, the 

fO2 is an intensive parameter (like temperature and pressure) that affects the stability of 
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mineral assemblages, and gas phase compositions. Oxygen fugacity is the primary 

control on the oxidation state of redox-sensitive elements, which in turn impacts element 

partitioning and solubility behavior. The fO2 control on As speciation is illustrated by the 

following reactions: 

𝐴𝑠0 + 
3

2
𝑂2  ↔  𝐴𝑠𝐼𝐼𝐼𝑂3

2⁄         (2.7) 

𝐴𝑠𝐼𝐼𝐼𝑂3
2⁄ +  

1

2
𝑂2  ↔  𝐴𝑠𝑉𝑂5

2⁄         (2.8) 

Reaction 2.8 can also be expressed as: 

Keq =  

𝑎
AsV𝑂5

2⁄

𝑎
AsIII𝑂3

2⁄
∙𝑓𝑂2

1 2⁄         (2.9) 

where Keq is the equilibrium constant, ai is the activity of phase i. 

logKeq =  log 𝑎AsV𝑂5
2⁄

− log 𝑎AsIII𝑂3
2⁄

−
1

2
log 𝑓O2  

logKeq =  log

𝑎
AsV𝑂5

2⁄

𝑎
AsIII𝑂3

2⁄

−
1

2
log 𝑓O2       (2.10) 

Substituting the thermodynamic relationship 

∆𝑟𝐺𝑜 =  −RT ln K = −2.303 ∙ RT log K =  ∆𝑟𝐻298
𝑜 − T∆𝑟𝑆298

𝑜    (2.11) 

(where ΔrG
o is the Gibbs free energy of the reaction at the standard state, ΔrH

o
298 is the 

enthalpy of the reaction at 298K, ΔrS
o

298 is the entropy of the reaction at 298K, T is the 

temperature in kelvin, and R is the gas constant) into equation 2.10 gives: 

−∆𝑟𝐻298
𝑜

2.303∙RT
+

∆𝑟𝑆298
𝑜

2.303∙R
=  log

𝑎
AsV𝑂5

2⁄

𝑎
AsIII𝑂3

2⁄

−
1

2
log 𝑓O2     (2.12) 

Assuming both the enthalpy and entropy change of this reaction are constant, then 

examination of equation 2.12 shows that at a fixed species ratio the value of fO2 will 

depend upon the temperature. Referencing fO2 to a redox buffer assemblage largely 

removes the temperature dependence and the remaining differences reflect oxidized or 

reduced conditions relative to the chosen reference reaction. In this thesis, fO2 is cast in 

terms of the Fayalite-Magnetite-Quartz (FMQ) oxygen buffer defined by the equilibrium:  

3Fe2SiO4 +  O2  ↔  3SiO2 + 2Fe3O4      (2.13) 

  Fayalite        Oxygen         Quartz       Magnetite 



11 

 

This thesis uses ΔFMQ notation, defined as the difference between the sample 

logfO2 and the log fO2 of reaction 2.13 at the same temperature. The calibration for the 

fO2 of the FMQ buffer is from O’Neill (1987).  The redox state of iron is the primary 

control on a magma redox state (Carmichael, 1991), and therefore the speciation of all 

redox-sensitive trace elements.  Referencing to the FMQ buffer is convenient, in that it 

relates the fO2 to the ferric-ferrous equilibrium. The extent of fO2 variation in terrestrial 

magmas (Fig. 2.1) is significant, spanning approximately nine orders of magnitude from 

FMQ -3 to FMQ +5.7 (Carmichael, 1991) with felsic melts occupying a range between 

FMQ -2 to FMQ +3.2. 

    
Figure 2.1 Range of oxygen fugacity for various terrestrial igneous rocks and their source regions. 

Modified from Miller et al. (2019). Data from: Abyssal peridotites (Bryndiza and Wood, 1990; 

Balhaus 1993); Mantle Wedge Peridotites (Wood and Virgo, 1989; Ballhaus, 1993; Brandon and 

Draper, 1996; Parkinson and Arculus, 1999; McInnes et al., 2001); MORB is mid ocean ridge basalt 

(Jugo et al., 2010 and references therein); OIB is ocean island basalt (Jugo et al., 2010 and references 

therein); IAB is island arc basalt (Jugo et al., 2010 and references therein); Granites (Cerny et al., 

2005); Slilicic Lavas (Carmichael, 1991); and Lampropyres (Carmichael, 1991). 
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2.4. X-ray Absorption Spectroscopy 

X-ray absorption spectroscopy (XAS) has emerged as the best technique for 

determining the speciation of As in solids (Foster and Kim, 2014). Other methods of 

measuring As speciation are high-performance liquid chromatography coupled with 

mass spectrometry. High-performance liquid chromatography has excellent detection 

limits but there is the possibility of changes in speciation during sample preparation 

(Nearing et al., 2014). X-ray photoelectron spectroscopy can also be used to determine 

the oxidation state in solids, but this method is only sensitive to the surface of the 

sample.  X-ray absorption spectroscopy includes two different methods: 1) X-ray 

absorption near edge structures (XANES) which determines the oxidation state of an 

element and sometimes its coordination and 2) Extended X-ray absorption fine structures 

(EXAFS) which determines bond lengths, coordination numbers and elemental nearest 

neighbors (Newville, 2014).  

2.4.1. Physical Basis for XAS 

There are three modes of X-ray interaction with materials: absorption, scattering 

and transmission. If an X-ray is absorbed, the change in intensity, I, is governed by the 

Beer-Lamberts law: 

I = I0e−μt         (2.14) 

in which I0 is the incident X-ray intensity, t is the sample thickness and µ is the 

absorption coefficient. The probability of an X-ray absorption event is a function of 

energy, with the greatest probability of an event occurring at the binding energy.  

 If the X-ray energy absorbed is greater than or equal to the binding energy of the 

atom’s core electron, that electron will escape as a photoelectron. The electron-hole 

created by this process is unstable and an electron from a higher energy shell will fill the 

“core hole” and emit a fluorescence X-ray. The intensity of the fluorescent X-ray 

produced is directly proportional to the intensity of the incident X-ray and the absorption 

coefficient. Released photoelectrons can scatter elastically off the nearby atoms and 

return to the absorbing atom creating constructive or destructive interference that 

modulates the absorption coefficient (Newville 2014).  

The absorption coefficient can be calculated by measuring either the intensity of 

the X-rays transmitted through the sample using equation 2.14 or by the intensity of the 
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element-specific fluorescent X-rays. Both the binding energy and the fluorescence X-ray 

energy are unique to the electronic structure of the atoms present in the sample, making 

XAS an element-specific analytical technique (Newville, 2014).  

The XAS spectrum is collected by varying the energy of the incident X-ray beam 

through discrete energy steps and measuring the resulting absorption (Foster and Kim, 

2014). When the incident energy is close to the binding energy there is a discrete 

increase in the absorption coefficient, called the absorption edge. This edge is often 

characterized by a sharp absorption maximum, or peak, referred to as the white line. The 

XANES part of the absorption spectra focuses on the energy range that includes the 

absorption edge and the interval within 50-80 eV of the edge.  

The transition from the XANES to the EXAFS region of the absorption spectrum 

is usually taken as ~50 eV past the absorption edge (Foster and Kim, 2014). In this 

region, the constructive and destructive interference of scattered photoelectrons creates 

oscillations in the absorption spectra. The frequencies of these oscillations represent 

different scattering paths amongst the atoms present. Spectral analysis of the EXAFS 

plots absorption as a function of wave number k (in Å-1) instead of energy, where k 

≈(E/4)1/2. For the case of As, the EXAFS measurements typically include up to 1000 eV 

or 16 Å-1 above the absorption edge (Foster and Kim, 2014).  Oscillations in the EXAFS 

spectrum decay with increasing energy, so the spectra are often multiplied by a power of 

k for analysis (Newville, 2014). This decay also requires that count times scale with k to 

maintain measurable signal-to-noise ratios (Calvin, 2013).   

2.4.2. X-ray Absorption Near-Edge Structures 

The XANES spectrum explores the binding energy of the core electrons of the 

element of interest within a sample. An increase in the oxidation state results in a 

decrease in the number of outer shell electrons, thus the nucleus binds the remaining 

electrons more tightly (Foster and Kim, 2014). This changes the binding energy of the 

electron and the absorption edge experiences a shift in energy (Fig. 2.2). The type of 

bonding can also change the binding energy of the core electrons. Covalent bonds 

typically have lower binding energies than ionic bonds. Thus, more than one factor can 

shift the absorption edge and interpretation of the XANES spectra for species 

identification requires caution (Foster and Kim, 2014).  
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Data reduction for XANES involves deadtime corrections, removing random 

spectral aberrations, pre-edge background removal, and normalization of the spectra 

(Newville, 2014). X-ray absorption near-edge structures uses linear combination fitting 

of various reference spectra to determine the oxidation states and their relative 

proportions in the samples under analysis (Foster and Kim, 2014). For spectral 

fingerprinting at the As K-edge, uncertainties reported for species identification are 

typically ± 10% but can range from 2 to 30% (Foster and Kim, 2014). Additionally, 

while the analytical sensitivity of XANES is at the µg/g level, a species must comprise 

>5% of the element of interest to be detectable (Foster and Kim, 2014). Unsuitable 

spectral reference materials, such as crystalline materials for aqueous fluids, can 

significantly reduce the accuracy and precision of the spectral match. 

Beam-induced changes to the oxidation state of an element can occur during the 

collection of XANES spectra by photo-oxidation/reduction (Fig. 2.3). This effect is 

sometimes referred to as “beam damage”. For the case of As, this often results in the 

oxidation of As-I or AsIII to AsV. Beam damage can be avoided by decreasing the scan 

time, relocating the analysis area after each scan or enclosing the sample in a cryogenic 

cell (Foster and Kim, 2014).  

 
Figure 2.2 Normalized X-ray absorption near edge structures spectra at the As K-edge as a function 

of energy (eV) for As-bearing compounds with different oxidation states (as labelled). 
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Figure 2.3 Normalized X-ray absorption near edge structures spectra at the As K-edge as a function 

of energy (eV). Spectra are individual scans of experimental glass AAO24 from chapter 4. Vertical 

lines indicate the white line position for AsIII and AsV. This glass underwent photo-oxidation, with the 

intensity of the AsIII peak decreasing as the AsV peak increases with time as shown by the arrows. 

Each scan lasted 4 min and 20 s. The first scan is in purple followed by blue, cyan, green, yellow, 

orange and finally red. 

2.4.3. Extended X-ray Absorption Fine Structures Theory 

As the origin of the EXAFS is interference created by scattering photoelectrons, 

spectral analysis of this energy region provides information on bond distances and 

coordination numbers. The amplitude of EXAFS features represents the intensity of the 

scattering event thus, the number of atoms surrounding the target atom. The distance a 

photoelectron travels dictates the wavelength of the oscillations, thus the bond length.  

EXAFS spectra are processed similarly to XANES, but with the additional step of 

subtracting the background absorption features from the data to isolate the scattering 

events. As the EXAFS spectrum is a combination of scattering events that result in 

multiple sinusoidal functions, spectral deconvolution is done by Fourier transform. 

Analysis of EXAFS involves either linear combination fitting, as with XANES, or 

sequentially fitting theoretical scattering paths (called shells) to the data (Newville, 2014) 

to replicate the Fourier transform. 
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2.5. Contributions to Earth Science knowledge 

The primary objective of this thesis is to provide a better understanding of the 

natural variation of As and Sb abundances in igneous rocks and their weathering 

products.  This requires information on the speciation, which is the distribution of 

chemical forms over a specific range of conditions, as well as the predominant host 

phase(s) for these elements. Emphasis has been on the behavior of As, with only limited 

results for Sb. The thesis is comprised of three studies that document 1) the speciation of 

As and Sb in a mafic melt composition, 2) apatite/melt partitioning of As as a function of 

fO2, temperature and melt composition with results for As speciation in a series of felsic 

compositions and 3) identifying the geogenic sources of As in groundwater associated 

with granite terranes in southwestern Nova Scotia.  Each study's contributions are 

highlighted below.  

2.5.1. Speciation of Arsenic and Antimony in Basaltic Magmas 

Arsenic and Sb are amongst the metalloid group of elements, defined by their 

transitional electronic properties between metals and non-metals, and a large number of 

oxidation states. Knowledge of the oxidation state of these elements, and their variation 

with fO2, provides a powerful tool for predicting mineral/melt partitioning behavior in a 

general way. This knowledge has potential applications for studying changes in the redox 

state of magmatic systems. Only a few studies evaluate the importance of oxygen 

fugacity on the oxidation state of As and Sb in geologically relevant melt compositions. 

These studies are limited by either the range of fO2 investigated, methods of speciation 

measurement or the range of melt compositions employed.   

Using synchrotron-based spectroscopic methods (XANES and EXAFS) this study 

reports the speciation of As and Sb in basaltic glasses produced in experiments done at 

1200oC, 0.1 MPa and over the fO2 range of FMQ -3.3 to +5.7. The dominant oxidation 

state in the samples is trivalent As and Sb, with pentavalent As contributing to less than 

10% of the budget of As except at the highest fO2 studied (FMQ +5.7). Pentavalent Sb 

was not observed in any of the samples studied, nor were any reduced oxidation states of 

As or Sb found in the glasses even at the lowest fO2 investigated. Results paint a simple 

picture for predicting the geochemical behavior of these elements in magmatic systems, 

with the expectation that each will be rejected by most rock-forming minerals because of 
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the poor match of AsIII and SbIII in ionic radius and charge for the major cation sites. 

Changes in the behavior of As and Sb in a magmatic system are unlikely to be fO2-

related, but instead reflect differences in other intensive parameters, such as fS2, P and T.  

2.5.2. Arsenic-rich Apatite as a Recorder of Local Crystallization Processes 

in Felsic Plutonic Systems.  

The speciation measurements from the previous study indicate that AsIII should 

prevail over the entire fO2 range of terrestrial magmas, and therefore As should be 

incompatible in most rock-forming minerals, with the exception of sulfides. However, the 

As concentrations measured in apatite from several felsic plutonic suites exceed the 

whole rock, suggesting As is compatible in apatite. As AsV is much more compatible in 

apatite than AsIII, the high apatite As concentrations suggest a greater presence of AsV in 

felsic melts. Based on the previous speciation study the amount of AsV in the melt to 

produce the necessary As enrichment in apatite would not be sufficient until the fO2 

exceeds the terrestrial range, creating a paradox in the geochemical behavior of As.  

This study resolves the As-apatite paradox by performing apatite/melt partitioning 

experiments over a range of fO2 and involving different felsic melt compositions. Results 

provide information on both the speciation of As in the melt and the fO2-dependence of 

the partition coefficient for As, from which a general apatite/melt partitioning model is 

developed. From this, first-order crystallization models illustrate that for a reasonable 

range of fO2, apatite/whole-rock ratios for As exceeding unity can only be reproduced by 

extreme levels of crystallization. Therefore, apatite with As concentrations enriched over 

the whole rock provides clear evidence for protracted crystallization, arguing for the 

presence of highly fractionated melts in some granitic systems. 

2.5.3. Sources of Geogenic Arsenic in Well Water Associated with Granitic 

Bedrock from Nova Scotia, Canada   

The origin of geogenic As contamination of groundwater derived from granite 

bedrock can be enigmatic. Peraluminous granites including the South Mountain 

Batholith, Musquodoboit Batholith and the Port Mouton Pluton dominate the bedrock of 

southwestern Nova Scotia. Over 30% of drinking water wells located in the South 

Mountain Batholith and Musquodoboit Batholith have As concentrations above the 

drinking water standard of 10 µg/L, while the Port Mouton Pluton aquifers have As 
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concentrations less than 5 µg/L. The source of As in the groundwater associated with 

granite bedrock in Nova Scotia is poorly constrained, as is the origin of the disparity in 

well water concentration between the intrusions. To understand the geogenic As sources 

from within the granites, all mineral phases in samples of the three plutons were 

measured for As (and other trace elements). Results showed that cordierite is a previously 

unidentified source of As in the South Mountain Batholith, and Musquodoboit Batholith 

but is absent from the Port Mouton Pluton. Although As-rich pyrite is present in samples 

from all three plutons, only the South Mountain Batholith and Musquodoboit Batholith 

samples show evidence for pyrite oxidation, with variable As enrichment or depletion in 

the oxide alteration minerals. The origin of the elevated As well water concentrations for 

the South Mountain Batholith and Musquodoboit Batholith bedrock terranes is due to 

labile As released by cordierite weathering and sulfide oxidation. These results 

emphasize that the presence or absence of key bedrock mineral phases and their state of 

alteration is important to predicting well water contamination.  

2.6. Contributions to Authorship 

Bryan J. Maciag (BJM) and James M. Brenan (JMB) contributed to the overall 

design of this thesis. All experiments were done by BJM, except for SP4, SP6, SP7, SP8, 

SP9, SP21 and SP28 (Chapter 3) which were done previously by JMB. All Synchrotron 

measurements were done by BJM with the assistance of Erin Keltie and Juan Chavez 

Cabrera while at the beamlines. Data reduction, interpretation, and modelling of XANES 

and EXAFS were performed by BJM. Major and trace element analyses of samples SP4, 

SP6, SP7, SP8, SP9, SP21 and SP28 were done by JMB. Major and trace element 

analyses of apatite and biotite reported in Chapters 4 and 5 were done by BJM with the 

assistance of Rosa Toutah and Natalie Shields, both supervised by BJM. All other major 

and trace element measurements were completed by BJM. Whole-rock analyses reported 

in Chapter 4 were done as fee for service at Activation Laboratories in Ancaster, 

Ontario. All calculations and models were performed by BJM. BJM and JMB 

contributed to the writing of this thesis. Michael Parsons and Gavin Kennedy provided 

additional editorial and scientific input on Chapter 5.  Chapter 3 has been published in 

Geochimica et Cosmochimica Acta as Maciag and Brenan (2020). Chapter 4 has been 

formatted for submission to American Mineralogist. Chapter 5 has been formatted for 
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submission to either Environmental Science and Technology or Science of the Total 

Environment.  
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Abstract  

This study applies X-ray absorption near edge structure (XANES) and extended X-

ray absorption fine structures (EXAFS) spectroscopy at the K-edge to determine the 

speciation of As and Sb in a suite of basaltic glasses synthesized over a range of oxygen 

fugacity (fO2) at 1200°C and 0.1 MPa. Experiments were executed in evacuated fused silica 

ampoules using a variety of solid metal metal-oxide buffers to achieve fO2’s ranging from  

FMQ -3.3 to FMQ +5.7 (where FMQ is the fayalite magnetite quartz buffer). The oxidation 

state was calculated using linear combination fitting to spectral reference material with 

known oxidation states using the XANES spectra. Speciation results were corrected for the 

quench effect of iron. Trivalent As and Sb were determined to be the dominant oxidation 

state in the samples, with pentavalent As contributing to less than 10% of the budget of As 

unless the fO2 is greater than FMQ +5.3±0.9, while pentavalent Sb was not observed. 

Additionally, no reduced oxidation states of As or Sb were found in the glasses even at the 

lowest fO2 investigated. Structural parameters such as the coordination number and bond 

length were determined by fitting theoretical electron scattering paths to the EXAFS 

spectra. Arsenic is coordinated by three oxygens at 1.78±0.01 Å forming AsIIIO3E (where 

E is the lone pair of electrons) trigonal pyramids. Antimony is coordinated by three 

oxygens at 1.98±0.01 Å, interpreted to be in a trigonal pyramid structure similar to AsIII. 

As both metalloids are primarily present in the trivalent state over the range of terrestrial 

fO2 (FMQ -3 to FMQ +5) it is expected that each will behave incompatibly during basaltic 

melting or crystallization, owing to 1) the tendency for these elements to form oxyanions, 

and 2) their poor match in ionic radius and charge for the major cation sites in mafic 

minerals.  



21 

 

3.1. Introduction 

Arsenic (As) and Sb (Sb) are metalloids that occupy Group 15 on the Periodic 

Table collectively called the “pnictogens”. Apart from bismuth, the pnictogens form 

stable ionic bonds as +III and +V cations or as a -III anion, although covalency may 

occur especially with sulfur. Additionally, the cationic forms of these elements tend to 

form oxyanions (e.g. AsIIIO3
-3, AsVO4

3-) in oxygen-rich environments. Arsenic and Sb are 

present at trace levels in the mantle (As: 0.07 µg/g, Sb: 0.01 µg/g; Palme and O’Neill, 

2003), and despite being enriched during crust-mantle differentiation these elements are 

still present at low concentrations in the crust (As: 2.5 µg/g; Sb: 0.2 µg/g; Rudnick and 

Gao, 2003). Elevated concentrations of As and Sb can be found in sedimentary rocks, 

particularly shales (As: 100µg/g; Sb: 15µg/g; Ketris and Yudovich, 2009). Significant 

enrichment of As and Sb is also associated with hydrothermal alteration related to gold 

mineralization, (As: >1000 µg/g Sb: >100 µg/g; Craw et al., 2004) such that As is 

considered a pathfinder element. In some cases, magmatic and hydrothermal processes 

can enrich both As and Sb such that they become accessory phases related to ore 

deposition. This is particularly important for the platinum group elements (PGE), as 

platinum shows a stronger affinity for arsenide phases over coexisting sulfide phases in 

magmatic systems. (Gervilla et al., 1996, Hanley, 2007, Helmy et al., 2013, Piña et al., 

2015, Bai et al., 2017) 

Arsenic and Sb are trace elements with diverse geochemical properties, thus their 

partitioning behavior can potentially be used to study the evolution of magmatic systems, 

including changes in intensive parameters such as redox state. Additionally, as both As 

and Sb are toxic, understanding their behavior in igneous systems is important for 

identifying potential sources of environmental contaminants during subsequent 

exhumation, weathering, and erosion. Knowledge of speciation is crucial to this issue, as 

both the mobility and toxicity of As in surface and groundwater is a function of the 

chemical form, with trivalent As being significantly more toxic than pentavalent As 

(Ferguson and Gavis, 1972; National Research Council, 1977; Stoeppler, 1992; Jain and 

Ali, 2000). While less toxic than As, the toxicity of Sb is also a function of the speciation, 

with trivalent Sb being more toxic than pentavalent Sb (Winship, 1987; Gebel, 1997; 

World Health Organization, 2006; Filella et al., 2007).  
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One of the main controls on the speciation of an element in silicate melt is the 

redox condition, whose metric is oxygen fugacity (fO2). Of the intensive variables that 

control magmatic behavior, fO2 has the largest range of values, spanning nine orders of 

magnitude (approximately -3.0 to +5.7 log units from the fayalite-magnetite-quartz buffer 

(FMQ)) (Carmichael, 1991; Mallmann and O’Neill, 2007) in terrestrial magmatic 

systems. As such, it is critical to quantify how fO2 affects the speciation of As and Sb in 

silicate melts. 

There is limited quantitative data currently available on the speciation of As and 

Sb for silicate melts compared to the more numerous studies involving aqueous fluids 

(the latter summarized by Pokrovski et al., 2013). The most systematic work on the 

speciation of these elements in silicate melts is that of Schreiber and Coolbaugh (1995), 

who measured the redox potential of As and Sb along with a number of other elements in 

Na-rich borosilicate melts at 1150°C and 0.1 MPa. This was accomplished by 

determining the redox ratio using colorimetric/complexometric titrations for glasses 

quenched from a specific fO2. Other studies have utilized X-ray near-edge structures 

(XANES) and extended X-ray absorption fine structures (EXAFS) to measure the As 

speciation directly in a natural rhyolite (Borisova et al., 2010) and in a synthetic basaltic 

melt at 1200°C, 0.1 MPa (Canali et al., 2017). Antimony speciation has been measured 

by XANES and EXAFS in a range of synthetic melts at 1300-1400°C, 0.1 MPa and 1 

GPa (Miller et al., 2019). Guo (2008) used X-ray photoelectron spectroscopy on synthetic 

hydrous granitic glasses produced at 800°C and 200 MPa to infer the As and Sb 

speciation but never quantified the species abundances. In addition to direct 

measurements of speciation, studies of interphase partitioning between sulfide and 

silicate melt (Kiseeva and Wood, 2013; Kiseeva and Wood, 2015; Li and Audétat, 2012; 

Li and Audétat, 2015), rutile and silicate melt (Klemme et al., 2005), and metal and 

silicate melt (Righter et al., 2009; Siebert et al., 2011) have been used to infer the As and 

Sb oxidation state, although these estimates are model dependent.  

The importance of oxygen fugacity on the oxidation state of As and Sb in 

geologically-relevant melt compositions has only been evaluated in a few studies, and 

with some limitations.  Whereas the work of Borisova et al (2010) provides important 

insight into As speciation in a natural rhyolite glass, the chosen sample represents only a 
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single oxygen fugacity, whose value is somewhat imprecise (estimated to be between 

~FMQ -3 to 0).  Measurement of As speciation over the fO2 range of FMQ -3.3 to +5.5 in 

the work of Canali et al. (2017) was done using the LIII-edge, which had limited 

sensitivity for AsV due to spectral interference from the magnesium K-edge. Miller et al. 

(2019) provide a thorough assessment of Sb speciation over the fO2 range of FMQ -4.7 to 

+7.3, but with a focus on the basalt-analogue CMAS (CaO-MgO-Al2O3-SiO2) system 

(although a single iron-bearing sample was investigated). The results presented here 

revisit the work of Canali et al. (2017) to measure the same samples but at the 

interference-free As K-edge, and serve to extend the results of Miller et al. (2019) to 

investigate Sb speciation to a more complex alkali- and iron-bearing basaltic melt 

composition. 

3.2. Experimental Methods 

3.2.1. Overview 

The overall objective of these experiments was to generate a series of basaltic 

glasses containing dissolved Sb that had been equilibrated over the range of fO2 that 

encompass terrestrial magmas at 1200°C and 0.1 MPa. The source of Sb in the 

experiments was synthetic PtSb2 (geversite), which decomposed to form a PtSb melt with 

the excess Sb dissolving into the silicate melt or lost to the buffer phase. Two 

experiments (Sb06 and Sb21) did not contain sufficient PtSb2 to reach saturation in a 

platinum-Sb phase. As the intent of this study is to measure speciation, not solubility, 

experiments that did not saturate in an antimonide phase are still considered successful. 

Glasses saturated in an antimonide melt phase are listed as having PtSbmelt in Table 3.1. 

Control of fO2 by traditional gas mixing was not a viable option in these experiments as 

Sb is volatile at elevated temperatures and lost from the experiment; therefore, a closed 

system was required. To achieve this objective, sealed silica ampoules containing solid 

metal metal-oxide or oxide-oxide fO2 buffers and a chromite crucible were used.  The 

buffers employed (i.e. Mo-MoO2, Ni-NiO, MnO-Mn3O4, Fe3O4-Fe2O3) allowed the fO2 to 

be fixed at FMQ -3.2, +0.7, +4.3 and +5.5 respectively in the experiments. The Co-CoO 

buffer was found to be too volatile, with a significant concentration (>20 wt.%) of CoO 

entering the melt. At the Ru-RuO2 buffer, chromite was found to be unstable and failed as 

a crucible. Additionally, two “sliding” buffers using (Ni,Mg)O and NiPd alloys were 
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employed to achieve intermediate fO2 of FMQ -1.6 and +2.8 (see section 2.3.1 and the 

Supplementary Information for more details).  

Table 3.1 Summary of experiments to measure As and Sb speciation. 

Exp. ID Buffer ΔFMQ Duration (h) Phases Present 

Sb06 Ni-NiO 0.67 98.3 Glass+ Ol  

Sb08 MnO-Mn3O4 4.28 97.2 Glass + PtSbmelt (XSb:0.25) 

Sb16 Mo-MoO2 -3.25 61.3 Glass + Px + PtSbmelt (XSb:0.60) 

Sb21 Fe3O4-Fe2O3 5.70 93.3 Glass 

Sb24 NiPd-NiO 2.8±0.1 77.5 Glass + Ol + PtSbmelt (XSb:0.01) 

Sb25 Ni-(Ni,Mg)O -1.5±0.1 77.5 Glass + PtSbmelt (XSb:0.36) 

SP4* Ni-NiO/no buffer 0.68/0.7 96 Glass + PtAsmelt (XAs:0.46) 

SP6* MnO-Mn3O4/no buffer 4.3/3.6 96 Glass + PtAsmelt (XAs:0.47) 

SP7a MnO-Mn3O4 4.3 87.3 Glass + PtFealloy 

SP8* CO-CO2/ no buffer 0.68/4.3 92.5 Glass + PtAsmelt (XAs:0.32)+ PtAs2 

SP9* CO-CO2/ no buffer 0.68/5.4 92.5 Glass + PtAsmelt (XAs:0.37) 

SP21* Mo-MoO2/no buffer -3.25 48.5 Glass + PtAsmelt + PtFealloy 

SP28* CO-CO2/no buffer 5.4/5.5 90 Glass + PtAsmelt (XAs:0.22) 

Temperature: 1200⁰C; Pressure; 0.1MPa 

Ol- olivine; Px- Pyroxene; PtSbmelt or PtAsmelt- platinum Sb or As melt; XSb is mole fraction Sb in the 

PtSbmelt. XAs is mole fraction As in the PtAsmelt. 

*Two-stage experiments from Canali et al. 2017. In order to simplify experimental names, the M2 was 

dropped from all experimental names. Thus, SP21 corresponds to M2SP21 in Canali et al. 2017. The buffer 

utilized and fO2 of the first experimental stage are separated from the conditions of the second experimental 

stage by a “/”.  
aSingle stage experiment from Canali et al. 2017. SP7 corresponds to SP7 in Canali et al. 2017 

 

An additional six samples of basalt saturated in PtAs2 (sperrylite) were obtained 

from the study of Canali et al. (2017), which were previously measured using XANES at 

the As LIII-edge. For the data reported in this study, the M2SP# experimental prefix from 

Canali et al. (2017) was simplified to SP#, except for SP7 in which the original 

experiment name was retained. The starting material and method used to synthesize the 

Sb-bearing samples (summarized below) is similar to that of Canali et al. (2017) although 

those workers employed a sample pre-equilibration step not used in the current work. A 

summary of experiments, including those done by Canali et.al. (2017) is provided in 

Table 3.1.  

3.2.2. Materials 

The basalt starting material for this study was prepared by weighing high purity 

(> 99.5%) oxides (MgO, Fe2O3, SiO2, Al2O3, MnO, and TiO2) and carbonates (K2CO3, 



25 

 

Na2CO3, and CaCO3) within +/- 0.1 mg of the target values for the required composition. 

Reagents were ground together under ethanol in an agate mortar for at least 30 minutes to 

achieve a homogenous mixture then calcined in a box furnace by ramping from 500⁰C to 

1000⁰C over 5 hours, followed by an isothermal soak for at least 8 hours at 1000⁰C. After 

cooling to room temperature, the oxide mixture was then re-homogenized by grinding 

under ethanol for another 30 minutes before being placed in a platinum crucible and 

fused at 1500⁰C for 30 minutes. The resulting melt was quenched in water, reground, and 

fused for an additional 30 minutes. This final glass was checked for crystals then ground 

into a fine powder. Several shards of glass were saved for analysis with the electron 

probe microanalyzer (EPMA) to confirm glass homogeneity.  

The platinum antimonide geversite (PtSb2) was synthesized by vacuum-sealing 

stoichiometric amounts of high purity (>99.95%) Pt and Sb powder in a silica ampoule 

then slow heating to 800⁰C  followed by an isothermal soak for 96 hours (see section 2.3 

for ampoule preparation). The composition was confirmed by analyzing the run-product 

material using energy dispersive spectroscopy (EDS) on the EPMA.  

Chromite from the New Caledonia ultramafic massif (Royal Ontario Museum 

Reference M4557), was made into crucibles to contain the melt during the experiments. 

Chromite was used to contain the melt because the solubility of chromite in basaltic melts 

is relatively low (< 0.3 wt.%; Roeder and Reynold, 1991), thus it would not change the 

melt composition significantly. Additionally, Sb is incompatible in chromite, meaning the 

elements of interest would not be lost to the crucible. These crucibles were cored from 

slabs of adcumulate chromitite using a diamond coring bit or fragments were ground into 

a cylindrical shape (outer diameter 4-4.9 mm by 5-10 mm long) using a diamond 

grinding wheel. A hole (diameter 1.3-2.3 mm by 3-6 mm deep) was drilled down the 

center of the resulting chromite cylinders using a diamond drill bit. To remove volatile-

bearing phases and reduce any ferric iron, the chromite crucibles were fired at 1200⁰C-

1300⁰C for 45 to 60 minutes in a vertical tube furnace at the FMQ buffer with the fO2 

fixed using a CO-CO2 mixture. 

3.2.3. Experiment Preparation 

Silica ampoules were made by initially sealing the end of a 127 mm long high 

purity fused silica tube (internal diameter: 5 mm outer diameter: 9 mm) with an oxy-
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acetylene torch, then thoroughly cleaning the tube with soap and water before rinsing 

with water then ethanol followed by drying at 100°C. Silica ampoules were prepared 

according to Fig. 3.1, with a 50-100 mg layer of solid buffer at the base, then a 2-4 mm 

thick layer of coarse SiO2 glass followed by the chromite crucible containing the basaltic 

glass powder and the Sb source (PtSb2 aggregates). Initially, the PtSb2 was added beneath 

the basalt (Sb06); however, several experiments saturated in PtSb2 resulted in a trapped 

gas bubble that inhibited chemical exchange across the sample. To mitigate this effect, 

PtSb2 was placed atop the melt in the remaining experiments. A silica ring (5 mm 

diameter 1-2 mm thick) was placed above the chromite crucible to prevent the melt from 

wicking out, followed by an approximately 30 mm long, 5mm thick silica spacer. The 

entire tube was evacuated for at least 30 minutes using a vacuum pump then sealed with 

an oxy-acetylene torch. Sealing the ampoule reduced the tube length to 50-80 mm. The 

sealed silica ampoules were placed vertically in 5 ml (19 by 26 mm) cylindrical alumina 

crucibles and then both the crucible and ampoule were placed in a box furnace at 1200⁰C 

for the experiment duration. Samples were quenched by removing the ampoule and 

crucible from the furnace, knocking free the crucible, and dropping the experimental 

ampoule into cold water.  

3.2.3.1. Sliding Buffer Experiments 

So-called “sliding” fO2 buffers were used in two experiments to fix the fO2 to 

approximately FMQ -2 and +2.5. These buffers are based on the equilibrium: 

Nimetal  +
1

2
O2  ↔ NiOoxide        (3.1) 

Which has an equilibrium constant of the form: 

Keq =  
aNiO

oxide

aNi
metal∙fO2

1
2⁄
         (3.2) 

Where aNiO
oxide and aNi

metal are the activity of NiO and Ni in the oxide and metal 

phases, respectively. The Keq of this equation can be related to the standard state free 

energy of the reaction by: 
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Figure 3.1 Illustration of the fused silica ampoule configuration employed in experiments. A) 

Schematic depiction of a sealed ampoule (not to scale) B) Photo of completed experiment containing 

the nickel nickel-oxide (NNO) buffer. 

−RT ln Keq =  ∆𝑟G°        (3.3) 

which when combined with equation 3.2 yields: 

ln Keq =  
−∆𝑟G°

RT
=  ln aNiO

oxide −  ln aNi
metal −

1

2
 ln 𝑓O2      (3.4) 

equation 3.4 can be rearranged and solved for fO2 to yield: 

 ln 𝑓O2  =  2 [ln aNiO
oxide − ln aNi

metal +
∆𝑟G°

RT
]       (3.5) 

Inspection of equation 3.5 shows that dilution of the Ni with Pd or the NiO with 

MgO will displace the fO2 to either a more reduced (addition of MgO) or more oxidized 

(addition of Pd) value than the assemblage involving only the pure phases. Information 

on the activity-composition relations required to calculate fO2 is obtained from Taylor et 

al. (1992) and Pownceby and O’Neill (1994a). The NiPd buffer has been previously used 

to monitor fO2 in experiments at the Re-ReO2 buffer (Pownceby and O’Neill, 1994b). For 

a particular combination of m’tal and oxide to serve as a buffer rather than simply as a 

sensor, a significant amount of material was used relative to the experimental charge (10-

15x). The buffer material was analyzed post-experiment by EPMA (see section 3.2) to 

calculate the fO2 (for more details see Supplementary Information).  
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3.3. Analytical Methods 

3.3.1. Sample Preparation 

After quenching, the silica ampoule was cracked open, and the chromite crucible 

and buffer materials were extracted, then mounted separately in 25.4 mm epoxy round 

pucks. After the epoxy hardened, the pucks were ground by hand using 220, 400, and 600 

grit silicon carbide paper to expose the run-products or fresh buffer material. Samples 

were then polished in water using 1 µm followed by 0.3 µm alumina powder. 

3.3.2. Electron Probe Micro-Analyzer (EPMA) 

The major element composition of run-product phases was determined using the 

JEOL JXA-8200 EPMA housed in the Robert M. MacKay Electron Microprobe 

Laboratory at Dalhousie University.  Silicate glass analyses were done using an 

accelerating voltage of 15 kV, a beam current of 10 nA and a 10 µm defocused beam to 

limit glass damage. Standards for silicate melt analysis were a natural basalt (Si, Al, Na, 

Mg, Fe and Ca), K-kaersutite (K), pyrolusite (Mn), chromite (Cr), rutile (Ti) and stibnite 

(Sb). Antimony metal was used for the interference corrections of the Sb Lα peak on the 

Ca Kα peak and the Sb Lγ3 peak on the Ti Kα peak, while magnetite was used for the 

interference correction of the 2nd order Fe Kβ1peak on the Sb Lα peak.  Count times were 

20 seconds for most elements but were increased to 60 seconds to obtain more precise Sb 

data. Raw count rates were converted to concentrations using the ZAF data reduction 

scheme.  The major and trace element concentrations of the run-product glasses can be 

found in Table 3.2. 

3.3.3. Laser Ablation Inductively Coupled Plasma Spectrometry 

 (LA-ICP-MS) 

Trace element concentrations were determined using the laser ablation inductively 

coupled plasma mass spectrometry (LA-ICP-MS) facility located in the Health and 

Environments Research Centre [HERC] Laboratory at Dalhousie University.  The system 

employs a frequency quintupled Nd: YAG laser operating at 213 nm, coupled to a 

Thermo Scientific iCAP Q ICP-MS quadrupole mass spectrometer with He flushing the 

ablation cell to enhance sensitivity (Eggins et al., 1998). Silicate glasses were analyzed 

using a laser repetition rate of 5-10 Hz and a spot size of 40-50 microns with the analysis 

area moving back and forth during ablation to reduce ablation depth.  
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Table 3.2 Summary of run-product glasses compositions. 

Exp. 

ID 

Electron Microprobe Results (wt.%) LA-ICP-MS Results (µg/g) 

  SiO2 TiO2 Al2O3     FeOt    MgO CaO Na2O K2O       MnO Cr2O3 Total N 121Sb 51V 75As N 

Sb06 47.8 5.62 9.00 12.3 10.3 13.0 0.77 0.13 0.14 0.14 99.5 14 3390 28 0.12 5 

1σ 0.29 0.11 0.11 0.58 0.13 0.12 0.04 0.01 0.03 0.09 0.46  98 1 0.04  

Sb08 47.3 5.20 9.41 10.5 9.72 12.0 0.47 0.11 0.12 0.09 99.7 9 44200 190 0.42 7 

1σ 0.16 0.07 0.07 0.07 0.08 0.18 0.02 0.01 0.02 0.03 0.37  4300 15.8 0.08  

Sb16 50.5 5.24 8.75 11.5 10.8 12.4 0.34 0.07 0.14 0.38 100 11 217 14 0.19 7 

1σ 0.15 0.08 0.13 0.20 0.08 0.10 0.02 0.01 0.02 0.03 0.41  17 2 0.02  

Sb21 51.4 5.33 10.4 9.69 8.88 11.9 0.25 0.08 0.09 0.07 99.4 8 24 560 1.08 5 

1σ 0.39 0.10 0.13 0.19 0.08 0.08 0.03 0.01 0.01 0.03 0.43  2.0 83 0.05  

Sb24 48.6 6.11 10.2 8.88 8.37 14.4 0.75 0.12 0.09 0.08 99.7* 8 11100 95 0.61 5 

1σ 0.17 0.10 0.08 0.08 0.08 0.17 0.02 0.02 0.03 0.02 0.32  1400 14 0.15  

Sb25 50.9 5.97 9.49 7.23 11.1 14.0 0.81 0.14 0.10 0.25 99.9 7 243 11 0.68 8 

1σ 0.21 0.10 0.08 0.24 0.09 0.09 0.03 0.01 0.02 0.03 0.35  47 1 0.12  

N is the number of analyses; σ is the standard deviation of the analyses. 

* sample contains 2.01± 0.03 wt.% NiO 

2
9
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Beam irradiance was optimized for each material depending on photon-coupling 

characteristics with a target value of 5-10 J/cm2.  Factory-supplied time-resolved software 

was used for the acquisition of individual analyses. A typical analysis involved 20 

seconds of background acquisition with the ablation cell being flushed with He, followed 

by ablation for 60 seconds, then 60 seconds of cell washout. Analyses were collected in a 

sequence in which two analyses were done on a standard reference material at the start of 

the acquisition cycle, then after every 16-18 analyses on the unknown samples. Four to 

five analyses were done on each run-product glass. Data reduction was done off-line 

using the Iolite version 3.6 software package. Antimony, As, and vanadium 

concentrations in the silicate glass were quantified using the NIST 610 silicate glass, 

which contains 396 µg/g Sb, 325 µg/g As, and 450 µg/g V (Jochum et al., 2011). 

Ablation yields were corrected by reference to the known concentration of Ca as 

determined by EPMA, using 43Ca as an internal standard. The following isotopes were 

measured: 43Ca, 51V, 75As, 121Sb, 125Sb, 194Pt, 195Pt. Concentrations were determined using 

the isotopes in italics and are reported in Table 3.2.  Platinum was not quantified as the 

signal was very heterogeneous due to micro-inclusions contained within the glasses (see 

sections 4.2 and 4.3). The accuracy of the LA-ICP-MS protocol was assessed to be 15-

20% relative to the published values of standard reference glasses (BHVO-1, BCR-2, 

BIR-1). 

3.3.4. X-ray Absorption Spectroscopy 

X-ray absorption spectra were collected at the Canadian Light Source, Saskatoon 

using the HXMA beamline with Si(220) crystal monochromators for the Sb K-edge (edge 

position: 30,491 eV; Samples: Sb06, Sb08, Sb16, Sb21, Sb24, and Sb25) and the 

VESPERS beamline with Si(111) monochromators for the As K-edge (edge 

position:11,867 eV; Samples: SP4, SP6, SP7, SP8, SP9, and SP28). Additional spectra at 

the As K-edge (Samples: SP4, SP21 and SP28) were collected at the Advanced Photon 

Source (APS), Argonne, USA at the sector 20-ID beamline using the Si(111) 

monochromators. No harmonic rejection was used on either beamline at the CLS as it is 

incapable of generating higher harmonics at the Sb K-edge and the flux on the VESPERS 

beamline was too low to generate interference from harmonics. At sector 20-ID the 

monochromators were detuned by 10% (30% for SP28) to reduce harmonics. 
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All unknowns were measured in fluorescence mode in-situ on polished samples 

using a 32 element Ge detector on HXMA, a 4 element Ge detector on VESPERS, and a 

4 element vortex silicon drift detector at the APS. A 6-micron spot was used on 

VESPERS and a variable spot size (100 to 500 microns) was used on HXMA (optimized 

for counts and detector deadtime). The spot size at the APS was 100 by 120 microns. 

Spectral reference materials were measured in transmission mode. For measurements on 

the HXMA beamline, reference materials were prepared by dilution with boron nitride in 

a 1:3 proportion then packing the mixture tightly in a Teflon sample holder. On the 

VESPERS beamline and at the APS, reference materials were ground to a fine powder in 

a fumehood 2-3 hours prior to analysis to limit oxidation, then spread evenly across a 

piece of Kapton® tape. Spectra for reference materials AsV
2O5, AsIII

2O3, AsIII
2S3, 

arsenopyrite [FeAsS], Ca3(AsVO4)2 and Na2HasVO4, were obtained from the VESPERS 

spectral library (acquired by Dr. Peter Blanchard). These reference scans use similar 

parameters to those in this study, were performed on powders with purities greater the 

99% (except for the arsenopyrite standard) and were also used as reference materials for 

the XANES analysis on VESPERS spectra. Spectra for the trivalent and pentavalent 

aqueous species at various fluid pH were also used as reference materials. The aqueous 

As standards are from Borisova et al. (2010) and aqueous Sb standards are from Tella and 

Pokrovski (2012) for pentavalent Sb and Pokrovski et al. (2006) for trivalent Sb.  

An Sb foil reference material (edge position: 30,491 eV) was collected at the K-

edge simultaneously with each sample on the HXMA beamline for use in energy 

calibration. For measurements on the VESPERS beamline and APS, energy calibration 

scans were done periodically on gold foil at the LIII-edge (edge position: 11,919 eV). 

Energy calibrations were done using the maximum derivative of the absorption spectra on 

the appropriate reference foil. The energy drift on the VESPERS and the APS beamlines 

were negligible and determined to be less than the energy resolution of the beamlines (1 

eV) over the course of the analysis. Of concern during XANES analysis are spectral 

shifts caused by changes in speciation arising from beam induced oxidation/reduction of 

the sample. This process, termed “beam damage” was evaluated by comparing multiple 

scans completed on the same location, which is irradiated continuously for over 2 hours. 
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Figure 3.8 in the Supplement Information shows the peak position of multiple scans, and 

the lack of spectral change indicates that beam damage was not measurable. 

Signal aberrations caused by defects in the monochromators were removed from 

individual scans. Scans were then aligned manually before merging. Each merged 

spectrum was calibrated and normalized. Linear combination fitting was performed on 

the individual spectrum using the reference materials as standards to determine the 

speciation in each sample. The processing of the data was completed using ATHENA 

from the DEMETER software package, version 0.9.26 (Ravel and Newville, 2005). 

Linear combination fitting was performed on the XANES spectra in absorption vs 

energy space from -20 to +30 eV around the absorption edge for As and in both 

absorption vs energy and derivative of the absorption vs energy space for Sb (Fawcett et 

al., 2009). No significant difference in the species proportions from these methods was 

found for this study. Small shifts (±1 eV) in the energy spectra were allowed during 

linear combination fitting to account for energy drift during the collection of the sample 

spectra and the reference materials. The linear combination fitting reference materials for 

Sb included GaSb, SbIII
2O3, aqueous KSbV(OH)5,  aqueous SbV(OH)5 and aqueous 

SbIII(OH)3. The As reference materials were AsIII
2O3, skutterudite (CoAs2), Ca3(AsVO4)2,  

native As, scorodite [FeAsVO4•2H2O], aqueous AsVO(OH)3 and aqueous AsIII(OH)3. 

Several aqueous standards were used during fitting; however, the results containing 

different combinations of aqueous standards were often statistically indistinguishable 

from each other in terms of quality of fit according to the Hamilton test (Hamilton, 1965) 

at a >95% confidence interval.  

Detection limits for individual As species were assumed to be 10% based on past 

reported estimates (Foster and Kim, 2014). Detection limits for individual Sb species 

were determined by merging pentavalent Sb or metallic Sb spectra with the trivalent 

spectrum at 5%, 7%, 10%, and 15% species abundance. The resultant spectrum was fit 

with linear combination fitting using a number of reference materials. The detection limit 

was chosen as the combination at which the software could first distinguish the added 

species from the trivalent species, with zero-valent and more reduced Sb oxidation states 

having a detection limit of 7% and pentavalent Sb having a detection limit of 10%. 
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The ARTEMIS package from DEMETER (Ravel and Newville, 2005) was used 

to fit theoretical standards to the EXAFS portion of the spectra for samples SP4, SP28, 

Sb6, and Sb21. The standards were generated using IFEFFIT (Newville, 2001) based on 

the crystal structures of forsterite [Mg2SiO4] (Bostrӧm, 1987), diopside [MgCaSi2O6] 

(Cameron et al., 1973), asbecasite [Ca3TiAsIII
6Be2Si2O20] (Sacerdoti et al., 1993), 

scorodite [FeAsVO6H4] (Hawthorne, 1976), native As (Wyckoff, 1963), arsenolite 

(Ballirano and Maras, 2002), native Sb (Schiferl et al., 1981), Sb pentoxide (Jansen, 

1979), and valentinite [SbIII
2O3] (Buerger and Hendricks, 1938). The chemistry of the 

forsterite and diopside standards was modified to include either As or Sb as the absorbing 

element in a variety of crystallographic sites. The amplitude reduction factor (So
2) was 

determined by fitting theoretical standards to the corresponding reference materials then 

fixing this value in the unknown fits. The scorodite and AsIII
2O3 reference materials were 

used to determine So
2 for the As samples acquired at APS, while SbIII

2O3 was used for the 

Sb samples acquired at HXMA. Fitting to the standard was completed in R-space using k 

weights of 1, 2, and, 3 simultaneously. The fitting range for the unknown spectra was 

from 3.0-3.5Å-1 to 10-12Å-1 in k-space and 1-1.3Å to 3-3.5Å in R-space resulting in 7 to 

11 independent points as determined by the Nyquist method. Fitting was done using a 

Hanning window with sills of 1 in k-space and 0.5 in R-space. Modelling of the EXAFS 

was done by fitting the first shell to the data, followed by subsequent attempts to fit a 

second shell, resulting in 4 to 8 variables being used in the fitting procedure.   

3.4. Results 

3.4.1. Control of Oxygen Fugacity 

The target fO2s of experiments Sb24 and 25 were FMQ +2.5 and -2.0, 

respectively based on the composition of the initial metal-oxide mixture. These 

experiments used the “sliding buffer” method (see section 2.3.1). In both cases, the final 

fO2 is shifted from values expected from the initial mixture, with the composition of the 

buffer phases after the experiments (Table 3.6 in SI) yielding fO2 of FMQ +2.8±0.1 for 

Sb24 and FMQ -1.5±0.1 for Sb25. The fO2  of the remaining experiments was fixed by 

the presence of both pure metal and metal oxide or a combination of two metal oxides. 

The value of the fO2 as well as the buffer phases are provided in Table 3.1 and were 

calculated using the equations from O’Neill and Pownceby (1993a) for the Ni-NiO 
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buffer, O’Neill (1986) for the Mo-MoO2 buffer, O’Neill (1988) for the Fe3O4-Fe2O3 

buffer, and O’Neill and Pownceby (1993b) for the MnO-Mn3O4 buffer. The presence of 

metal and metal oxides in the other fO2 buffers was confirmed by a combination of 

EPMA, XRD and reflected light microscopy. Experiment Sb08 contained a manganese 

Sb oxide phase in addition to MnO and Mn3O4.  

3.4.2. Run-Product Phases 

The run-products from experiments consist of homogeneous glasses (Fig. 3.2a), 

which contained sub-micron sized particles of Pt or Pt+Sb. These particles are observed 

in backscattered electron images and in the time-resolved LA-ICP-MS spectra for 

platinum (Fig. 3.3c). Crystals of olivine or a low calcium pyroxene were also observed in 

some run-products. Several samples (Sb08, Sb16, Sb24, and Sb25) were saturated in an 

immiscible antimonide melt phase (Fig. 3.2b) which always segregated to the melt-vapor 

interface due to surface tension. 

 

Figure 3.2 A) Reflected light image of a typical run-product with homogenous glass within a 

chromite crucible. The PtSb-melt is situated at the melt-vapor interface B) Backscatter electron 

image showing the quench exsolution phases of the PtSb melt bead. Dark phases are PtSb2, while the 

lighter phases have a composition closer to PtSb. All images are from experiment Sb16 done at 

1200°C, 0.1 MPa and FMQ -3.3. 

  



35 

 

 

Figure 3.3 A) Analytical traverses 

across four samples synthesized at 

different fO2 (as labelled) showing 

the Sb concentration as a function of 

distance from the melt-vapour 

interface. B) Examples of time-

resolved LA-ICP-MS spectra from 

samples with different fO2 and 

different Sb concentrations. C) 

Time-resolved spectra of 43Ca, 194Pt, 

and 121Sb from experiment Sb06. 

Note the heterogeneity of the 

platinum signal in the glass, which is 

interpreted to reflect the presence of 

Pt micro-nuggets. 
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3.4.3. Approach to Equilibrium 

The approach to chemical equilibrium was evaluated by analytical traverses of the 

run-product glasses from the bottom of the crucible to the melt-vapor interface. As shown 

in Fig. 3.3A, all the glasses were found to be homogeneous with respect to Sb 

concentration. Additionally, the time-resolved spectra of Sb from the individual analyses 

(Fig. 3.3B) are uniform indicating homogeneity within the depth of sampling, which is 

estimated to be 20 to 40 μm. The exception to this overall homogeneity is the distribution 

of platinum, which shows numerous oscillations in the time-resolved LA-ICP-MS spectra 

(Fig. 3.3C) due to the presence of micron-sized particles; however, these oscillations are 

not correlated with the Sb signal. Finally, the experiments of this study were of similar 

duration (96 hours), material, and method to that of the previous study of Canali et al. 

(2017), which found that 96 hours was sufficient to reach equilibrium. These authors 

reached this conclusion based upon sample homogeneity and reproducibility of results 

from runs of different durations.  

3.4.4. XANES  

3.4.4.1. Arsenic 

The XANES spectrum of AsIII
2O3 is characterized by the main absorption peak 

(white line) at 11,870 eV, which is followed by an inflection on the back of the peak at 

11,872 eV and a local minimum at 11,878 eV. In the post edge region, a second smaller 

(0.7 arbitrary units, a.u.) high by 3 eV wide) peak is located at 11,881 eV, which has been 

attributed to long-range distorted AsIIIO3 groups and As-As backscatter (Borisova et al., 

2010). The main absorption peak for the aqueous AsIII(OH)3 spectra from Borisova et al. 

(2010) is also located at 11,870 eV with a shoulder at 11,875 eV. The shape of this 

shoulder varies and appears to be a function of solution pH with higher pH resulting in a 

larger shoulder as AsIII (OH)3 becomes deprotonated to AsIIIO3
3- (Testemale et al., 2011). 

Scorodite and AsV
2O5 are characterized by the white line positioned at 11,875 eV. The 

aqueous AsVO(OH)3 reference materials (Borisova et al., 2010) are similar to the other 

AsV reference materials but contain a local minimum after the white line at 11,883 eV 

and a broad local maximum centred at 11,889 eV. The XANES spectrum of native As 

has the white line at 11,868.5 eV, which is much smaller than the AsIII
2O3 and AsV

2O5 
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white line. Additionally, there is a small (0.06 a.u. high by 3 eV wide) post-edge feature 

at 11,878 eV.   

Figure 3.4 shows the As K-edge XANES spectra of the basaltic glasses. All seven 

spectra are characterized by the peak absorption feature occurring at 11,870±1 eV, which 

corresponds to AsIII. However, unlike the absorption peak in the AsIII
2O3 reference 

material, the basaltic glasses have a broader absorption peak that does not contain an 

inflection at 11,872 eV. Additionally, the post-edge peak at 11,877 eV is less pronounced 

(only 0.05 a.u.). Finally, the basaltic glasses do not have a local minimum after the 

absorption edge at 11,895 eV. Except for samples SP28 and SP7, the XANES spectra of 

the basaltic glasses are similar to that of the natural As-bearing rhyolite glass measured 

by Borisova et al. (2010). In that study, the differences between the rhyolite glass and 

reference materials spectra were ascribed to a lack of long-range distorted AsIIIO3 groups 

and the absence of significant As-As backscatter in the volcanic glass. This reasoning is 

also likely the explanation for the differences between the basaltic glass in this study and 

the AsIII
2O3 reference material spectra.  

The sample from the most oxidized experiment (SP28) and sample SP7 both have 

a shoulder peak located at 11,874±1 eV, which linear combination fitting determined to 

be a result of AsV in addition to AsIII in these samples.  The XANES spectrum of SP21, 

which was done at the most reduced conditions (FMQ -3.3), shows no evidence of zero-

valent (As0) or more reduced species (As-I or As-III) above minimum detection limits 

(estimated to be 10%). Table 3 provides a summary of the proportions of each oxidation 

state present in the glasses as determined by linear combination fitting, while Fig. 3.9 

(supplementary information) shows the quality of the fit for two representative samples. 

Despite having similar final experimental fO2, there is a difference in the amount 

of AsV in SP28 and SP9, with SP28 containing ~15% AsV and less than detection limits 

(estimated to be 10%) in SP9. The difference in speciation between experiments SP9 and 

SP28 is attributed to the difference in their molar Fe/As ratio (see section 5.1). Samples 

SP8 and SP7 also have the same fO2, but different proportions of AsV(11±4% in SP7 vs < 

10% in SP8); however, in this case, the speciation is essentially the same when 

considering detection limits and associated errors. 
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Figure 3.4 Normalized absorption at the As K-edge as a function of energy (eV) for As-bearing 

glasses synthesized at various fO2 (as labelled). A selection of reference materials (As0, CoAs2, 

AsIII
2O3, aqueous AsIII(OH)3, aqueous AsVO(OH)3, and FeAsVO4·2H2O) are also plotted for 

comparison. Spectra are offset vertically for clarity. Vertical lines indicate the white line position for 

AsIII and AsV
. Spectrum for AsIII

2O3 was obtained from the spectral library at the CLS. The spectra 

for aqueous AsIII (OH)3 and aqueous AsVO(OH)3 are from Borisova et al. (2010). 
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3.4.4.2. Antimony 

The XANES spectrum of SbIII
2O3 is characterized by a single broad (5 eV wide) 

peak centred at 30,518 eV and a small (0.01 a.u.) feature in the post edge region at 30,497 

eV. The pre-edge region is characterized by a gradual rise in absorption. The peak 

position in the aqueous SbIII(OH)3 spectra has a similar energy to SbIII
2O3, but the peak of 

SbIII(OH)3 is less intense than SbIII
2O3. Additionally, the SbIII(OH)3 spectrum has a broad 

shoulder (14 eV wide), centred at 30,512 eV. The aqueous SbV(OH)5 spectrum has a 

relatively intense absorption peak (1.6 a.u. compared to 1.4 a.u. for SbIII
2O3) at 30,504 eV 

and a shoulder peak at 30,520 eV. Metallic Sb does not have a pronounced absorption 

peak, instead, it is characterized by a small peak (0.1 a.u. above the edge) at 30,496 eV 

followed by strong oscillations throughout the post-edge region.  

Figure 3.5 depicts the XANES spectra of the Sb-bearing glasses with each 

displaying a single broad peak centred at 30,497±1 eV, similar to the SbIII reference 

materials. At energies greater than the peak absorption feature, the intensity of the 

spectrum gradually decreases until a minimum at 30,528 eV. Unlike the aqueous 

SbIII(OH)3 reference material, the basaltic glass samples do not show a shoulder near 

30,518 eV.  

Linear combination fitting (Fig. 3.9 in SI) was used to identify the different 

species of Sb present and their proportions (summarized in Table 3.3). Trivalent Sb was 

the only species found in the samples. Zero-valent (Sb0) and reduced Sb species (Sb-III) 

were below the minimum detection limits (estimated to be 7%) in the most reduced 

samples and SbV was below the minimum detection limits (estimated to be 10%) in the 

most oxidized samples.   
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Figure 3.5 Normalized absorption at the Sb K-edge as a function of energy (eV) for Sb-bearing 

glasses synthesized at various fO2 (as labelled). A selection of reference materials (Sb0, SbIII
2O3, 

aqueous SbIII(OH)3 and aqueous SbV(OH)5) are also plotted for comparison. Spectra are offset 

vertically for clarity. Vertical lines indicate the white line position for SbIII and SbV. The aqueous 

SbIII(OH)3
 spectrum is from Pokrovski et al. (2006) and the aqueous SbV(OH)5 spectrum is from Tella 

and Pokrovski (2012). 
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Table 3.3 Results from linear combination fitting 

Exp. 

ID 

As 

or 

Sb 

ΔFMQ 

Trivalent 

Species 

(AsIII or 

SbIII) 

Pentavalent 

Speciesb 

(AsV or SbV) 

Fe/As or 

Fe/Sb 

Ratio 

(molar) 

Goodness of 

Fit  

 (R-factorc) 

Best Combination of 

linear combination 

fitting reference 

material a 

SP21 As -3.3 >90% <10% 14200 0.00541 
98% AsIII(OH)3, pH 5; 

2% AsIII
2O3 

SP4 As +0.7 >90% <10% 147 0.00253 100% AsIII(OH)3, pH 5 

SP6 As +3.6 >90% <10% 6.67 0.00387 100% AsIII(OH)3, pH 5 

SP8 As +4.3 >90% <10% 1.36 0.00470 
61% AsIII(OH)3, pH 11; 

39% AsIII
2O3 

SP7 As +4.3 90%±4% 10%±4% 6.52 0.000489 

69% AsIII(OH)3, pH 5; 

20% AsIII(OH)3, pH 11; 

11% AsVO(OH)3, pH 2 

SP9 As +5.4 >90% <10% 1.36 0.00175 
53% AsIII(OH)3, pH 11; 

47% AsIII
2O3 

SP28* As +5.4 85±7% 15±5% 0.38 0.00261 
85% AsIII(OH)3, pH 5; 

15% AsVO(OH)3, pH 2 

Sb16 Sb -3.3 >90% <10% 960 0.000259 
43% SbIII

2O3; 57% 

SbIII(OH)3 

Sb25 Sb -1.5 >90% <10% 1380 0.000132 
62% SbIII

2O3; 38% 

SbIII(OH)3 

Sb06 Sb +0.7 >90% <10% 77.8 0.0119 
52% SbIII

2O3; 48% 

SbIII(OH)3 

Sb24 Sb +2.8 >90% <10% 666 0.00318 
54% SbIII

2O3; 46% 

SbIII(OH)3 

Sb08 Sb +4.3 >90% <10% 4.32 0.000526 
42% SbIII

2O3; 58% 

SbIII(OH)3 

Sb21 Sb +5.7 >90% <10% 15.9 0.000577 
48% SbIII

2O3; 52% 

SbIII(OH)3 

*Spectra was corrected for self-absorption.  
aRepresents the best combination of the reference materials employed to replicate the basaltic glass spectra. 

The presence of a reference materials used in the linear combination fit does not imply this species is in the 

sample. The percentage of each oxidation state present in the sample is a combination of species identified 

by the linear combination fitting fits.  
bDetection limits are estimated as 10%. 
cEquation for the r-factor is provided in the Supplementary Information.  
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3.4.5. EXAFS 

The structural parameters for the best fits of theoretical standards to the synthetic 

glasses are detailed in Table 3.4 and shown in Fig. 3.6. At reduced conditions, As appears 

to be coordinated by 3.1±0.7 oxygens at a bond distance of 1.78±0.01 Å, while at 

oxidized conditions As is coordinated by 3.5±1.0 oxygens at a bond distance of  

1.75±0.02 Å. The small decrease in the average atomic bond length between these two 

samples is attributed to the two oxidation states present in this sample as AsV would hold 

oxygens closer than AsIII. This would also explain the increase in coordination along with 

its associated larger error. Fitting an oxygen shell for each valence state did not result in a 

statistically better fit for the collected data. The interatomic Sb-oxygen bond distance is 

approximately the same at oxidized conditions (1.983±0.004 Å) and reduced conditions 

(1.974±0.004 Å). Additionally, the calculated coordination number of Sb decreases from 

3.4±0.2 to 2.9±0.2 with increasing fO2. Only the first shell was fit with confidence, as 

attempts to fit a second shell of Si, Ca, Mg, Fe, Al, As or O based on a diopside or olivine 

melt structure yielded unrealistic bond length disorder terms (σ2), and coordination 

numbers (CN). Several multiple scattering paths were also attempted, but they did not 

improve the quality of fit.  

Table 3.4 Best fit structural parameters from EXAFS for the first oxygen shell for As and Sb bearing 

basaltic glasses 

Sample 

As 

or 

Sb 

Amplitude 

reduction 

Factor 

(S0
2) 

Coordination 

number* 

Bond 

length (Å) 

Bond 

disorder: 

σ2 x 103 

(Å2) 

Energy 

shift 

(eV) 

Goodness 

of fit (R-

factor) 

Degrees 

of 

Freedom 

in fita 

SP4 As 0.81±0.16 3.1±0.7 1.782±0.010 2.6±1.6 8.6±1.5 0.015 5 

SP28 As 0.84±0.09 3.5±1.0 1.752±0.022 4.9±3.4 8.2±3.7 0.042 4 

Sb06 Sb 0.98±0.07 3.4±0.2 1.973±0.004 5.7±0.6 6.5±0.6 0.0022 5 

Sb21 Sb 0.98±0.07 2.9±0.2 1.981±0.004 3.4±0.6 8.6±0.6 0.0029 5 

*Coordination number error includes the error from S0
2.  

aDegrees of Freedom equals the number of independent points in the spectrum minus the number of 

variables used in the fit 
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Figure 3.6 Arsenic (SP28 and SP4) and Sb (Sb21 and Sb06) EXAFS spectra (solid lines) and best 

theoretical model fit for each spectrum (dashed line) displayed in both (A) k-space and (B) in the 

Fourier transform (not corrected for phase shift). 

3.5. Discussion 

3.5.1. Correction for the Effect of Iron on the Measured Redox State  

The presence of both ferric and ferrous iron in the experiments of this study 

means charge transfer reactions could occur during the quench and affect the speciation 

of As and Sb (Borisov, 2013). This charge transfer reaction has the form:  

Me5+ + 2Fe2+  ↔ Me3+ + 2Fe3+      (3.6) 

Where Me is either As or Sb.  

As the speciation measurements of this study are performed on quenched glasses 

and not the melt at 1200°C, the effect of iron on the quenched speciation needs to be 

considered so that the behavior of As or Sb at magmatic conditions can be determined.  

Borisov (2013) provides a quantitative evaluation of this correction, details of which can 

be found in the Supplementary Information. Other redox-sensitive elements such as 
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chromium will also be involved in these redox reactions; however, due to its low 

concentration relative to iron its effect on arsenic speciation will be negligible.  

The amount of reduction/oxidation that occurs will strongly depend on the molar 

iron to metalloid ratio (Fe/M). Higher ratios will result in a minor change to the 

ferric/ferrous ratio, but complete removal of a single metalloid species, while a lower 

ratio will have the opposite effect. Ratios near one may have an impact on the speciation 

of both elements. As the experiments of this study have different molar Fe/M ratios the 

effect of quenching will be different for each sample resulting in different speciation even 

for samples synthesized at the same fO2. This effect is observed for samples SP9 and 

SP28. Figure 3.7a shows how the same melt speciation curve would be shifted at a fixed 

molar Fe/As ratio for these two experiments. Sample SP9 has a molar Fe/As ratio of 1.36 

and the calculation shows that 41% of the AsV present would reduce to AsIII upon 

quenching, whereas only 12% of the AsV present would be reduced to AsIII in sample 

SP28 which was synthesized at the same fO2 but has a Fe/As ratio of 0.381. Therefore, a 

change in the Fe/As ratio can explain the difference between the linear combination 

fitting results of SP9 and SP28 as seen in Table 3.4 and Fig. 3.7a. Regardless of the 

Fe/As ratio, quenching in the presence of iron results in the stabilization of AsIII in the 

glass. Thus, the abundance of the oxidized species will be underestimated in the 

quenched glass compared to the melt phase.  

After correcting for iron the ratio of As species present in the melt as a function of 

fO2 (Fig. 3.7b) can be described assuming a two-electron transition as:  

log
AsV

AsIII =  
1

2
log 𝑓O2 +

6549

T
− 3.8 ± 0.9    (3.7) 

This equation describes the sigmoidal change in As speciation as a function of 

fO2. Details on how this equation was derived and the underlying thermodynamic values 

used are found in the Supplementary Information. Equation 3.7 along with Fig. 3.7b 

illustrates that at 1200°C the pentavalent species will not contribute to more than 1% of 

the As budget until the fO2 is greater than FMQ +3.2±0.9. At FMQ +5.3±0.9 and FMQ 

+7.2±0.9, AsV will contribute to 10% and 50% of the total As budget at 1200°C, 

respectively. 
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Figure 3.7 Speciation of As in basaltic glass. A) Effect of iron on As speciation. Diamonds correspond 

to the XANES linear combination fitting results. The solid curve represents the species in the melt, 

while the dashed curves are the speciation of quenched glass at different Fe/As ratios (Fe/As = 0.381 

from SP28; Fe/As = 1.36 from SP9). Speciation in the glass was determined using the method of 

Borisov (2013) for a glass transition temperature of 700⁰C, calculated using the method of Giordano 

et al. (2008). B) The overall speciation-fO2 relationship for As at 1200°C displayed relative to FMQ.  

The best-fit curve is the solid line (χ2 =  0.085), while the dashed lines represent the error in the fit (χ2  

>  0.12). 

As no pentavalent Sb was detected it is not possible to apply an iron correction to 

these experiments. However, the amount of pentavalent Sb measured in the glasses could 

be underestimated as a result of the reduction effect of iron. Assuming 10% SbV in the 

most oxidized sample and compensating for the iron effect could result in the melt phase 

containing up to 20% SbV at FMQ +5.7. Extrapolating this speciation-fO2 relationship 

would result in only 1% SbV occurring at FMQ +2.8 and negligible SbV at conditions 

more reducing. 

3.5.2. Comparison with Existing Speciation Measurements in Silicate Melts 

and Glasses  

A comparison between the speciation-fO2 results determined in this study to 

previous measurements on silicates melt and glasses for both As and Sb is provided in 

Table 3.5. For studies that determined a change in speciation as a function of fO2, the fO2 

corresponding to the transition from trivalent dominant to pentavalent dominant is also 

reported in the table in brackets.  

Percent Pentavalent Arsenic Percent Pentavalent Arsenic 
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3.5.2.1. Arsenic 

The As speciation determined in this study is consistent with the results from Borisova et 

al. (2010), and with all but samples SP7, and SP28 from Canali et al. (2017). The LIII-

edge XANES spectra for these samples did not reveal any AsV, compared to the spectra 

reported here, which contained 10±4% AsV and 15±5% AsV, respectively. This 

discrepancy is attributed to the spectral interference from the magnesium K-edge on the 

As LIII-edge measured by Canali et al. (2017), which would mask the presence of AsV, at 

the levels measured in this study. Schreiber and Coolbaugh (1995) observed 4.7% AsV at 

FMQ +3.0 for which only 0.9% AsV was measured in this study. This difference is most 

likely related to the effect of melt composition on speciation, as the higher alkali content 

of the borosilicate glass ( 17.7% wt.% Na2O vs. 0.82 wt.% Na2O+K2O) employed by 

Schreiber and Coolbaugh (1995), may have stabilized the oxidized species at lower fO2 

(Pyare and Nath, 1991). Guo (2008) did not report any AsV at conditions in which this 

species was detected here; however, the sensitivity of XPS for each species was not 

reported. The measurements from this study are inconsistent with the conclusions of 

Siebert et al. (2011), who used metal/silicate melt partitioning to suggest AsV as the 

dominant oxidation state for mafic silicate melts at fO2 below the iron-wϋstite buffer. The 

experimental conditions employed by Siebert et al. (2011) are quite different from this 

study (3 GPa vs 0.1 MPa; 1850-2200°C vs. 1200°C) and moreover, the small fO2 range 

(1.5 log units) investigated would result in considerable uncertainty in their speciation 

estimation. An indirect method to determine As speciation can be obtained by 

investigating sulfide liquid/silicate melt partitioning as a function of either fO2 or silicate 

melt FeO content (Li and Audétat, 2015; Li and Audétat, 2012). Although the speciation 

determined by such methods could be complicated by the presence of multiple valence 

states in both the silicate melt (AsIII or AsV) and in the sulfide phases (AsIII or As-I), or 

activity coefficients changing as a function of fO2, results of these studies are consistent 

with predominately AsIII in the silicate melt at overlapping  fO2 conditions. 
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Table 3.5 Summary of oxidation state measurements for As and Sb from the literature 

Redox 

State 

Pressure 

(MPa) 

Temperature 

(°C) 
fO2 (ΔFMQ) Method Melt Composition 

Fe/As or 

Fe/Sb 

Ratio 

Reference 

  Arsenic 

AsIII & 

AsV 

0.1 1200 -3.3 to +5.5 

[+7.2±0.9*] 

XANES (K-edge) Synthetic basalt 0.38 to 

14000 

This Study 

AsIII n/a 800 -3.6 to 0 XANES (K-edge) Macusani Rhyolite 15 Borisova et al. 

2010 

AsIII 0.1 1200 -3.3 to +5.5 XANES (L-edge)/ As 

solubilitya 

Synthetic basalt 0.4 to 

14000 

Canali et al. 2010 

AsIII & 

AsV 

0.1 1150 +5.6* Colorimetric 

/complexometric 

titrations 

Na-borosilicate glassb n/a Schreiber and 

Coolbaugh 1995  

AsIII 200 800 +2.5 & +4.5 XPS Haplogranite (Na2O-K2O - 

Al2O3-SiO2 glass)b 

 

n/a Guo, 2008 

AsV 3000 1850 & 2200 -6.4 to -5.5 Metal/silicate melt 

Partitioning Vs. fO2
a 

Peridotite, and olivine tholeiite 

basalt 

n/a Siebert et al. 

2011 

AsIII 1500 1175 to 1200 -3.1 to +1 Sulfide/Silicate Melt 

Partitioning Vs. fO2
a 

Hornblendite n/a Li and Audétat 

2012 

AsIII 500 to 

1500 

1000 to 1200 -1.7 to +3 Sulfide/Silicate Melt 

Partitioning Vs. FeOa 

Synthetic MORB and, dacite 

plus natural andesite, and 

rhyolite 

n/a Li and Audétat 

2015 

  Antimony 

SbIII 0.1 1200 -3.3 to +5.5 XANES (K-edge) Synthetic basalt 4.3 to 960 This Study 

SbIII & 

SbV 

0.1 and 

1000 

1300 & 1400 -4.7 to +11 

[+9.0±0.4*] 

XANES (K-edge) Alkali free synthetic MORB 2.6 to 

23000 

Miller et al. 2019 

SbIII & 

SbV 

0.1 1300  -4.7 to 7.3 

[+6.9±0.2*] 

XANES (K-edge) CaO-Al2O3-MgO-SiO2 glass 

(Longhi2)b 

n/a Miller et al. 2019 

SbIII & 

SbV 

0.1 1300 -4.7 to 7.3 

[+9.3±0.5*] 

XANES (K-edge) CaO-Al2O3-MgO-SiO2 glass 

(Longhi3b 

n/a Miller et al. 2019 

SbIII & 

SbV 

0.1 1300 & 1400 -4.7 to +11 

[+5.8±0.3*] 

XANES (K-edge) CaO-Al2O3-SiO2 glass 

(CAS1)b 

n/a Miller et al. 2019 

SbIII & 

SbV 

0.1 and 

1000 

1300 & 1400 -4.7 to +11 

[+7.6±0.1*] 

XANES (K-edge) CaO-Al2O3-SiO2 glass 

(CAS4)b 

n/a Miller et al. 2019 

4
7
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Redox 

State 

Pressure 

(MPa) 

Temperature 

(°C) 
fO2 (ΔFMQ) Method Melt Composition 

Fe/As or 

Fe/Sb 

Ratio 

Reference 

SbIII & 

SbV 

0.1and 

1000 

1300 &1400 -4.7 to +11 

[+8.2±0.4*] 

XANES (K-edge) CaO-Al2O3-MgO-SiO2 glass 

(CMAS7G)b 

n/a Miller et al. 2019 

SbIII 1000 to 

3000 

1400 -1.2 to 0.2 XANES (K-edge) Synthetic Andesite 130 Miller et al. 2019 

SbIII & 

SbV 

0.1 1150 +8.4* Colorimetric 

/complexometric 

titrations 

Na-borosilicate glassb n/a Schreiber and 

Coolbaugh 1995  

SbIII & 

SbV 

200 800 +6.8 XPS Haplogranite (Na2O-K2O - 

Al2O3-SiO2 glass)b 

 

n/a Guo, 2008 

        

SbV 200 800 +5.2 XPS Haplogranite (Na2O-K2O - 

Al2O3-SiO2 glass)b 

 

n/a Guo, 2008 

SbIII 0.1 to 

15000 

1260 to 2150 -4.6 to -1.4 Metal/silicate melt 

Partitioning Vs. fO2
a 

Basalt, and eucritic basalt n/a Righter et al 2009 

SbIII & 

SbV 

0.1  1250 -3.5 to +7 Rutile/ silicate melt 

Partitioning fO2
a 

Synthetic andesite and rhyolite n/a Klemme et al. 

2005 

SbIII 1500 1400 -0.9 Sulfide/Silicate Melt 

Partitioning Vs. FeOa 

Synthetic MORB and CaO-

Al2O3-MgO-SiO2 glassb 

n/a Kiseeva and 

Wood 2013 

SbIII 1500 1400 to 1700 -0.9 Sulfide/Silicate Melt 

Partitioning Vs. FeOa 

 n/a Kiseeva and 

Wood 2015 

SbIII 1500 1175 to 1200 -3.1 to +1 Sulfide/Silicate Melt 

Partitioning Vs. fO2
a 

Hornblendite (AG4) n/a Li and Audétat 

2012 

SbIII 500 to 

1500 

1000 to 1200 -1.7 to +3 Sulfide/Silicate Melt 

Partitioning Vs. FeOa 

Synthetic MORB and, dacite 

plus natural andesite, and 

rhyolite 

n/a Li and Audétat 

2015 

* fO2 value at which both oxidation states are present in equal proportions; amodel dependent; bIron free composition.; MORB stands for Mid ocean ridge basalt; 

n/a is not applicable or not available 

 

 

4
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3.5.2.2. Antimony 

The results of this study show that SbIII is the dominant oxidation state over the 

fO2  range investigated, with less than 10% SbV indicated even for the most oxidized 

experiments (Sb21; FMQ +5.7). This speciation trend is consistent with the results of 

Schreiber and Coolbaugh (1995) which predict only a small contribution from SbV (<5%) 

at the highest fO2 conditions reported here. When the results of the current study are 

extrapolated to 1300°C using the enthalpy of the SbIII to SbV  reaction (from Borisov, 

2013 and reference therein), the absence of SbV in the glasses is also consistent with the 

speciation-optical basicity and speciation-wt.% CaO relationships determined by Miller 

et al. (2019) for alkali-free basaltic glasses. However, the NBO/T – speciation 

relationship determined by Miller et al. (2019) predicts > 30% SbV in the most oxidized 

sample reported here, which was not observed. This discrepancy indicates that NBO/T 

may not be an accurate predictor of speciation beyond the composition limits of the 

Miller et al. (2019) study.  

Based upon the observed variation in sulfide liquid/silicate melt partitioning as a 

function of silicate melt FeO content, Kiseeva and Wood (2013) concluded that SbIII is 

the dominant oxidation state in both the sulfide and silicate melt at FMQ -0.9. In contrast, 

Guo (2008) reported results with only SbV at FMQ +5.2 and mixed SbIII and SbV at more 

oxidized conditions of FMQ +6.8. The stabilization of SbV in the experiments of Guo 

(2008) compared to the predominance of SbIII reported in the current study, could be 

explained by the higher alkali content of the granitic melt employed. However, the alkali 

effect does not explain why significant SbV is stabilized in the Guo (2008) experiments 

when compared to those of Schreiber and Coolbaugh (1995).  

As SbV should be more compatible than SbIII in rutile based on ionic size and 

charge consideration, rutile/melt partitioning can also be used to infer speciation. Results 

of rutile/melt partitioning experiments done by Klemme et al. (2005) revealed an increase 

in the partition coefficient for Sb with increasing fO2 (up to FMQ +6.8), suggesting the 

presence of SbV at the high end of the fO2 range investigated. Assuming a maximum 

rutile/melt partition coefficient for SbV similar to TaV determined by Klemme et al. 

(2005), this would imply that only 2% SbV is needed to reach the observed partition 
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coefficient of 2.1 at FMQ +6.8. Such a small amount of SbV is consistent with the results 

presented here.  

3.5.3. Comparison with Arsenic and Antimony Speciation in Aqueous 

Fluids  

This study has shown that As is predominantly in the trivalent state and 

coordinated to three oxygens over a large range of fO2 in basaltic melts. Structural studies 

of As in hydrothermal fluids (Pokrovski et al., 2002, and Testemale et al., 2011) yield 

similar results in terms of oxidation state and coordination (Fig. 3.4 and Table 3.4). One 

small difference is that the XANES spectra of AsIII in basaltic melts does not contain the 

intensity drop at the base of the white line, which is indicative of AsIIIO3
3- not AsIII (OH)3 

(Testemale et al., 2011). In experiments involving hydrothermal fluids done at 500°C and 

60 MPa, Pokrovski et al. (2002) determined that trivalent As is coordinated to 3 oxygens 

at a distance of 1.78-1.79 Å, which is the same bond distance and coordination 

determined by EXAFS in the current study. Testemale et al. (2011) also derived the same 

structural parameters for aqueous fluids at pH 5.4 and 11 at ambient temperatures and 

pressures (20°C, 0.1 MPa). The bond disorder or mean square relative displacement (σ2) 

determined from all three studies overlap within error. For the case of hydrothermal 

fluids containing AsV, Testemale et al. (2011) measured bond lengths of 1.70±0.01 Å 

with the coordination increasing to 4 oxygens. This is consistent with the decreased bond 

lengths in the glass from experiment SP28 as it contains components of both AsIII and 

AsV.  

The XANES spectra for Sb in basaltic melt are also similar to that determined for 

SbIII(OH)3 in hydrothermal fluid at 300°C and 60 MPa (Pokrovski et al., 2006), but with 

the amplitude of the melt white line 10-15% greater than that of SbIII(OH)3. Of the 

various hydrothermal fluids studied by Tella and Pokrovski (2009) the shape of the 

XANES spectrum for Sb in the basaltic glass is most similar to the fluid at a pH of ~0, as 

they both contain a more intense primary absorption peak relative to the hydrothermal 

fluid at pH 5 measured by Pokrovski et al. (2006). The large absorption peak in the more 

acidic fluid is attributed to 4-fold coordinated Sb with two oxygen bonds and two OH- 

bonds, resulting in significant bond disorder (Tella and Pokrovski, 2009). There was also 

no evidence for a second OH- shell observed in the EXAFS signal for the basaltic glass. 
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The average coordination number determined by EXAFS for the basaltic glass (3.1±0.4) 

is lower than the value found in the pH 13 fluid (4.9±0.6) determined by Tella and 

Pokrovski (2009), while the average bond length in the glass (1.98±0.01 Å) is 

approximately the same as the bond lengths in the pH 5 fluid (1.96±0.01 Å; Pokrovski et 

al., 2006).  

As previously described by Borisova et al. (2010), the similarity of As speciation 

in both felsic silicate melts and aqueous fluids indicates that As partitioning behavior is 

controlled by the oxy-hydroxide species, thus partition coefficients should be near unity. 

This conclusion is supported by the experimental measurements of Guo (2008) and 

Simon et al. (2007). Guo (2008) found that the average fluid/melt partition coefficient 

between a granitic melt and an aqueous fluid was 1.4±0.5 at 800°C and 200 MPa, and 

was insensitive to changes in melt composition and fO2 (up to FMQ +6.2). Simon et al. 

(2007) measured the fluid/melt partition coefficient between a rhyolite melt and a low 

salinity vapor to be 1.0±0.1 at 800°C, 120 MPa and FMQ +0.84 in the absence of sulfur. 

In sulfur-bearing experiments (0.7 molar S in the vapor) the fluid/melt partition 

coefficient increased to 2.5±0.3, which the authors attributed to the presence of an As-

sulfur species in the vapor phase. The similarity of the As species in the basaltic melt 

found in this study and the As species in an aqueous fluid reported previously suggests 

that fluid/basalt partitioning should also be near unity. At very high fO2, as AsV becomes 

more prevalent in the melt, it is possible for the fluid/melt partitioning to change due to 

dissimilarity of the fluid and melt species; however, if the fluid speciation changes with 

the melt speciation, which is the case up to FMQ +6.2 based on the measurements of Guo 

(2008), then the fluid/melt partitioning should remain near unity.  

Owing to the similarity in the species of Sb in pH 5 hydrothermal fluids and 

basaltic melts, the partition coefficient should also be near unity. As the species in the 

fluid changes with pH, it is possible that the partitioning will also vary but in an unknown 

way. Guo (2008) found that the fluid/granitic-melt partitioning of Sb increased from 0.1 

to 1.3 as the melt alumina saturation index increased from 0.65 to 1.31. Additionally, 

Zajacz et al. (2008) measured fluid/melt partition coefficients for Sb to be between 1-10 

in naturally occurring coexisting melt and low chlorinity fluid inclusion pairs; however, 



52 

 

they also found much greater partition coefficients (45.8±15.6) involving fluids with a 

chlorinity of mCl= 12.74. 

3.5.4. Structure of Arsenic and Antimony in Silicate melt 

The CN and associated bond length for As in basaltic glass determined here 

overlap the value for the Macusani rhyolitic glass determined by Borisova et al. (2010) 

and in volcanic ashes from Patagonia, Chile (Bia et al., 2017). The smaller bond length 

measured in sample SP28 is consistent with a mixture of valence states. This bond 

shortening was also observed in the ancient volcanic ash “T” measured by Bia et al. 

(2017). However, unlike these natural samples, the glasses investigated in this study are 

anhydrous and thus AsIII would be present as AsIIIO3E trigonal pyramids (with E being 

the lone pair of electrons) rather than the AsIII (OH)3 molecule proposed by Borisova et 

al. (2010) and Bia et al. (2017). The triangular pyramidal structure of AsIIIO3E is 

consistent with the similarities in the XANES spectra measured for hydrothermal systems 

(Pokrovski et al., 2002; Borisova et al., 2010) and the calculated aqueous AsIIIO3 spectra 

(Testemale et al., 2011). This geometry is also consistent with numerous studies of As in 

oxide glasses which have identified the structural component of AsIII
2O3 as AsIIIO3E

 

trigonal pyramids (Papatheodorou and Solin, 1976, Lucacel and Ardelean, 2006, 

Soignard et al., 2008, Krishna et al., 2010, Shi et al., 2015, Durandurdu, 2016, Ahmmad 

et al., 2016, Zhao et al., 2017). This structure was identified using a variety of techniques 

including molecular dynamic simulations (Durandurdu, 2016), and based on the position 

of the Fourier Transform Infrared (FT-IR) spectra and Raman spectral bands in vitreous 

and liquid AsIII
2O3 relative to position of these bands in AsIII

2O3 minerals (Papatheodorou 

and Solin, 1976; Soignard et al., 2008). Other authors (Lucacel and Ardelean, 2006, 

Krishna et al., 2010, Shi et al., 2015, Ahmmad et al., 2016, Zhao et al., 2017) have also 

used the position of the FT-IR and Raman wavelength related to As-O bond stretching in 

binary and ternary As-bearing glasses to propose an AsIIIO3E pyramidal structure for As. 

The bond lengths (1.78 Å) determined in the current study fall within the accepted range 

of the bond lengths for the AsIIIO3E
 trigonal pyramid determined by Soignard et al. 

(2008). Based on an EXAFS study of a variety of antimonate-

silicate/germinate/borate/arsenate glasses, Ellison and Sen (2003) concluded that Sb 

behaves as a classic network-forming cation. These authors also concluded that Sb in the 
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form of trigonal pyramids (SbIIIO3E) would be consistent with their results regardless of 

composition. However, several studies of Sb-bearing glasses have also inferred the 

presence of a 4-fold coordinated SbIIIO4E in addition to SbIIIO3E (Dubois et al., 1986, 

Terashima et al., 1996, Charton and Armand, 2003, Wood et al., 2004, Nalin et al., 2004, 

Koudelka et al., 2007). The presence of 4-fold coordinated SbIII was primarily identified 

by either a change in the BO3 to BO4 ratio in boron-bearing glasses with increasing Sb 

content (Wood et al., 2004; Koudelka et al., 2007) or by the size of the pre-edge feature 

in Sb LIII-edge XANES with increasing glass phosphorous content (Franco et al., 2018; 

Nalin et al., 2004). Dubois et al. (1986) interpreted the SbIIIO4E molecules to be in the 

form of square-based pyramids. Another potential isomer for 4-fold coordinated SbIII is 

pseudo-bipyramidal, which is the form of SbIII in Sb(III,V)
2O4 oxide phases (Orman, 2010) 

and the geometry of Sb in acidic or basic hydrothermal fluids (Tella and Pokrovski, 

2009). The bond length for SbIIIO3E is 1.973 Å (Orman, 2010), while SbIII in pseudo-

bipyramidal 4-fold coordination has a longer bond length at 2.079 Å (Orman, 2010). 

Based upon the bond lengths in these reference materials, the similarities of the spectra to 

hydrothermal species (see above), and the EXAFS parameters calculated for Sb06 and 

Sb21, the structure of Sb in basaltic melts is consistent with of SbIIIO3E trigonal 

pyramids. This configuration is consistent with the structural parameters reported in 

Miller et al. (2019) for SbIII in andesite glasses at 1-3 GPa, although Miller et al. (2019) 

report a slightly shorter bond length of 1.94 Å compared to the 1.98 Å reported in the 

current study.  

3.5.5. Implications for Mineral/Melt Partitioning in Magmas  

There is now abundant evidence in the literature that verifies that the dominant 

controls on mineral/melt partitioning are ionic radius and charge, as formalized by 

Blundy and Wood (1994). Armed with this principle and information on As and Sb 

speciation measured in this study, it is possible to predict which phases may host these 

metalloids in igneous systems. However, caution needs to be used when using this 

approach as the lone pair of electrons on the trivalent forms and the covalent nature of the 

metalloids could also impose substitution limitations. 

In general, both oxidation states of As are considered to be incompatible in 

silicate minerals. Based on the ionic radius, which unless otherwise stated ionic radii are 
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from Shannon (1976), and charge of AsV(0.335Å; 4-fold), this cation is not expected to 

substitute for any major elements, although the limited replacement of AsV for SiIV  

(0.26Å; 4-fold) has been documented for garnets rich in the andradite component 

(Charnock et al., 2007), and suggested for antigorite (Hattori et al., 2005). Trivalent As 

(0.58 Å) in 6-fold coordination could substitute for FeIII (0.55 Å) or AlIII (0.535 Å) in 6-

fold coordination, however, the lone pair of electrons on AsIII could make it less 

compatible than other 3+ cations in 6-fold coordination, which is similar to how the lone 

pair of electrons on PbII affect the expected partitioning behavior between clinopyroxene 

and melt (Shannon, 1976, Blundy and Wood, 2003).  Additionally, the tendency for 

trivalent As to form 3-fold coordinated oxyanions (AsIIIO3
3-) in silicate systems further 

limits its compatibility in common rock-forming minerals. 

Similar to AsV, SbV (0.6 Å; 6-fold) is not expected to substitute for any major 

elements, while SbIII (0.76 Å; 6-fold) could substitute for MgII (0.72 Å) and FeII (0.78 Å) 

in 6-fold coordination sites if sufficient charge balance is available. Despite theoretical 

predictions, clinopyroxene/melt partition coefficients (DCpx/melt) for Sb (0.004 to 0.103; 

Hill et al., 2000, Adam and Green, 2006) are in fact lower than the DCpx/melt for the 

similar-sized light rare earth elements (LREE) (eg. Neodymium: 0.15 to 0.38; Hill et al., 

2000, Adam and Green 2006). This deviation from expectations for Sb may be related to 

its lone-pair of electrons, which depending on the extent of their involvement in bonding, 

can increase the effective ionic radius (Shannon, 1976). A high Ca-Tschermaks 

component has been shown to increase the DCpx/melt for Sb to 1.67 (Hill et al., 2000), 

which is significantly greater than the DCpx/melt of LREE in Ca-Tschermak-rich 

clinopyroxene (0.39 for praseodymium and 0.50 for neodymium; Hill et al., 2000). This 

increased compatibility in clinopyroxene may be due to the ability of SbIII to substitute 

isovalently for AlIII or could result from structural distortions to the M sites caused by 

AlIII.  

Compared to silicates there are several accessory phases that may impact the 

behavior of As and Sb in magmatic systems. Numerous experimental studies have shown 

that As and Sb are compatible in sulfides with sulfide liquid/silicate melt partition 

coefficients from 0.3 to 180 for As (Li and Audétat, 2015; Li and Audétat, 2012)  and 1.4 

to 110 for Sb (Li and Audétat, 2015; Li and Audétat, 2012; Kiseeva and Wood, 2013; 
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Kiseeva and Wood, 2015; Brenan, 2015). Thus, the presence of sulfide would increase 

the bulk rock/melt partition coefficient of Sb, similar to the effect proposed for Pb 

relative to Ce in mid-ocean ridge basalts (MORB) (Kiseeva and Wood, 2013). This 

would help to explain the similar behavior of Sb and praseodymium in MORB described 

by Jochum and Hoffmann (1997).  

The similarity in ionic radius of SbV (0.6 Å) to TiIV  (0.605 Å) in 6-fold 

coordination allows SbV to fit well into titanium phases such as rutile (Klemme et al., 

2005), which holds the majority of the Sb budget in eclogites (Zack et al., 2002). 

Pentavalent As in the form of the oxyanion AsVO4
3- has been shown to replace PO4

3- in 

phosphates, including the common accessory mineral apatite (Pan and Fleet, 2002). 

Experiments have determined that the oxyanion AsIIIO3
3- can also substitute for 

phosphate; however, this substitution was determined only in dynamic crystallization 

experiments, with all AsIIIO3
3- reverting to AsVO4

3- upon reaching equilibrium (Liu et al., 

2017). As the trivalent state of both As and Sb is less compatible than the pentavalent 

state in both apatite and rutile, properly calibrated partitioning systematics for these 

elements could have value in oxygen barometry. As previously described, such 

systematics have been suggested for Sb partitioning into rutile (Klemme et al., 2005). 

Similar behavior for As was shown empirically by Sha and Chappell (1999) who found 

that As concentrations in apatites from oxidized I-type granite were greater than those 

from more reduced S-type granites of the Lachlan fold belt.  

3.6. Summary of Conclusions 

Based upon the systematic and direct measurement of speciation as a function of 

fO2 performed in this study, several key points about the geochemistry of As and Sb in 

basaltic magmatic systems can be made: 

Arsenic and Sb are primarily in the trivalent state over the range of terrestrial fO2 

(FMQ -3.0 to FMQ +5.7). Pentavalent As contributes to more than 10% of the As species 

at very high fO2 (FMQ +5.3±0.9) after accounting for the effect of iron. No pentavalent 

Sb was observed in the samples produced in this study. Additionally, no anionic As or Sb 

(Asn- or Sbn-) was found, even at low fO2.  

For the basaltic melts produced in this study, trivalent As was determined to be 

coordinated to 3.07±0.7 oxygens, at a bond length of 1.78±0.01 Å forming trigonal 
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pyramids of AsIIIO3E. Similarly, trivalent Sb appears to be coordinated to 3 oxygens at a 

distance of approximately 1.98 Å, suggesting that SbIII forms trigonal pyramids of 

SbIIIO3E. The structure of As and Sb in basaltic melt is similar to the MeIII(OH)3 (where 

Me is As or Sb) geometry found in aqueous fluids, although the SbIII(OH)3 species is only 

stable at near-neutral pH. 

As As and Sb will be in the trivalent state at the conditions of most basaltic 

magma differentiation processes, these elements will behave incompatibly with respect to 

crystallizing silicate assemblages. 

As the speciation of As varies as a function of fO2 and AsV is more compatible in 

apatite than AsIII, this fO2-apatite compatibility relationship could be used to generate an 

oxybarometer. Future experiments quantifying how the As-apatite/melt partition 

coefficient varies as a function of fO2 are required. 
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3.7. Supplementary Information 

3.7.1. Sliding Buffer Calculations 

In order to achieve oxygen fugacity (fO2) intermediate to end-member metal-metal 

oxides,  “sliding” buffers were employed. These buffers attain a different fO2 from the end-

member compositions by dilution of the metal or the oxide with a second component.  With 

the Ni-NiO buffer, the addition of MgO will displace the fO2 to a more reduced fO2 while 

the addition of Pd will create a more oxidizing buffer. The effect of the MgO and Pd on 

the Ni-NiO buffer has been quantified by Taylor et al. (1992), and Pownceby and O’Neill 

(1994) and can be described by the following equations: 

log 𝑓O2 (Ni, Pd) = 𝑙𝑜𝑔𝑓𝑂2 (𝑁𝑖𝑁𝑖𝑂) − 2 log XNi −
1

(2.3025 RT)
{2(1 −

XNi)
2 [(−2165 − 7.958T) + (9409 − 0.888T)(4XNi − 1) + 2089(6XNi − 1)(2XNi −

1)]}            (3.8) 

log 𝑓O2 (Ni, Mg)O = 2 log XNiO −
1

(2.3025 RT)
{(480104 − 244.700T +

21.1078 T log T) − [2(1 − XNiO)2(0.693 + 512.0(6XNiO − 1)(2XNiO − 1)]}    

           (3.9) 

where logfO2(NiNiO) is the oxygen fugacity of the Ni-NiO buffer calculated from O’Neill 

and Pownceby (1993), XNi is the mole fraction of nickel in the NiPd alloy, XNiO is the mole 

fraction of nickel oxide in nickel-magnesium oxide, T is the temperature in kelvin and R 

is the gas constant.  

This study employed the NiPd-NiO (equation 3.8) sliding buffer to attain an fO2 of 

approximately FMQ +2.5, and the Ni-(Ni,Mg)O buffer (equation 3.9) to attain an fO2 of 

FMQ -2. In both cases, the final fO2 is shifted to more oxidized conditions relative to the 

target value. Table 3.6 details the final buffer compositions, the calculated mole fractions, 

and the calculated fO2 values. 
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Table 3.6 Summary of buffer alloy and oxide compositions 

Exp. 

ID 

Alloy (wt.%) Oxide (wt.%) fO2 Calculation 

Sb Pd Ni Total N MgO Sb2O3 PdO NiO Total N 
XNiO or 

XNi 

logfO2 ΔFMQ 

Sb24 1.59 87.2 12.1 100.9 7 n/a 0.00 0.22 98.9 99.1 4 0.199 -5.6 +2.8 

σ 1.06 1.16 0.94 1.16   0.02 0.12 0.47 0.57  0.011 0.1  

Sb25 1.24 n/a 98.2 99.45 5 85.2 0.00 n/a 13.0 98.2 5 0.0761 -10.0 -1.5 

σ 1.35  1.07 0.35  1.12 0.01  0.16 1.12  0.0062 0.1  

n/a is not analyzed; N =number of analysis 

 

3.7.2. Statistical Tests 

The quality of a model fit to a data set can be described by a number of fit statistics. 

This study used two primary statistics: the r-factor and the χ2 value. The r-factor describes 

the quality of fit for X-ray absorption near-edge structures measurements as well as 

extended X-ray absorption near-edge structures and can be expressed by the following 

equation (Ravel and Newville, 2005): 

R − factor =  
∑(U−Y)2

∑ U2         (3.9) 

Where U is the measured value, and Y is the value of the model fit to the data. 

The other statistical measure employed is the χ2 value, which is the sum of the 

squares of the difference between the measured and modelled values. This parameter is 

calculated using the equation: 

χ2 = ∑
(U−Y)2

σ
         (3.10) 

Where U and Y are as described above and σ is the standard deviation of the 

measurement of U.  

3.7.3. Correction for Iron and Fitting Procedure 

The speciation of As and Sb corrected for the effect of iron upon quenching was 

done using the method of Borisov (2013), which can be described in four steps. First, the 

equilibrium redox ratios of iron and the metalloids at a given fO2 and temperature of the 

melt are calculated. The speciation of a redox couple in the melt as a function of fO2 is 

defined by the equation: 

Mey+Oy
2⁄ +  

n

4
O2  ↔   M(y+n)+O(y+n)

2⁄
      (3.11) 
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Which can be rewritten in the form: 

log
M(y+n)+O(y+n)

2⁄

My+O(y)
2⁄

=  
n

4
log 𝑓O2 −

ΔrH°

2.303RT
+

ΔrS°

2.303R
+ Γ   (3.12) 

where H is the entropy, S is the enthalpy, R is the gas constant, T is the temperature in 

Kelvin, n is the number of electrons being transferred, Mey+ and Me(y+n)+ are the mole 

fraction of each species, y is the charge on the reduced cation and Γ is the activity factor 

defined as:  

Γ = − γM(y+n)+O(y+n)
2⁄

γMy+O(y)
2⁄

⁄         (3.13) 

in which γ is the activity coefficient. Equation 3.12 describes a sigmoidal change in the 

percentage of species present as a function of logfO2. If the activity coefficients do not vary 

as a function of fO2, then S and Γ can be combined into a single constant.  

The second step involves repeating the above calculation for the redox ratios at the 

quenching temperature, assuming the same fO2 as at magmatic conditions. The quenching 

temperature was assumed to be the glass transition temperature and was calculated using 

the method of Giordano et al. (2008). The third step involves calculating the total molar 

charge of the redox pair in both the melt and the glass. This is done using the following 

equation: 

∑ 𝑒− = (Mx+) + y(My+) + r(Nr+) + q(Mq+)    (3.14) 

where Σe- is the total electrons in the system, M and N represent the moles of each species 

and x, y, r, and q are the corresponding charges. The fourth step involves subtracting the 

total charge of the quenched glass from the total charge of the melt. If the net charge is not 

zero, the fO2 in step 2 (the glass) needs to be changed and the speciation and total charge 

recalculated. Steps 2-4 are repeated iteratively until the net charge is zero. For more details 

on this method see Borisov (2013). Calculating the total charge requires information on the 

concentration of iron and the metalloid in the system; thus, the molar iron to metalloid ratio 

(Fe/M) must be known for each sample. 

To determine the correct melt speciation in the experiments of this study from the 

glass measurements, an initial melt speciation had to be assumed and converted to glass 

using the method detailed above for each experiment fO2 and Fe/M ratio. For As, the initial 

melt speciation curve was determined using enthalpy and entropy values calculated from 
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the thermodynamic data available for inorganic oxides (Barin and Platzki, 1995) assuming 

that the oxides are appropriate model analogues for the melt species. Estimated 

thermodynamic values for the melt species of iron and Sb were obtained from Borisov 

(2013). The activity factor of the initial melt curve was assumed to have an initial value of 

0. The calculated glass values are then compared to the XANES measurements and the chi-

squared (χ2) value is calculated to determine the quality of fit. The activity factor was then 

changed, and the process was then repeated to minimize the χ2 value. Table 3.7 contains 

the enthalpy and entropies for the redox pairs of FeII & FeIII, AsIII & AsV, and SbIII & SbV.  

Table 3.8 provides the parameters to describe the best solution fit and bounding fits for As 

speciation. 

Table 3.7 Thermodynamic values for redox pair reactions 

Redox Pair Enthalpy  

(ΔrH°; kJ/mol) 

Entropy  

(ΔrS°; kJ/mol) 

Number of electrons 

exchanged (n) 

FeII --> FeIII -114 -0.0437 1 

AsIII --> AsV -125 0.105 2 

SbIII --> SbV -200 -0.129 2 

 

Table 3.8 Activity factor values for end member As speciation-fO2 relationships and resulting χ2 

values 

Fit Type Γ value χ2 

Best fit As speciation 1.59 0.085 

Upper bound As speciation 2.04 0.26185 

Lower bound As speciation 1.14 0.12395 

No As V fit (Max χ2) -4.53 0.16112 

No As III fit (Max χ2) 15.47 23.00301 
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Figure 3.8 Plot of X-ray absorption as a function of energy (eV) for individual scans across the (A) As 

and (B) Sb K-edge. Spectra were collected at approximately 30-minute intervals over the course of 

two hours on the same spot. The lack of systematic variation with time suggests beam damage did not 

occur. 
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Figure 3.9 Examples of linear 

combination fits for As and Sb 

bearing glasses. The sample spectra 

are in red, the resultant spectra are in 

blue, and the residual is in green. Best 

fit species (labelled on the figure) are 

dashed lines in grey. Vertical grey 

lines are the fitting range. A) The fit 

of SP28 showing the peak for AsIII 

with a shoulder at the AsV energy. B) ) 

The fit of SP6 showing only AsIII
.
 D) 

The fit of Sb25 showing only a peak 

for SbIII. 
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Abstract  

Arsenic can concentrate in phosphate minerals, such as apatite, with levels 

exceeding whole-rock concentrations in some felsic plutonic suites. This strong As-

apatite association is ascribed to oxidizing conditions during crystallization, as arsenate 

[AsVO4
3-] is expected to be more compatible than arsenite [AsIIIO3

3-] in apatite. Previous 

spectroscopic measurements on mafic composition indicate that AsIII is the dominant 

species over the range of terrestrial oxygen fugacity (fO2), thus As should be 

incompatible in apatite. To understand this apparent contradiction, apatite-melt 

partitioning experiments using metaluminous, peraluminous, and peralkaline felsic melt 

compositions were performed at fO2 ranging from FMQ of -0.4 to +7.5 (ΔFMQ = log 

deviation from the Fayalite-Magnetite-Quartz redox buffer), 0.75 GPa, and 900-1050°C. 

These results were combined with the As speciation data obtained from X-ray absorption 

near edges structures spectroscopy (XANES) to generate an apatite-melt partitioning 

model that incorporates fO2, temperature and melt composition. Results confirm the 

prediction based on the speciation measurements and underscore the need for unusually 

oxidizing conditions (ΔFMQ +4.7) for the As concentration of apatite to exceed the 

levels in the co-existing melt.  

To understand elevated As concentrations in apatite, the trace element 

composition of apatite from thirty-two samples of the Devonian South Mountain 

Batholith of Nova Scotia, Canada was obtained by laser ablation inductively-coupled-

plasma mass spectrometry. Samples yield apatite/whole-rock partition coefficients for As 

between 0.12 to 18. However, equilibrium partitioning cannot explain values above ~0.1 
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at the estimated fO2 of the South Mountain Batholith. Instead, models of protracted 

crystallization (>85%) leading to the enrichment of As in the melt prior to apatite 

crystallization replicate the partition coefficients found in the South Mountain Batholith 

apatites. Modelling of additional trace elements supports this hypothesis. Apatite/whole-

rock partition coefficients for As greater than ~0.74 represent apatite growth reflecting 

melt compositions affected by local enrichment processes and are not necessarily 

indicative of unusually oxidizing conditions. 
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4.1. Introduction 

Arsenic is a redox-sensitive element with three oxidation states (-III, +III and +V) 

and is generally incompatible in most rock-forming minerals due to its small ionic radius, 

high charge, and the lone pair of electrons when present as AsIII.  One phase that may 

incorporate As during magma evolution is apatite, which can incorporate AsV by 

isovalent substitution for PV (Pan and Fleet, 2002). Trivalent As is not compatible in 

apatite but may be included due to dynamic uptake (Liu et al., 2017). Previous studies 

have reported As concentrations in apatite associated with plutonic systems ranging from 

1 µg/g to 1 wt.% (Sha and Chappell, 1999; Belousova et al., 2002; Marks et al., 2012; 

Wang et al., 2014; Teiber et al., 2015; Mao et al., 2016; Andersson et al., 2019). Due to 

the inferred higher compatibility of AsV relative to AsIII in the apatite structure, the 

observed range of apatite As concentrations has been ascribed to variation 

in oxygen fugacity (fO2) (Sha and Chappell, 1999; Belousova et al., 2002; Mao et al., 

2016). 

The speciation of As measured for basaltic compositions indicates that As is 

primarily AsIII over the range in fO2 recorded by most terrestrial magmas (Maciag and 

Brenan, 2020). Hence, As is predicted to be incompatible in apatite relative to the melt, 

and magmatic apatite should have lower As concentrations than the whole-rock, provided 

the latter is reflective of the melt from which the apatite formed. This prediction is in 

disagreement with the data from natural apatite and associated whole-rock compositions 

in granites of the Lachlan Fold Belt (Sha and Chappell 1999), the South Mountain 

Batholith (this study) and other well-studied granitic suites (Belousova et al., 2002; Mao 

et al., 2016), in which apatite can attain 80x the As level of the estimated whole-rock 

(Fig. 4.1).  While contamination of the magma by As-rich sediments such as black shales 

(~100 µg/g; Ketris and Yudovich, 2009) could increase the As concentration in apatite, 

this process cannot change the partition coefficient. Thus, an apparent paradox exists, in 

which the concentration of As in apatite relative to the whole-rock (assumed melt) is 

significantly higher than predicted from the As speciation results.  
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Figure 4.1 Box plot showing the median and range of apparent DApatite/Whole-rock for As from various 

felsic systems including the Lachlan Fold Belt (LFB) belt (Sha and Chappell, 1999), South Mountain 

Batholith (SMB; this study), Mt. Saint Hilaire [Apatite (Marks et al., 2012), whole-rock (Tice, 2010)], 

felsic volcanics [Apatite (Belousova et al., 2002), whole-rock assumed to be 4.53 μg/g], Chilean 

Volcanics [Nathwani et al., 2020]. “Exp DApatite/Melt” is the experimental DApatite/Melt for a melt with Ψ = 

1 at 900°C calculated for the fO2 range of FMQ -3 to FMQ +3.5. “LC” is the calculated DApatite/Whole-

rock for a model of apatite formation after As concentration by protracted crystallization. The model 

used a primitive South Mountain Batholith Stage 2 granite starting composition with 5wt.% H2O, 

and 3 µg/g initial As. The fO2 was held at FMQ -1. *The maximum value for the granitoids is 

calculated from the 3rd quartile of Belousova et al. (2002). 

A lack of information on apatite/melt partitioning (DApatite/Melt) for As hampers the 

understanding of As enrichment in apatite. This study presents the results of experiments 

measuring DApatite/Melt for As involving peraluminous, metaluminous, and peralkaline 

felsic melts over the fO2 range of ΔFMQ -0.4 to +7.5. Experiments were done at 0.75 

GPa under vapor-saturated conditions employing a piston-cylinder apparatus. The As 

content of run-product phases was measured by laser ablation inductively coupled plasma 

mass spectrometry (LA-ICP-MS). X-ray absorption near-edge structures (XANES) at the 

As K-edge determined the speciation in select samples. Combining the speciation data 

with the calculated partition coefficients resulted in an As-in-apatite partitioning model. 

This study also characterizes the As and other trace element concentrations in apatite of 

32 samples collected from the peraluminous, late Devonian South Mountain Batholith, 

Nova Scotia, Canada (MacDonald, 2001). The predicted apatite compositions from the 

experimental results are compared against the South Mountain Batholith apatite suite and 

models of crystallization to explain the observed behavior. 
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4.2. Methods 

4.2.1. Selection of Samples from the South Mountain Batholith 

Mapping of the South Mountain Batholith has delineated 49 map units, assigned 

to at least 11 individual plutons which constitute two intrusive stages (MacDonald, 2001).  

Early (Stage 1) biotite granodiorites to monzogranites were emplaced between ~379 to 

375 Ma and later (Stage 2), more chemically-evolved leucomonzogranite to leucogranite 

yield ages spanning ~375 to 372 Ma (autocrystic zircon U-Pb zircon; Bickerton et al. 

2022).  Samples were obtained from fieldwork in 2018 and 2019 conducted by B. 

Maciag, J. Brenan and J. Chavez, and from the NS Department of Natural Resources and 

Renewables sample archive at the Nova Scotia Core Library in 2020 and 2021. Sixteen 

samples from Stage 1 plutons and thirty samples from Stage 2 plutons were selected. 

Whole-rock data for most samples were available from the Nova Scotia Department of 

Energy and Mines bedrock mapping initiative; however, several samples collected in a 

separate sampling program (prefixed with 18JC and 19BM) were analyzed by ICP-MS by 

ACT-LABS (Ancaster, Ontario, Canada) using the 4LITHO analysis package. This 

method involved initial crushing, then pulverizing with mild steel to 95% passing 74-

micron mesh. Samples were fused with lithium metaborate/tetraborate, then digested in 

nitric acid. The detection limit for As by this method is 5 μg/g, with REE-1 (containing 

124 μg/g) as the As standard. The samples collected are the same as from Brenan et al. 

(Submitted) which contains details on the samples, including grid coordinates, pluton 

occurrence, lithology, and relevant textural information. 

4.2.2. Experimental 

Materials for experiments were synthesized by grinding analytical grade oxides 

(MgO, SiO2, and Al2O3), carbonates (K2CO3, Na2CO3, and CaCO3), and hydroxyapatite 

(Ca5(PO4)3OH) under ethanol for at least 30 minutes in an agate mortar in proportions to 

achieve the compositions listed in Table 4.1 plus an extra 4-6 % apatite. The mixture was 

calcined for a minimum of 8 hrs at 1000°C. Once the mixture cooled it was homogenized 

by grinding, fused in a box furnace at 1500°C for 30 minutes, then quenched in cold 

water, homogenized and fused again for 30 minutes at 1500°C. Glasses were ground 

again and CaF2 was added in stoichiometric proportions to the apatite added to the glass 

before fusion. Due to the volatility of As, 1 wt.% As2O3 or elmental As was also added to 
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a 1 g aliquot and ground to homogeneity. Further, dilute aliquots were mixed, using 

doped and undoped starting materials to the desired As concentration. All mixtures were 

ground for at least 30 min under ethanol. The initial As content of each experiment is 

listed in Table 4.2. As past studies (Pyare and Nath, 1991) have shown that the oxidation 

state can be impacted by melt alkalinity (molar Al/(Na+K) or Ψ), three compositions of 

rhyolites were used: peraluminous (PAL; Ψ: 1.65; Alumina Saturation Index (ASI):1.2), 

metaluminous (MAL; modelled after Lake County Obsidian; Ψ: 1.15; ASI: 0.87) and 

peralkaline (ALK; Ψ:0.73; ASI: 0.60). Aside from As, no other redox-sensitive elements 

were added to the melts, to avoid potential changes in the As oxidation state during the 

quench (Berry et al., 2006; Borisov, 2013; Maciag and Brenan, 2020). 

Table 4.1 Experiment Starting Material Compositions. 

 Metaluminous 

(MAL) 

Peraluminous 

(PAL) 

Peralkaline 

(ALK) 

SiO2 76 71 71 

Al2O3 13 18 13 

CaO 2.0 2.0 2.0 

MgO 0.5 1.0 0.5 

Na2O 3.7 4.0 6.5 

K2O 4.8 4.0 6.8 

P2O5 0.10 0.25 0.25 

Ψ* 1.15 1.65 0.73 

ASI** 0.87 1.24 0.60 

*Ψ = molar (Al/(Na+K)) 

**ASI = molar (Al/(Ca+Al+Na) 

 

Experiments were done with an end-loaded piston-cylinder apparatus using 1.905 

cm diameter salt-pyrex-graphite pressure cells. Three types of capsule configuration were 

used to achieve the different fO2s in this study: double capsule (sample inner, buffer 

outer), internal buffer, and graphite-lined capsules (Fig. 4.2). In each configuration, prior 

to sealing the capsule containing the sample, water was added to oversaturate the melt by 

10-20 wt.%. The conditions and configuration for each experiment are provided in Table 

4.2. Experiments were first over-pressurized by 10% and then the pressure was 

maintained while ramping the temperature to the desired value. The pressure was then 

allowed to decrease during sample relaxation and held at a constant value thereafter. 

Experiments were quenched by terminating power to the assembly furnace. All 

experiments were run at 0.75 GPa plus a 10% friction correction. The pressure was 

calibrated using the melting point of salt (Bohlen, 1984) at 1 GPa method and the 
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solubility of albite in water (Baker, 2004) at 0.5 GPa. No correction was needed at 1 GPa, 

however, a 20% correction was needed at 0.5 GPa, thus a 10% correction was used at 

0.75 GPa. Details of the pressure calibration can be found in Drage (2022).  

 

Figure 4.2 Capsule designs for partitioning experiments. A) Buffer sandwich in which the sample is 

between layers of the buffer assemblage; B) Double capsule consisting of an inner capsule holding the 

sample and an outer capsule with the buffer + H2O; C) Graphite lined capsule. Configurations A and 

C used gold capsules. For the double capsule experiments, the inner capsule is platinum, and the 

outer capsule is gold. Redox buffers for the double capsule experiments were Fe3O4- Fe2O3, MnO-

Mn3O4 and Re-ReO2. 

  

3 mm 
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Table 4.2 Experiment Details. 

Experiment 

ID 

Duration 

(hrs) 

Capsule 

Configuration 

Temperature 

(°C) 

Oxygen 

Fugacity 

(ΔFMQ) 

Starting 

Composition 

Initial 

As2O3 

Content 

(wt.%) 

AAO01 48 IB; Ru-RuO2 1000 7.5 MAL 0.14* 

AAO02 24 IB; Ru-RuO2 1000 7.5 MAL 0.14* 

AAO03 96 IB; Ru-RuO2 1000 7.5 MAL 0.14* 

AAO04 144 IB; Ru-RuO2 1000 7.5 MAL 0.14* 

AAO06 120 IB; Ru-RuO2 1000 7.5 MAL 0.14* 

AAO13 96 IB; Ru-RuO2 1000 7.5 MAL 1.0 

AAO19 72 IB; Graphite 1000 -0.4 MAL 0.10 

AAO20 72 IB; Ru-RuO2 900 8.1 MAL 0.10 

AAO21 72 DC; Fe3O4-Fe2O3 1000 5.9 ALK 0.10 

AAO24 72 IB; Graphite 1000 -0.4 ALK 0.10 

AAO25 72 IB; Ru-RuO2 1050 7.2 MAL 0.10 

AAO26 72 IB; Ru-RuO2 1000 7.5 PAL 0.10 

AAO27 72 IB; Ru-RuO2 1000 7.5 ALK 0.50 

AAO29 72 IB; Ru-RuO2 1000 7.5 ALK 0.050 

AAO30 72 IB; Ru-RuO2 1000 7.5 ALK 0.10 

AAO32 72 DC; MnO-Mn3O4 1000 4.4 ALK 0.10 

AAO33 72 DC; Re-ReO2 1000 2.7 ALK 0.10 

AAO39 72 DC; MnO-Mn3O4 1000 4.4 ALK 0.10 

AAO47 24 Graphite Lined 1000 -0.4 MAL 0.10 

AAO49 24 Graphite Lined 1000 -0.4 ALK 0.10 

AAO50 24 Graphite Lined 1000 -0.4 PAL 0.10 

*Added as As Metal 

4.2.3. Analytical 

4.2.3.1. X-ray Absorption Near Edge Structures 

X-ray absorption spectra were collected at the sector 20-ID beamline of the 

Advanced Photon Source, Chicago, USA at the As K-edge. In addition to the K-B mirror, 

the monochromators were detuned by 10% to reduce harmonics. All unknown samples 

were measured in fluorescence mode in situ on polished samples using a 2 µm spot. 

Spectral reference materials were measured in transmission mode. Spectra for the 

trivalent and pentavalent aqueous species at various fluid pH were also used as reference 

materials, which are reported in Borisova et al. (2010). Energy calibration scans were 

done periodically on gold foil at the LIII-edge (edge position: 11,919 eV), with the edge 

position defined as the maximum in the first derivative of the absorption spectra. Energy 
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drift during data acquisition was determined to be less than the spectral resolution of the 

beamline (1 eV). Spectral shifts caused by changes in speciation arising from beam-

induced photo-oxidation/reduction of the sample or “beam damage” was of concern 

during the acquisition of the spectra. To minimize this effect, integration times were 

reduced to 0.1 seconds. In the cases where reduced integration times did not eliminate 

beam damage, the analysis spot was moved after each scan.  

Individual scans for each unknown sample or reference material were merged, 

then calibrated and normalized. Linear combination fitting was performed on the 

individual spectra using data between -20 to +30 eV with respect to the absorption edge. 

Small shifts (±1 eV) in the energy spectra were allowed during linear combination fitting 

to account for energy drift during the collection of the spectra for samples and reference 

materials. The As reference materials considered were AsIII
2O3, arsenopyrite [FeAsS], 

native As, scorodite [FeAsVO4•2H2O], as well as aqueous AsVO(OH)3 and AsIII(OH)3. 

The processing of the data was completed using ATHENA from the DEMETER software 

package, version 0.9.26 (Ravel and Newville, 2005). 

4.2.3.2. Electron Microprobe 

The major element composition of run-product phases was determined using the 

JEOL JXA-8200 EPMA housed in the Robert M. MacKay Electron Microprobe 

Laboratory at Dalhousie University.  Silicate glass analyses used an accelerating voltage 

of 15 kV, a beam current of 10 nA and a 10 µm defocused beam to limit glass damage. 

Standards for silicate melt analysis were CAM66 rhyolite (Ca, K, Mg, Al, Si), albite 

(Na), and Durango apatite (P, F). Apatite analyses used an accelerating voltage of 15 kV, 

a beam current of 20 nA and a 1 µm focused beam. Standards for apatite analyses were 

Durango apatite (Ca, P, F), albite (Na), kaersutite (Mg), and sanidine (K, Si, Al). 

Additional standards for analysis of the natural apatite from the South Mountain 

Batholith were garnet (Fe), pyrolusite (Mn), kaersutite (Ti), and tugtupite (Cl) with 

synthetic fluorapatite substituting for Durango (Ca, P, F). Count times were 30 s (50 s for 

South Mountain Batholith apatite) on peak for fluorine and 20 seconds for all other 

elements. For the South Mountain Batholith apatite, the spectral interference from the Fe 

Lα1,2 emission line (705 eV) on the F kα line (676.8 eV) was corrected by measuring Fe-

metal. Due to the small Fe concentration in apatite, the magnitude of this correction was 
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minimal. Raw count rates were converted to concentrations using the ZAF data reduction 

scheme.  

4.2.3.3. Laser Ablation Inductively Coupled Plasma Mass Spectrometry 

Trace element concentrations were determined using the laser ablation inductively 

coupled plasma mass spectrometry (LA-ICP-MS) facility located in the Health and 

Environments Research Centre (HERC) Laboratory at Dalhousie University.  The system 

employs a frequency quintupled Nd: YAG laser operating at 213 nm, coupled to a 

Thermo Scientific iCAP Q ICP-MS quadrupole mass spectrometer with He flushing the 

ablation cell to enhance sensitivity (Eggins et al., 1998). Silicate glasses were analyzed 

using a laser repetition rate of 5-10 Hz and a spot size of 40-50 µm with the analysis area 

moving back and forth during ablation to reduce ablation depth. Apatite was measured 

using a repetition rate of 5-10 Hz and the largest spot size possible, up to a maximum of 

40 µm, but typically 5-10 µm for experimental run-products. Factory-supplied time-

resolved software was used for the acquisition of individual analyses. A typical glass 

analysis involved 20 seconds of background acquisition with the ablation cell being 

flushed with He, followed by ablation for 60 seconds, then 60 seconds of cell washout. 

Vapor bubbles were likely included in the glass analysis. Most of these vesicles were 

likely breached during polishing, given the fractured nature of the glass. Any remaining 

filled vesicles would contribute little to the signal due to low modal abundance (typical 

around 20%) and low mass. Apatite analysis typically had a much shorter ablation time 

(10-20 seconds) as the crystals were often completely consumed during ablation. Data 

were collected in a sequence in which two analyses were done on the standard reference 

material at the start of the acquisition cycle, then after every 16-18 analyses on the 

unknown samples. Four to five analyses were done on each run-product glass. Data 

reduction was done using the Iolite version 4.0 software package (Woodhead et al., 2007; 

Paton et al., 2011). For apatite analysis where the grain was completely ablated the 

integration area was reduced so that only the contribution of apatite is considered. 

Ablation yields were corrected by reference to the known concentration of Ca as 

determined by EPMA, using 43Ca or 44Ca as an internal standard. Arsenic concentrations 

were quantified using the NIST 610 silicate glass, which contains 325 µg/g of As 

(Jochum et al., 2011).  The following isotopes were measured in apatite from the 
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experiment run-products: 30Si, 31P, 43Ca, 44Ca, and 75As, with all dwell times of 10 

milliseconds. For apatite analysis in experiments AAO 47, 49, and 50 the dwell time for 

75As was increased to 30 milliseconds and the element list was simplified to 27Al 31P, 

43Ca, 44Ca, and 75As to achieve lower detection limits. The analysis of the natural apatite 

from the South Mountain Batholith included the following isotopes: 7Li, 27Al, 31P, 43Ca, 

45Sc, 47Ti, 51V, 52Cr, 55Mn, 57Fe, 59Co, 60Ni, 61Ni, 63Cu, 65Cu, 66Zn 69Ga, 73Ge, 75As, 85Rb, 

88Sr, 89Y, 90Zr, 93Nb, 95Mo,111Cd, 113In, 115In, 118Sn, 121Sb, 133Cs, 137Ba, 139La, 140Ce, 141Pr, 

146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 178Hf, 182Ta, 

186W, 206Pb, 208Pb, 209Bi, 232Th, and 238U.  Dwell times for 27Al, 43Ca, 57Fe were 5 

milliseconds, while dwell times for 63Cu, 66Zn, 75As, 95Mo, 118Sn were 20 milliseconds. 

All other isotopes used dwell times of 10 milliseconds. The accuracy of the LA-ICP-MS 

As concentration was assessed by measuring a natural Durango fluorapatite. The As 

concentration measured using our analytical protocol (992±64 µg/g) reproduces the 

values obtained on the same material measured by instrumental neutron activation 

analysis (1010 µg/g) at ACT-LABS (Ancaster, Ontario, Canada).  

4.3. Results & Discussion  

4.3.1. Textures and Composition of South Mountain Batholith Apatite 

The South Mountain Batholith samples have two types of apatite. Type M apatites 

appear either homogenous or concentrically zoned (Fig. 4.3A) based on backscattered 

electron imaging (BSE) and exhibit consistent REE patterns, with elevated MREE, a 

significant negative Eu anomaly and unfractionated HREE compared to the LREE (Fig. 

4.4 closed symbols). These patterns are consistent with crystallization from a melt, with 

similar whole-rock REE abundances as South Mountain Batholith samples based on 

available apatite-melt partition coefficients (Prowatke and Klemme, 2006) and are similar 

to apatite from other Siluro-Devonian granites in the northern Appalachians (Azadbakht 

et al., 2018). Type M apatite range from 5 to 100 µm, are euhedral to subhedral, and 

occur as inclusions or along the grain boundaries of primary biotite. Type H apatite is 

subhedral to anhedral and is often found in the matrix. Type H apatites exhibit irregular 

and patchy BSE zoning (Fig. 4.3B), along with variable REE patterns, and distinctly low 

Y content that is inconsistent with a magmatic source (Fig. 4.4; open symbols). The 
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median As content of Type M apatite is 6.3µg/g and ranges from 1.5 to 47 µg/g. Type H 

apatite has a median As content of 4.3 µg/g and ranges from 0.90 to 26 µg/g.  

Based on a correlation matrix the As concentration in apatite correlates most 

strongly with the other high-field strength elements Nb and Ta; however, it also 

correlates positively with the MREE and HREE’s. The unusual REE chemistry and 

patchy zoning indicate that Type H apatite’s are of non-magmatic origin and are not 

considered further. The full trace element geochemistry of the South Mountain Batholith 

apatites are available in the electronic supplementary information Dataset 4A. 

 

 

Figure 4.3 Backscatter electron image of A) type M apatite from the South Mountain Batholith Stage 

2 New Ross Pluton, sample A16-1256, showing concentric zoning B) type H apatite from the South 

Mountain Batholith Stage 2 New Ross Pluton, sample A16-1256, showing irregular and patch zoning, 

C) experimental run-product AAO32 showing apatite (Ap), glass (Gl) and vapor (Vp) phase 

performed using a double capsule setup with the MnO-Mn2O3 buffer  D) experimental run-product 

AAO50, performed in the graphite lined capsule showing apatite (Ap), glass (Gl) and vapor phase 

(Vp). 
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Figure 4.4 Chondrite-normalized rare earth element concentrations in apatite from South Mountain 

Batholith, samples A16-1256 (squares) from the New Ross Pluton and 18JC-0003 (diamonds) from 

the Halifax Pluton. The different sample prefixes are related to the sample collection (see section 

4.2.1). The solid symbols and lines are apatites with concentric zoning (Fig 4.3A) and open symbols 

with dashed lines are apatites with irregular zoning (Fig 4.3B). The higher La/Sm ratio observed in 

the New Ross sample compared to the Halifax Pluton is interpreted as due to the absence of early 

crystallizing monazite in the New Ross magma, which would have sequestered the LREE (see text for 

further discussion). 

  

Element 
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4.3.2. Experimental Run-products 

Run-products consisted of apatite, glass, and circular void spaces interpreted to 

have held a vapor phase at run conditions. Apatite makes up between 1 to 5 modal % of 

the samples. In experiments at an fO2 greater than FMQ, apatite are euhedral and show 

hexagonal sections, although stubby and elongate rectangular apatites occur. These grains 

range in size from 5 µm to over 100µm, with most crystals 10-20 µm. In experiments 

done under reducing conditions, larger apatite (5-10µm) occur but most are acicular and 

under 1 µm in size. The vesicles make up between 15 to 40% of the volume of the run-

products. Vesicles are 5-30 µm in diameter in most samples, but in some reduced 

experiments, the vesicles are mostly 1-2 µm. All phases are homogenous in appearance in 

backscatter electron images (Fig. 4.3C and D). In several of the experiments done with 

graphite-lined capsules a Pt-As metallic phase was observed suggesting As saturation 

was attained. The source of platinum in these experiments is likely contamination from 

the Pt-crucible used for sample fusion. Tables 4.3 and 4.4 provide the major element 

composition and As content of run-product glass and apatite, respectively. 

4.3.3. Arsenic Loss and the Approach to Equilibrium 

Except for the samples encased in graphite-lined capsules, mass balance indicates 

that As was lost to a varying extent over the course of experiments (Table 4.5).  Samples 

equilibrated with the Ru-RuO2 buffer lost 0-65% of the total As, with those having the 

highest initial As concentrations showing less As loss.  For experiments involving a 

double capsule configuration, 18-94% of the As was lost by alloying with the noble metal 

capsule (Au or Pt), with a greater extent of As loss with decreasing fO2. LA-ICP-MS 

analysis of the Ru-RuO2 buffer and the noble metal capsules confirmed these 

observations. 
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Table 4.3 Summary of major and trace element abundances in run-product glasses. 

 

SiO2 

(Wt.%) 

Al2O3 

(Wt.%) 

MgO 

(Wt.%) 

CaO 

(Wt.%) 

Na2O 

(Wt.%) 

K2O 

(Wt.%) 

P2O5 

(Wt.%) 

F 

(Wt.%) 

Total 

(Wt.%) 
N 

LA-ICP-MS 75As 

(µg/g) 

Mean σ Mean LOD N 

AAO1 66.4 12.2 1.30 2.21 2.68 4.30 0.123 0.0629 89.3 20 540 14.1 0.515 4 

σ 0.755 0.354 0.0904 0.105 0.216 0.0913 0.02 0.0365 0.834 
     

AAO2 67.5 12.1 1.29 2.17 2.77 4.42 0.108 0.0501 90.4 22 731 93.6 0.527 3 

σ 0.49 0.141 0.157 0.0987 0.130 0.0950 0.02 0.0541 0.555 
     

AAO3 68.0 12.1 1.23 1.98 2.61 4.40 0.109 0.0537 90.5 18 501 23.7 0.432 5 

σ 2.26 1.12 0.342 0.749 0.577 0.261 0.05 0.0490 1.58 
     

AAO4 65.6 12.7 1.49 2.34 2.74 4.29 0.145 0.0437 89.2 16 370 57.7 
 

4 

σ 0.556 0.453 0.253 0.180 0.112 0.132 0.03 0.0473 0.531 
     

AAO6 66.3 12.2 1.37 2.16 2.73 4.34 0.156 0.0642 89.3 17 486 51.6 
 

6 

σ 0.434 0.252 0.149 0.140 0.124 0.119 0.02 0.0464 0.591 
     

AAO13 64.8 13.4 2.10 1.80 2.29 4.18 0.191 0.0404 89.4 15 6658 875 0.813 4 

σ 1.84 1.74 0.545 0.372 0.132 0.212 0.04 0.0294 0.872 
 

  
   

AAO19 67.8 12.2 0.497 1.81 2.68 4.71 0.151 0.0315 89.8 12 5.13 0.375 0.440 3 

σ 0.412 0.0884 0.0240 0.135 0.0920 0.0861 0.10 0.0248 0.411 
     

AAO20 67.3 12.2 2.28 2.25 2.71 4.32 0.172 0.0395 91.2 13 365 26.2 0.250 2 

σ 0.344 0.198 0.120 0.263 0.0659 0.116 0.14 0.0307 0.587 
     

AAO21 65.4 12.1 0.750 2.17 5.46 6.20 0.122 0.0932 92.2 15 485 47.5 0.600 4 

σ 0.267 0.0943 0.0331 0.0391 0.0733 0.0611 0.02 0.0253 0.345 
     

AAO24 65.7 12.2 0.757 2.06 4.04 5.33 0.016 0.100 90.2 4 93.7 20.7 0.48 2 

σ 0.738 0.196 0.0424 0.0862 0.0885 0.0898 0.01 0.0057 1.10 
     

AAO25 66.6 13.4 0.791 1.93 3.03 4.36 0.208 0.0101 90.4 20 584 44.5 0.263 6 

σ 1.69 1.89 0.0490 0.0679 0.162 0.164 0.01 0.0317 0.685 
     

AAO26 61.2 16.1 1.58 3.13 3.02 3.39 0.960 0.0942 89.5 20 706 54.7 0.332 6 

σ 0.478 0.303 0.0697 0.100 0.120 0.0607 0.05 0.0356 0.400 
     

7
8
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SiO2 

(Wt.%) 

Al2O3 

(Wt.%) 

MgO 

(Wt.%) 

CaO 

(Wt.%) 

Na2O 

(Wt.%) 

K2O 

(Wt.%) 

P2O5 

(Wt.%) 

F 

(Wt.%) 

Total 

(Wt.%) 
N 

LA-ICP-MS 75As 

(µg/g) 

Mean σ Mean LOD N 

AAO27 63.2 12.5 1.71 2.51 3.88 5.66 0.106 0.0912 89.6 17 1307 147 11.0 8 

σ 0.465 0.128 0.111 0.133 0.186 0.165 0.03 0.0410 0.625 
 

  
   

AAO29 62.5 12.4 1.69 3.06 4.89 6.21 0.127 0.0356 90.9 28 74.7 5.64 1.18 7 

σ 0.527 0.174 0.106 0.167 0.246 0.271 0.03 0.0308 0.758 
     

AAO30 64.3 12.5 1.49 1.79 3.52 7.00 0.064 0.0571 90.7 15 156 18.2 1.20 4 

σ 0.566 0.142 0.227 0.538 0.274 0.212 0.02 0.0436 0.493 
     

AAO32 63.1 12.1 1.82 2.75 5.23 6.12 0.180 0.0892 91.3 17 244 45.7 1.75 6 

σ 1.20 0.254 0.0823 0.172 0.718 0.162 0.03 0.0404 1.48 
     

AAO33 63.5 12.1 1.42 2.61 5.24 6.32 0.131 0.0737 91.3 17 39.6 12.8 0.500 5 

σ 0.697 0.173 0.0910 0.0880 0.211 0.0872 0.02 0.0300 0.803 
     

AAO39 64.4 12.0 2.52 2.62 5.35 6.31 0.187 0.105 93.4 11 135 12.6 0.452 5 

σ 0.536 0.150 0.124 0.0574 0.0845 0.0795 0.04 0.1640 0.710 
     

AAO47 64.7 12.0 2.05 4.54 2.34 3.71 1.74 0.102 91.1 14 
    

σ 1.00 0.479 0.191 0.720 0.0492 0.0756 0.39 0.0360 0.602 
     

AAO47* 67.6 12.3 1.96 1.96 2.43 3.90 0.166 0.0353 90.3 7 343 66.7 0.393 8 

σ 0.154 0.151 0.0992 0.0696 0.0506 0.0636 0.04 0.0292 0.300   
    

AAO49 61.0 11.8 1.70 4.24 4.67 5.39 1.30 0.0812 90.1 20 
    

σ 0.973 0.180 0.0859 0.772 0.656 0.2890 0.50 0.0421 0.552 
     

AAO49* 62.9 12.1 1.62 2.34 5.27 5.72 0.111 0.0531 90.1 4 106 10.5 0.529 7 

σ 0.861 0.130 0.115 0.0198 0.129 0.0852 0.01 0.0596 0.987           

AAO50 61.4 16.3 3.57 3.08 3.17 3.30 0.656 0.0703 91.5 20 158 39.8 0.577 7 

σ 0.270 0.130 0.115 0.0723 0.0536 0.0561 0.04 0.0320 0.401 
     

* Represent microprobe analyses on glass without micro-apatites. 
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Table 4.4 Summary of major and trace element abundances in run-product apatites. 

 
CaO 

(Wt.%) 

P2O5 

(Wt.%) 

F 

(Wt.%) 

Na2O 

(Wt.%) 

K2O 

(Wt.%) 

SiO2 

(Wt.%) 

Al2O3 

(Wt.%) 

MgO 

(Wt.%) 

Total 

(Wt.%) 

N LA-ICP-MS 75As 

(µg/g) 

Mean σ Mean LOD N 

AAO1 55.1 40.5 1.55 0.0390 0.129 0.331 0.0289 0.225 98.6 18 5348 645 52.4 5 

σ 0.496 0.285 0.0515 0.0178 0.0211 0.0677 0.0196 0.0151 0.630 
     

AAO2 54.6 40.5 1.46 0.0253 0.160 0.434 0.0455 0.216 98.4 12 5328 808 43.0 5 

σ 0.562 0.309 0.0685 0.0187 0.0288 0.124 0.0261 0.0160 0.769 
     

AAO3 54.9 40.8 1.43 0.0181 0.101 0.281 0.0301 0.223 98.5 11 5722 568 73.4 5 

σ 0.542 0.247 0.0797 0.0103 0.0300 0.0623 0.0176 0.0197 0.677 
     

AAO4 54.7 40.6 1.35 0.0210 0.0945 0.304 0.0387 0.217 98.0 13 4014 426 65.6 5 

σ 0.404 0.381 0.0495 0.0115 0.0485 0.176 0.0410 0.0175 0.657 
     

AAO6 54.5 40.6 1.36 0.0170 0.131 0.355 0.0378 0.219 97.7 18 4368 526 49.8 5 

σ 0.563 0.266 0.0583 0.0142 0.0297 0.160 0.0252 0.0170 0.616 
     

AAO13 54.6 38.0 1.34 0.0323 0.126 0.409 0.0624 0.270 98.7 7 40240 17060 192 5 

σ 0.560 0.694 0.0448 0.0154 0.0291 0.165 0.0460 0.0261 0.557 
     

AAO19 55.2 41.7 1.63 0.0152 0.113 0.320 0.0205 0.224 99.2 13 
  

6.8 
 

σ 0.579 0.315 0.0669 0.0080 0.0222 0.0514 0.0104 0.0143 0.759 
     

AAO20 54.8 40.1 1.54 0.0529 0.183 0.956 0.105 0.164 99.2 14 8324 1317 43.7 4 

σ 0.613 0.516 0.0830 0.0328 0.0495 0.487 0.0818 0.0139 0.758 
     

AAO21 54.4 40.5 1.55 0.0908 0.145 0.428 0.0159 0.0498 97.6 17 3070 411 19.8 5 

σ 0.700 0.249 0.0720 0.0541 0.0432 0.0972 0.0129 0.0143 0.959 
     

AAO24 55.0 41.1 2.11 0.0678 0.207 0.764 0.0719 0.0354 99.5 7 
  

27.3 
 

σ 0.232 0.109 0.158 0.0170 0.0500 0.175 0.0272 0.00452 0.308 
     

AAO25 54.0 41.2 1.37 0.1176 0.0818 0.214 0.0191 0.216 97.9 19 5082 1305 23.0 5 

σ 0.469 0.377 0.123 0.0644 0.0229 0.166 0.0337 0.0147 0.753 
     

AAO26 54.1 41.4 1.68 0.0448 0.0782 0.201 0.0491 0.486 98.3 15 1845 618 37.5 4 

σ 0.612 0.239 0.0778 0.0307 0.0297 0.0776 0.0227 0.0137 0.831 
     

8
0
 



81 

 

 
CaO 

(Wt.%) 

P2O5 

(Wt.%) 

F 

(Wt.%) 

Na2O 

(Wt.%) 

K2O 

(Wt.%) 

SiO2 

(Wt.%) 

Al2O3 

(Wt.%) 

MgO 

(Wt.%) 

Total 

(Wt.%) 

N LA-ICP-MS 75As 

(µg/g) 

Mean σ Mean LOD N 

AAO27 55.4 38.8 1.49 0.0136 0.146 0.393 0.0239 0.0690 99.6 12 23986 477 20.0 5 

σ 0.491 0.281 0.0398 0.0126 0.0318 0.0443 0.0185 0.00935 0.612 
     

AAO29 55.5 41.0 1.66 0.1595 0.139 0.444 0.0173 0.0544 99.1 16 1411 114 19.2 5 

σ 0.667 0.256 0.0723 0.0273 0.0250 0.0612 0.0140 0.0126 0.901 
     

AAO30 55.5 40.6 1.55 0.0186 0.128 0.441 0.0143 0.0587 99.0 14 4525 311 49.5 5 

σ 0.517 0.229 0.0764 0.0121 0.0660 0.0830 0.0189 0.0115 0.725 
     

AAO32 56.0 41.7 1.59 0.0145 0.122 0.439 0.0294 0.0528 100.1 15 819 110 32.0 5 

σ 0.477 0.217 0.0559 0.0178 0.0312 0.0711 0.0160 0.0152 0.536 
     

AAO33 55.6 41.3 1.60 0.1086 0.119 0.355 0.00990 0.0470 99.2 12 55 12.9 59.4 8 

σ 0.359 0.269 0.0659 0.0184 0.0245 0.0395 0.0123 0.0185 0.465 
     

AAO39 51.5 37.7 0.98 0.2070 0.187 1.60 0.0248 0.0695 92.3 11 645 57.7 53.2 5 

σ 1.04 0.931 0.0691 0.0376 0.0256 0.387 0.0196 0.0181 1.47 
     

AAO47 54.9 41.3 1.85 0.0334 0.165 0.504 0.0656 0.356 99.2 8 
  

44.4 7 

σ 0.754 0.268 0.121 0.0300 0.0168 0.0683 0.0133 0.1198 0.789 
     

AAO49 55.5 41.2 1.79 0.0505 0.238 0.667 0.0452 0.0299 99.5 12 
  

60.0 14 

σ 0.722 0.250 0.0854 0.0172 0.0219 0.134 0.0287 0.00804 0.853 
     

AAO50 55.1 41.6 2.21 0.0238 0.120 0.296 0.0443 0.622 100.0 14 
  

50.6 17 

σ 0.667 0.217 0.127 0.0084 0.0125 0.0684 0.0138 0.0241 0.738 
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To obtain accurate estimates of apatite/melt partitioning, a mass balance 

calculation was used to reconstruct the glass concentration of As at the time of apatite 

crystallization (details provided in the supplementary information (SI) section). These 

new partition coefficients are the Adjusted DApatite/Melt values in Table 4.5. Briefly, the 

method assumes that the glass composition at the onset of the experiment is equal to the 

total As concentration added, minus the amounts apportioned to the apatite and vapor 

phase. This approach assumes that only the vapor and melt lose As. This assumption is 

reasonable since the loss of As from apatite once formed is expected to be negligible 

assuming volume diffusion parameters similar to SVI (Li et al., 2020) or REEIII (Cherniak, 

2000). A time-series conducted at 1000oC at the Ru-RuO2 buffer involving the 

metaluminous melt composition shows the As concentration of the glass decreasing with 

time while the As content of apatite is constant until at least 96 hours (Fig. 4.12). 

The resulting partition coefficients from this time series calculated using loss-

corrected melt compositions are also constant within error for runs of 24, 48, and 96 

hours (Table 4.6), implying apatite-melt equilibrium at 24 hours. This result is consistent 

with partitioning experiments involving other slow-diffusing cations such as the REE, in 

which Watson and Green (1981) demonstrated equilibrium by reversal experiments in as 

little as 12 hours at 950oC.   

4.3.4. Arsenic Speciation Systematics 

The speciation of As in the metaluminous glasses (MAL; Fig. 4.5, Table 4.6) 

synthesized at FMQ + 7.2 is mostly AsV, with linear combination fitting returning less 

than 30% AsIII. Over the temperature range of 900-1050oC, there is negligible change in 

As speciation for this composition at the same redox buffer. The proportion of AsV 

decreases with decreasing fO2, as the metaluminous glass sample synthesized at FMQ -

0.4 contains only AsIII.  In terms of melt composition effects, at the same temperature and 

fO2, the peraluminous glass (PAL) contains a higher proportion of AsIII than the 

metaluminous compositions (Table 4.6).   
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Table 4.5 Summary of measured and modelled As partitioning coefficients. 

Experiment DApatite/

Melt 

σD Arsenic 

Lost 

Adjusted 

DApatite/Melt 

Adjusted 

σD 

Modeled 

DApatite/Melt 

Residuals 

AAO01 9.91 1.22 28%  6.40  0.77  7.50   1.01  

AAO02 7.29 1.45 11%  6.34  1.26  7.62   1.28  

AAO03 11.4 1.26 30%  7.16  0.79  7.53   0.370  

AAO04 10.9 2.05 50%     

AAO06 9.00 1.44 39%     

AAO13 6.04 2.68 0%  6.04 2.68  6.78   0.740  

AAO19 1.31 Max 99%     

AAO20 22.8 3.97 11%  18.9  3.29  17.6  -1.35  

AAO21 6.33 1.05 18%  4.97  0.82  4.95  -0.0154 

AAO24 0.0726 Max 87%     

AAO25 8.70 2.33 0%  8.70  2.33  3.37  -5.32  

AAO26 2.61 0.898 1%  2.58  0.89  6.05   3.47  

AAO27 18.4 2.10 41%  8.52  0.98  8.26  -0.258  

AAO29 18.9 2.09 65%  4.69  0.52  8.53   3.84  

AAO30 29.0 3.94 55% 8.19 1.11  8.37  0.181 

AAO32 3.36 0.776 62% 1.18 0.27  1.65  0.476 

AAO33 1.40 0.559 94%  0.078  0.03  0.335   0.256  

AAO39 4.76 0.614 78%  0.948  0.12  1.70   0.750  

AAO47 0.0788 Max     0.100   0.0230  

AAO49 0.285 Max     0.100  -0.181  

AAO50 0.0563 Max     0.100  0.0448  

 

The XANES spectra determined 43% AsIII for the peralkaline composition (ALK) 

synthesized at FMQ +5.9. This amount of AsIII is similar to the peraluminous 

composition but higher than the metaluminous composition, both of which are more 

oxidized at FMQ +7.2. Considering that higher fO2 will stabilize more AsV and less AsIII, 

there should be <43% AsIII if the peralkaline composition was at FMQ +7.2, indicating 

that peralkaline compositions stabilize more AsV than peraluminous compositions.  A 

more general assessment of the effects of both melt composition and fO2 on As speciation 

can be gained by considering the equilibrium constant for the homogeneous speciation 

reaction: 

𝐴𝑠𝐼𝐼𝐼𝑂3
2⁄ +  

1

2
𝑂2  ↔ 𝐴𝑠𝑉𝑂5

2⁄         (4.1) 

expressed as:  
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Keq =  

𝑎
AsV𝑂5

2⁄

𝑎
AsIII𝑂3

2⁄
∙𝑓𝑂2

1 2⁄         (4.2) 

where Keq is the equilibrium constant, ai is the activity of phase i, and fO2 is the oxygen 

fugacity.  

𝑎𝑖 =  𝛾𝑖 ∙  𝑋𝑖          (4.3) 

Converting activities to mole fractions, Xi, by multiplying by each phase’s activity 

coefficient, γi, yields: 

K =  

𝑋
AsV𝑂5

2⁄

𝑋
AsIII𝑂3

2⁄
∙𝑓𝑂2

1 2⁄ ∙
𝛾𝐴𝑠𝐼𝐼𝐼

𝛾𝐴𝑠𝑉
         (4.4) 

Assuming: 

Γ =
𝛾𝐴𝑠𝑉

𝛾𝐴𝑠𝐼𝐼𝐼
          (4.5) 

then 

logK =  −log 𝑋AsIII𝑂3
2⁄

+ log 𝑋AsV𝑂5
2⁄

−
1

2
log 𝑓O2 + log Γ    (4.6) 

which can be arranged as 

logK′ =  log

𝑋
AsV𝑂5

2⁄

𝑋
As𝐼𝐼𝐼𝑂3

2⁄

−
1

2
log 𝑓O2       (4.7a) 

where  

logK′ = logK −  log Γ         (4.7b) 

The effective equilibrium constant of this reaction, K’, can be used to describe the 

speciation in quantitative terms. Lower K’ values indicate that AsIII is more abundant at a 

given fO2. Thus, the peralkaline compositions stabilize more AsV than either 

metaluminous or peraluminous compositions (Table 4.6). Felsic melts have slightly more 

AsV than basaltic melts. At FMQ +3, there is 0.2% AsV in basaltic melts (Maciag and 

Brenan, 2020), while peraluminous felsic melts contain 1% and peralkaline felsic melts 

contain 7%.  
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Figure 4.5 Normalized absorption spectra at the As K-edge as a function of energy (eV) for As-

bearing glasses synthesized at various fO2 and compositions (as labelled). Spectral reference 

materials for AsIII(OH)3 and AsVO(OH)3 are from Borisova et al. (2010). Vertical lines show the 

white line position for AsIII and AsV 
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Table 4.6 - Linear combination least squares fitting results from XANES for experimental run -

products. 

Exp. ID Comp. ΔFMQ T 

(°C) 

As(III) As(V) logK’ σLogK’ R-factor 

AAO01 MAL 7.5 1000 26% ± 1.0% 74% ± 2.5% 2.26 0.111 0.00642 

AAO03 MAL 7.5 1000 22% ± 1.0% 78% ± 1.8% 2.33 0.126 0.00712 

AAO19 MAL -0.4 1000 100% ± 5.0%    N/A  0.00637 

AAO20 MAL 8.1 900 18% ± 1.2% 82% ± 0.8% 2.96 0.123 0.00578 

AAO21 ALK 5.9 1000 52% ± 0.6% 47% ± 0.6% 2.59 0.067 0.00385 

AAO25 MAL 7.2 1050 23% ± 1.8% 77% ± 0.1% 2.10 0.103 0.00468 

AAO26 PAL 7.5 1000 43% ± 2.0% 57% ± 0.7% 1.91 0.071 0.00392 

 

4.3.5. Arsenic Partitioning Systematics 

The adjusted experimentally determined partition coefficients (Table 4.5) vary in 

three ways. First, the DApatite/Melt increases with increasing fO2 (Fig. 4.6A). In reduced 

experiments at FMQ -0.4, the amount of As in apatite was below the analytical detection 

limits and thus only maximum values are plotted. Second, the DApatite/Melt increases with 

increasing alkalinity or decreasing ASI (Fig. 4.6B), as AsV is more stable in alkaline 

melts (Table 4.6). This stabilization is probably related to the greater abundance of non-

bridging oxygen which is favourable for oxidized species (Pyare and Nath, 1991).  

Finally, the DApatite/Melt increases with decreasing temperature if fO2 is fixed at the same 

redox buffer (Fig 4.6C).  

4.3.6. Arsenic Partitioning Model 

The partition coefficient for As can be modelled as a combination of the partition 

coefficients for each oxidation state, described by the equation:  

𝐷𝐴𝑠
𝐴𝑝𝑎𝑡𝑖𝑡𝑒/𝑀𝑒𝑙𝑡

=  𝐷𝐴𝑠(𝐼𝐼𝐼)
𝐴𝑝𝑎𝑡𝑖𝑡𝑒/𝑀𝑒𝑙𝑡

(
𝑋𝐴𝑠𝐼𝐼𝐼

𝑋Σ𝐴𝑠
) +  𝐷𝐴𝑠(𝑉)

𝐴𝑝𝑎𝑡𝑖𝑡𝑒/𝑀𝑒𝑙𝑡
(1 −

𝑋𝐴𝑠𝐼𝐼𝐼

𝑋Σ𝐴𝑠
) (4.8) 

in which DAs
Apatite/Melt is the partition coefficient for As between apatite and melt, DAs(III), 

DAs(V) are the partition coefficient for the indicated species, XAsIII is the mole fraction of 

AsIII and XΣAs is the total As mole fraction in the melt.  

Results of the XANES measurements of run-product glasses define the effects of 

melt composition and temperature on As speciation. The XANES measurements also 
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allow for the calculation of the endmember values of DAs(V) for the analyzed experiments. 

Linear regression analysis calculated the speciation as a function of melt composition and 

temperature, and DAs(V) as a function of temperature. Combining these results with 

equation 4.8 yields (see SI for a full derivation):   

 𝐷𝐴𝑠

𝐴𝑝𝑎𝑡𝑖𝑡𝑒

𝑀𝑒𝑙𝑡 (±0.42) =
178,000(±42,600)

T
−  130 (±33.8) + (

0.1−(
178,000(±42,600)

T
− 130 (±33.8))

(1+ 10
(
1
2 log 𝑓𝑂2+

9,500(±1,210)
T −0.579(±0.0805)𝛹−4.40(±0.960))

) 

           (4.9) 

in which T is the temperature in Kelvin, fO2 is oxygen fugacity in bars, and Ψ is the melt 

molar (Al/(Na+K)). Comparing each experiment modelled DApatite/Melt determined from 

equation 4.9 against the adjusted values (Table 4.5) results in a standard error of 0.42 

based on the variance of the residuals and an unweighted R2 value of 0.86 (Fig. 4.7). 

 

Figure 4.6 Experimentally determined DApatite/Melt for As as a function of A) oxygen fugacity; B) the 

molar (Al/Na+K); and C) the inverse of temperature. Partition coefficients are corrected for the As 

loss from the sample using the method described in the supplementary text. Green (circle), purple 

(diamonds) and orange (square) symbols correspond to peraluminous, metaluminous and peralkaline 

composition, respectively. Open symbols are maximum partition coefficients as the As content of the 

run-product apatite is below detection limits. Variation in maximum values is due to the size of the 

apatite grains, with larger apatites giving lower minimum detection limits. The gray line in plots B) 

and C) are the model predictions from the regression. 

A) B) 

C) 
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Figure 4.7 Comparison between model and adjusted apatite/melt partition coefficients for As. Model 

values are calculated from equation 4.9 in the text. 

Modelled values of DApatite/Melt increase from a minimum of ~0.1 at FMQ -2 or 

lower to a maximum of 20 at FMQ +8.5 and above (Fig. 4.8). For the range of fO2 

estimated for terrestrial felsic magmas (FMQ -3 to FMQ +3.5; Carmichael 1991; Černý et 

al. 2005) the maximum DApatite/Melt is  ~0.74 or less for metaluminous to peraluminous 

compositions (Ψ > 1), and ~1.3 in peralkaline compositions (Ψ = 0.5). These calculations 

show that As is generally incompatible in apatite crystallized from a range of felsic 

magma compositions, except under highly oxidizing conditions that exceed the natural 

fO2 range.  
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Figure 4.8 Modeled apatite/melt partition coefficient as a function of oxygen fugacity for different 

melt compositions (Ψ= molar (Al/Na+K)) at 900°C. The approximate alumina saturation index (ASI 

= molar (Al/(Na+K+Ca)), for each Ψ are at Ψ=0.5 AS I= 0.35 to 0.4; Ψ = 1, ASI = 0.6 to 0.8; Ψ= 2.0, 

ASI = 0.9 to 1.4. 

4.3.7. Comparison to Natural Apatite/Melt Concentration Ratios 

For plutonic and extrusive samples, whole-rock analyses can serve as a proxy for 

the melt composition, assuming the sample was not formed by crystal accumulation. 

While this assumption may not hold for all plutonic rocks, it provides a simple starting 

point that can be used to assess trace element behavior that can be expanded upon with 

more elaborate models.  The results of this study predict that apatite/whole-rock partition 

coefficients (DApatite/Whole-rock) will range between ~0.1 and ~0.6 assuming an fO2 between 

FMQ -3 and FMQ +3.5 and melt compositions with Ψ ≥ 1. Some samples from the South 

Mountain Batholith (this study), and Mt St. Hilaire (Tice, 2010; Marks et al., 2012) yield 

values of DApatite/Whole-rock that are consistent with this predicted range (Fig. 4.1), but also 
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include samples that extend to higher values. All the granitoids from the Lachlan Fold 

Belt (Sha and Chappell, 1999) exceed the predicted DApatite/Whole-rock and have values up to 

80. This study also estimated DApatite/Whole-rock from three compilations of apatite 

compositions (Belousova et al., 2002; Guo and Audétat, 2017; Nathwani et al., 2020) for 

which whole-rock As concentrations are unavailable. Calculations assumed a value of 4.5 

g/g As for these whole-rocks. This value represents a compilation of 895 felsic volcanic 

rock analyses from the East China Craton (Gao et al., 1998).  The estimated DApatite/Whole-

rock for felsic volcanic rocks is in the range expected from the experiments. The higher As 

content in some of the apatite’s from the Chilean volcanics is likely due to some rocks 

forming from melts that have higher As concentrations. The As content of the Chilean 

apatite’s loosely correlates negatively with the apatite Mg content. As a lower Mg content 

indicates a greater degree of fractionation before eruption (Nathwani et. al., 2020) a 

higher As content in these apatites is consistent with the incompatible behavior of As. 

Some of the granitoid compilation values are consistent with the experimental 

DApatite/Whole-rock, but the majority are anomalously high. Calculations based on the 

experimental calibration of DApatite/Melt provided in this study require fO2 of FMQ +8.2 

and +5.0 to reproduce the median observed DApatite/Whole-rock for samples from the Lachlan 

Fold Belt and the South Mountain Batholith, respectively. For comparison, Whalen and 

Chappell (1988) summarised the opaque and mafic mineral characteristics of the Lachlan 

Fold Belt granites with results indicating that most ilmenite-bearing peraluminous 

granites (S-type) formed at fO2 less than FMQ, although some magnetite-bearing S-type 

granites may reflect conditions at ~FMQ.  Based on the presence of magnetite, and other 

indicators, estimates suggest that the associated metaluminous granites (I-type) formed at 

an fO2 greater than FMQ but below the magnetite-hematite buffer. The fO2 needed to 

produce the median values of DApatite/Melt would be consistent with hematite as the 

primary oxide, which is present in some Lachlan Fold Belt samples.  However, this phase 

occurs as exsolution in primary magnetite, and is related to late deuteric alteration. 

Estimates for the fO2 at which the South Mountain Batholith crystallized are at FMQ and 

below, based on biotite compositional relations (Brenan et al., Submitted) and Ce-in-

zircon oxygen barometry (Chavez Cabrera, 2019; Bickerton et al., 2022). These 
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measured values are much less than the extremely oxidized conditions of FMQ +5.0 

suggested by apatite/melt partitioning.  

Ruling out unusually high fO2, the only plausible reason for apatite As 

concentrations to exceed whole-rock values is if the whole-rock composition does not 

represent the melt that crystallized apatite.  Therefore, conditions must exist during 

magma crystallization at the sample scale that allow the melt to achieve extreme As 

concentrations which can lead to the observed As-enriched apatite. 

4.3.8. Mechanism for Arsenic Enrichment in Apatite   

The results of this study show that the speciation of As in felsic melt compositions 

is primarily as AsIII.  Previous work (Maciag and Brenan, 2020) found that this form of 

As is incompatible in most rock-forming silicates due to size and charge mismatch with 

common octahedral and tetrahedral sites. This is consistent with the uniformly low As 

concentrations determined in minerals from the South Mountain Batholith and other 

granite occurrences (Chapter 5; this thesis). Arsenic should therefore behave 

incompatibly and concentrate in the melt during crystallization (the exception to this 

would be significant sulfide crystallization, causing As depletion in the melt). Therefore, 

the later in the crystallization sequence that apatite saturation occurs, the more enriched 

in As the apatite will become.  

Experiments have shown that the solubility of apatite depends on temperature, 

melt SiO2 and CaO concentrations (Harrison and Watson, 1984; Wolf and London, 1994; 

Tollari et al., 2006); thus, the timing of apatite saturation strongly depends on the 

evolving melt composition.  

To determine if the necessary level of As enrichment can be achieved to produce 

the observed elevated DApatite/Whole-rock in natural suites, this study simulated the fractional 

crystallization behavior of a South Mountain Batholith granitic liquid composition using 

the MELTS thermodynamic model.  A complicating effect is that plutonic rocks that 

contain a significant proportion of accumulated crystals will have whole-rock element 

contents either lower or higher (depending on the element compatibility in the 

accumulated crystals) than values corresponding to 100% liquid.  To evaluate if whole-

rock compositions are an accurate representation of a liquid, a comparison is made to 

available low pressure phase equilibria (Fig. 4.9) in the quartz+albite+orthoclase system 
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(Tuttle and Bowen, 1958; and Steiner et al., 1975).  Estimates for the pressure of 

formation for the South Mountain Batholith range from 250 to 400 MPa (Brenan et al., 

Submitted), and a value of 350 MPa was chosen for the correction applied here. The 

whole-rock compositions from the South Mountain Batholith do not plot on the trace of 

the multiple saturation points, but rather are shifted to more quartz and orthoclase-rich 

composition, suggesting that there is a component of crystal accumulation. The melt 

component of these samples can be reconstructed by subtracting off the composition of 

the accumulated crystals. By removing 12.5% quartz and 12.5% orthoclase from sample 

18JC-0010 (Fig. 4.9, Red square) the composition shifts to the multiple saturation point at 

350 MPa (Fig. 4.9 black square). The whole-rock As concentration was also corrected 

from a value of 3 g/g to a value of 4 g/g assuming that quartz and k-spar are nominally 

As-free.  This reconstructed composition was used in the MELTS models (Table 4.8). 

Models used rhyolite-melts v1.1 and rhyolite-melts v1.0 algorithms in the MELTS for 

Excel package to track the liquid composition, with the apatite solubility determined at 

each step using the calibration of Tollari et al. (2006). Equation 4.9 was used to calculate 

the As concentration of apatite once saturation was achieved. Further details of the model 

are provided in the supplemental text. Figure 4.10 shows the variation in the As content 

of apatite and melt as a function of percent crystallization and Fig. 4.1 displays the 

calculated DApatite/Whole-rock range. Calculations assumed initial water contents of 2 and 5 

wt%, with the highest value consistent with estimates for vapor saturation of the South 

Mountain Batholith. Crystallization models yield apatite at 650°C after ~80% 

crystallization containing 2.2 to 39.7 µg/g of As and DApatite/Whole-rock
 between 0.75 and 13.   

An additional constraint to this model are the petrographic relationships that reflect the 

relative timing of apatite crystallization compared to other phases.  In this case, biotite-

apatite textural associations are unambiguous, as the common occurrence of apatite 

included in biotite indicates that apatite must form before biotite finished crystallizing. 

This relationship can mean that either apatite precedes biotite or that biotite and apatite 

co-crystallize followed by biotite-only crystallization. The hydrous MELTS model 

indicates that biotite forms at 865°C and continues to crystallize until 550°C, although the 

highest proportion of biotite crystallization (> 13 wt.%) occurs above 700°C. Titanium-

in-biotite thermometry on the same South Mountain Batholith samples (Brenan et al., 
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Submitted), yield biotite crystallization temperatures from ~725°C to ~600°C, consistent 

with the MELTS model. Crystallization of biotite at lower temperatures than 600°C is 

likely, as indicated by the presence of low Ti, high Fe biotite within the sampled suite, 

but those compositions are outside the calibrated range for the Ti-in-biotite thermometer 

(Henry et al., 2005). The large crystallization interval of biotite and the high solubility of 

apatite in peraluminous melts (Harrison and Watson, 1984; Bea et al., 1992; Pichavant et 

al., 1992; Wolf and London, 1994; Tollari et al., 2006) suggest that apatite must have co-

crystalized with biotite, rather than forming early.   

 

Figure 4.9 Quartz-Albite-Orthoclase ternary plot showing the trace of the hydrous granitic eutectic 

from 400 MPa to 100 MPa (blue diamonds; data from Tuttle and Bowen, 1958; and Steiner et al., 

1975). Orange circles are South Mountain Batholith whole-rock compositions. The red square is the 

projected whole rock composition of 18JC-0100, and the black square is the same composition after 

subtracting 12.5% quartz and 12.5% orthoclase to bring it to the point of multiple saturation at ~400 

MPa.  
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Figure 4.10 Modeled As apatite/whole-rock and melt/whole-rock partition coefficients as a function 

of the degree of crystallization. The modelled melt is from sample 18JC-0010. This melt represents a 

Stage 2 leucomonzogranite from the South Mountain Batholith, and the whole rock composition of 

the sample was modified to remove the crystal accumulation contribution. The melt has an initial As 

concentration of 4 µg/g. Crystallization models were run assuming 2 and 5 wt.% water.  

An alternative method for enriching the melt in P and As is by pile-up diffusion 

next to a growing crystal (Holycross and Watson, 2018) or in a trapped pore space (Bea 

et al., 2022). To accurately evaluate these models, detailed information on the diffusion 

of As in silicate melts is needed, which is not available. The process of pile-up diffusion 

may cause apatite to saturate before 650°C; however, due to the high solubility of apatite 

in peraluminous melts, the pile-up of P at a growing crystal face will not cause saturation 

until after significant crystallization. Similarly, the formation of trapped pore spaces in a 

granitic system also requires a significant amount of crystallization (Vigneresse et al., 

1996). Thus, in a peraluminous melt both of these models would only have secondary 

effects on the timing of apatite and its associated arsenic content. Pile-up diffusion may 

play a more significant role in metalumnious melts due to the lower apatite solubility in 

such compositions.    
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4.3.9. Modelling of Other Trace Elements 

Further support for the late apatite crystallization model is if the concentration of 

other trace elements incorporated into apatite follow a similar pattern of enrichment for 

the same extent of crystallization. As MELTS does not consider trace elements, models 

for the evolution of REEs, Y, Nb, Ta, U and Th used the Rayleigh equation to simulate 

fractional crystallization:  

𝐶𝑙 = 𝐶0F(DBulk−1)         (4.10) 

where Cl is the melt concentration, C0 is the initial melt composition (assumed to 

be that of the whole-rock), F is the fraction of liquid remaining and DBulk
 is the bulk 

partition coefficient calculated as:  

DBulk =  ∑ [BMineral ∙  𝐷
𝑀𝑖𝑛𝑒𝑟𝑎𝑙

𝑀𝑒𝑙𝑡 ]Minerals       (4.11) 

where BMineral is the mass fraction of the mineral in the crystallizing assemblage and 

DMineral/Melt is the partition coefficient between the mineral and the melt. The models used 

a fixed mineral mode to calculate DBulk, corresponding to an average South Mountain 

Batholith granodiorite (MacDonald, 2001) 30% quartz, 40% plagioclase, 25% K-

feldspar, and 5% biotite. Petrographic observations also require the presence of zircon 

and monazite in the crystallizing assemblage (Fig. 4.11), whose abundances were fixed at 

0.05% and 0.04%, respectively (but the effect of different monazite proportions was also 

tested; Fig. 4.11).  The mineral/melt partition coefficients for plagioclase and K-feldspar 

are from the Fish Canyon Tuff (Bachmann et al., 2005), biotite from the Toba Tuff 

(Brenan et al., 2020), monazite and zircon from the experimental work of Stepanov et al. 

(2012) and Rubatto and Hermann (2007), respectively. The composition of coexisting 

apatite was calculated using the apatite/melt partition coefficients from Prowatke and 

Klemme (2006; their experiment 77). The initial trace element concentrations are from 

18JC-0010, which was corrected for containing 25% accumulated crystals and is the 

same composition used in the MELTs models. This sample is a Stage 2 South Mountain 

Batholith granite with a complete trace element dataset and also records biotite with 

relatively high biotite crystallization temperature suggesting an early-formed Stage 2 

magma (Brenan et al., Submitted). Thus, this composition is a representative melt 

composition for all Stage 2 plutons. As the As concentration of this sample was below the 
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detection limit of 5 μg/g, the model uses the median South Mountain Batholith As 

content of 3 μg/g which was increased to 4 μg/g to account for crystal accumulation. As 

the models are meant to simulate the formation of all Stage 2 apatites, not just the apatites 

from 18JC-0010, this assumption is reasonable. Models require both whole-rock 

concentrations and apatite/melt partition coefficients; thus, calculations were restricted to 

REEs, Y, As, Nb, Ta, U and Th.  

Model results are provided in Fig. 4.11 and show that progressive fractional 

crystallization produces apatite with trace element concentrations higher than those 

formed from the initial liquid (whole-rock; purple line labelled 0%), with relative 

enrichments of HREE, As, and U compared to the LREE and other high field strength 

elements. Notably, small amounts of monazite crystallization are required to suppress 

LREE and Th enrichment to reproduce the observed fractionation in the South Mountain 

Batholith apatite.  At 85% solidification (line with squares) the calculated As content 

matches the observed value. 

At 85% crystallization, the models underestimate the average HREE, Y and U 

abundances in Stage 2 apatite (orange line), requiring a further 10-15% crystallization for 

all elements to be in good agreement with the range of apatite compositions (shaded 

area). The failure for 85% crystallization to reproduce all of the trace elements considered 

could be the result of uncertainties in the initial melt concentration or in the partition 

coefficients used in the model; for example, Prowatke and Klemme (2006) noted that the 

REE partition coefficient increase with melt polymerization. Nonetheless, as these 

models can replicate both the overall level of trace element enrichment, and the 

interelement fractionation patterns (Fig. 4.11), strongly suggests that apatite compositions 

represent significant extents of crystallization. 
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Figure 4.11 Trace element concentrations normalized to upper continental crust (Rudnick and Gao, 

2003) comparing all Stage 2 South Mountain Batholith apatite compositions (average is orange 

diamonds; range of data is the shaded area) with modelled apatite compositions at different degrees 

of crystallization (dashed lines). The apatite formed in equilibrium with the assumed melt is at 0% 

crystallization (thick dashed purple). The assumed melt composition is the whole-rock composition of 

sample 18JC-0010 with 3 μg/g initial As minus 25% quartz and K-feldspar crystallization. At 85% 

fractional crystallization (squares) the As content of the modelled apatite is the same as observed in 

the South Mountain Batholith sample. The apatite composition after 97% crystallization in which 

monazite is not a part of the crystalizing assemblage is the dotted blue circle line. The Insert is a 

backscattered electron image of an apatite (Ap) grain taken from sample 19BM-0006, from the Stage 

1 Scragg lake pluton, showing the typical textural relationship between apatite (Ap) monazite (Mz) 

and zircon (Zr) in the South Mountain Batholith. 

  

Ap 

Mz Zr 
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4.4. Implications  

The apatite/melt partitioning model (equation 4.9) indicates that As is generally 

incompatible in apatite crystallized for a range of felsic magma compositions, except 

under unusually oxidizing conditions. Comparison between apatite/whole-rock 

partitioning from suites of felsic igneous rocks and the apatite/melt partitioning model are 

in good agreement (i.e., apatite concentrations are less than whole-rock values) for felsic 

volcanics and some plutonic rocks. For the occurrences in which there is enrichment of 

As in apatite relative to the whole-rock suggests that apatite formed after protracted 

crystallization within the sample. The magnitude of the difference between the 

DApatite/Whole-rock and the DApatite/Melt reflects the amount of crystallization needed prior to 

apatite formation. Fractional crystallization calculations involving both As and other 

trace elements support this model. 

The South Mountain Batholith results imply the formation and crystallization of 

liquid trapped in the interstices of major-rock forming minerals (in this case, quartz, and 

feldspar). These late melts are not likely to be mobile (Vigneresse et al., 1996) but the 

application of external deviatoric stresses (Vigneresse et al., 1996; Vigneresse and Tikoff, 

1999) could transport the trapped liquids depending on the permeability, melt wetting 

characteristics and viscosity. The removed melt has higher As and other trace element 

concentrations, while the residual crystal pile will have an even greater DApatite/Whole-rock. 

The extensive window of crystallization for the South Mountain Batholith-forming 

magmas, as indicated by the models presented here, would be possible if melts contain a 

high volatile content, or enrichment in “fluxing” elements that would serve to suppress 

the solidus (Manning, 1981; Chen et al., 2014; Pichavant et al., 2016; Feisel et al., 2022).  

In this context, it is interesting to note that the range of DApatite/Whole-rock values for 

the Stage 2 South Mountain Batholith granites is systematically higher than the Stage 1 

samples (Fig. 4.1). Higher abundances of incompatible elements in Stage 2 vs. Stage 1 

biotites support the hypothesis that a greater extent of within-sample differentiation 

occurred in the Stage 2 granites (Clark, 2022). In support of the fluxing hypothesis, Clark 

(2022) also reports significantly higher levels of both F and Li in biotite from Stage 2 vs 

Stage 1 granites.  Paradoxically, the whole-rock major and trace element systematics are 

similar between the two magmatic stages (MacDonald, 2001), so the contrasting behavior 
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of As and other trace elements suggests other factors have played a role during the later 

stages of crystallization.   
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4.5. Supplementary Information 

Dataset 4A- All Mineral Trace Element Analyses.  

Digital Excel file containing LA-ICP-MS analysis of minerals. Data is presented by 

Lithology, Pluton, Stage, Sample number, and analysis ID. Reported for each isotope is 

the concentration in μg/g, the 2σ error, and the limit of detection. 

Dataset 4D- South Mountain Batholith Sample Information.  

Digital Excel file containing details on the South Mountain Batholith samples, including 

location data, pluton occurrence, and lithology. 

4.5.1. Method for Correcting Arsenic Loss 

It is possible to correct the As concentration of run-product glasses to 

approximate the level present during the growth of apatite, which is assumed to occur 

early in the experiment history. The As loss was corrected using a mass balance approach 

in which: 

𝑀𝐴𝑠
𝑇𝑜𝑡𝑎𝑙 = 𝑀𝐴𝑠

𝐴𝑝𝑎𝑡𝑖𝑡𝑒 +  𝑀𝐴𝑠
𝐺𝑙𝑎𝑠𝑠 + 𝑀𝐴𝑠

𝑉𝑎𝑝𝑜𝑟 + 𝑀𝐴𝑠
𝐿𝑜𝑠𝑡      (4.12) 

and MTotal is the total mass of As added to the experiment, MLost is the mass of As lost to 

either the capsule or the buffer material and MApatite , MGlass and MVapor are the mass of As 

in either apatite, glass or vapor.  MApatite , MGlass and MVapor can be calculated as: 

 𝑀𝐴𝑠
𝑃ℎ𝑎𝑠𝑒 = 𝑚𝑝ℎ𝑎𝑠𝑒 ∙  𝐶𝐴𝑠

𝑝ℎ𝑎𝑠𝑒 =  𝜌𝑝ℎ𝑎𝑠𝑒 ∙ ∀𝑝ℎ𝑎𝑠𝑒 ∙  𝐶𝐴𝑠
𝑝ℎ𝑎𝑠𝑒

     (4.13) 

where m is the mass of the phase in grams, C is the concentration of As in the phase in 

µg/g, ρ is the density of the phases in g/cm3 and ∀ is the volume of the phase in cm3. As 

the vapor composition was not measured in this study, the concentration of As in the 

vapor is calculated from the vapor/melt partition coefficient, assumed to be 2, which is 

within the range of previous experimental measurements of 0.8 to 6 (Guo, 2008; Simon et 

al., 2007; Guo and Audetat, 2017; D’Souza and Canil, 2018).  For the case of 100 g melt, 

mass balance dictates: 

𝑚𝑇𝑜𝑡𝑎𝑙 = 100 𝑔 = 𝑚𝐴𝑝𝑎𝑡𝑖𝑡𝑒 + 𝑚𝐺𝑙𝑎𝑠𝑠 + 𝑚𝑉𝑎𝑝𝑜𝑟      (4.14) 

The mass of apatite was calculated as the difference in P2O5 of the starting 

material and the P2O5 content (Table 4.7) of the melt then converting melt P2O5 to apatite 

equivalent using the reaction:  

10CaO + 3P2O5 + F → Ca10(PO4)6F2 + ½O2       (4.15) 
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The mass of glass and vapor were calculated using the ratio between the volume 

of glass to the volume of vapor, RGlass/Vapor: 

𝑅
𝐺𝑙𝑎𝑠𝑠

𝑉𝑎𝑝𝑜𝑢𝑟⁄ =
∀𝐺𝑙𝑎𝑠𝑠

∀𝑉𝑎𝑝𝑜𝑟
         (4.16) 

with the value of RGlass/Vapor determined by measuring the bubble to glass ratio from 

sample images using the imageJ software package. Table 4.7 contains the RGlass/Vapor  

used in this study. Substituting equation 4.16 into 4.14 for mass vapor, results in:  

 100 𝑔 − 𝑚𝐴𝑝𝑎𝑡𝑖𝑡𝑒 = 𝑚𝐺𝑙𝑎𝑠𝑠 +  
∀𝐺𝑙𝑎𝑠𝑠

𝑅
𝐺𝑙𝑎𝑠𝑠

𝑉𝑎𝑝𝑜𝑟⁄
∙  𝜌𝑉𝑎𝑝𝑜𝑟     (4.17) 

and 

100 𝑔 − 𝑚𝐴𝑝𝑎𝑡𝑖𝑡𝑒 = 𝑚𝐺𝑙𝑎𝑠𝑠 +  

𝑚𝐺𝑙𝑎𝑠𝑠

𝜌𝐺𝑙𝑎𝑠𝑠

𝑅
𝐺𝑙𝑎𝑠𝑠

𝑉𝑎𝑝𝑜𝑢𝑟⁄
∙  𝜌𝑉𝑎𝑝𝑜𝑟     (4.18) 

The density of the vapor and glass were assumed to be 0.75 g/cm3 and 2.65 g/cm3, 

respectively. With the above calculations, the amount of As lost can be determined using 

equation 4.12. A time series done at the Ru-RuO2 buffer and 1000oC shows that the As 

content of apatite stays constant, for at least 96 hours, although the As content of the melt 

decreases continuously (Fig. 4.12). This behavior is taken to mean that apatite forms 

early in the experiment when the As content of the melt is still high, and the apatite does 

not re-equilibrate during As loss. Therefore, assuming that no As is lost from the apatite, 

MLost can be written as:  

𝑀𝐴𝑠
𝐿𝑜𝑠𝑡 = 𝑚𝐺𝑙𝑎𝑠𝑠 ∙  𝐶𝐴𝑠

𝐿𝑜𝑠𝑡𝐺𝑙𝑎𝑠𝑠 + 𝑚𝑉𝑎𝑝𝑜𝑟 ∙  𝐶𝐴𝑠
𝐿𝑜𝑠𝑡𝑉𝑎𝑝𝑜𝑟

     (4.19) 

in which CLostGlass and CLostGlass are the concentrations missing from the glass and vapor. 

At assumed vapor-melt equilibrium, the amount lost from the glass relative to vapor is 

related by the Vapor/melt. This leads to: 

𝑀𝐴𝑠
𝐿𝑜𝑠𝑡 = 𝑚𝐺𝑙𝑎𝑠𝑠 ∙  𝐶𝐴𝑠

𝐿𝑜𝑠𝑡𝐺𝑙𝑎𝑠𝑠 + 𝑚𝑉𝑎𝑝𝑜𝑟 ∙  𝐶𝐴𝑠
𝐿𝑜𝑠𝑡𝐺𝑙𝑎𝑠𝑠 ∙ 𝐷𝐴𝑠

𝑉𝑎𝑝𝑜𝑟
𝑀𝑒𝑙𝑡⁄

   (4.20) 

which can be solved for CLostGlass
.
 Adding the missing glass concentration back, then the 

corrected apatite/melt partition coefficient is calculated as: 

𝐷𝐴𝑠
𝐴𝑝𝑎𝑡𝑖𝑡𝑒/𝑀𝑒𝑙𝑡

=  
𝐶𝐴𝑠

𝐴𝑝𝑎𝑡𝑖𝑡𝑒

(𝐶𝐴𝑠
𝐿𝑜𝑠𝑡𝐺𝑙𝑎𝑠𝑠+𝐶𝐴𝑠

𝐺𝑙𝑎𝑠𝑠)
         (4.21) 
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Table 4.7 Variables needed to calculate As loss in experiments.  

Experiment Starting 

Material 

P2O5 (wt.%) 

Run-Product 

P2O5 (wt.%) 

RGlass/Vapor Arsenic 

Loss % 

AAO01 1.60 0.123           4.56  28% 

AAO02 1.60 0.108           7.73  11% 

AAO03 1.60 0.109           3.55  30% 

AAO04 1.60 0.145           5.39  50% 

AAO06 1.60 0.155           9.96  39% 

AAO13 1.60 0.191           5.00  0% 

AAO19 1.71 0.151           4.00  99% 

AAO20 1.60 0.172           2.60  11% 

AAO21 1.71 0.122           3.17  18% 

AAO24 1.60 0.016           4.00  87% 

AAO25 1.60 0.208           4.56  0% 

AAO26 1.88 0.960           5.67  1% 

AAO27 1.71 0.106           2.46  41% 

AAO29 1.71 0.183           1.81  65% 

AAO30 1.71 0.064           2.60  55% 

AAO32 1.71 0.180           2.96  62% 

AAO33 1.71 0.131           2.21  94% 

AAO39 1.71 0.187           2.03  78% 
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Figure 4.12 Arsenic concentration in run-product glass and apatite as a function of experiment 

length in hours. Data are for experiments done at 0.75 GPa, 1000°C using a metaluminous 

composition and buffered with Ru-RuO2. 

4.5.2. Derivation of the Apatite/Melt Partitioning Equation for Arsenic 

As As is a multivalent element, its partition coefficient is a combination of the 

partition coefficients for each species.  

𝐷𝐴𝑠
𝐴𝑝𝑎𝑡𝑖𝑡𝑒/𝑀𝑒𝑙𝑡

=  𝐷𝐴𝑠(𝐼𝐼𝐼)
𝐴𝑝𝑎𝑡𝑖𝑡𝑒/𝑀𝑒𝑙𝑡

(
𝑋𝐴𝑠𝐼𝐼𝐼

𝑋Σ𝐴𝑠
) +  𝐷𝐴𝑠(𝑉)

𝐴𝑝𝑎𝑡𝑖𝑡𝑒/𝑀𝑒𝑙𝑡
(1 −

𝑋𝐴𝑠𝐼𝐼𝐼

𝑋Σ𝐴𝑠
) (4.22) 

DAs
Apatite/Melt is the partition coefficient for As between apatite and melt, DAs(III), 

DAs(V) are the partition coefficient for the indicated species, XAsIII is the mole fraction of 

AsIII and XΣAs is the total As mole fraction in the melt. The ratio of  

XAsIII/ XΣAs is imposed by the speciation of the system and can also be expressed by the 

reaction: 
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 𝐴𝑠𝐼𝐼𝐼𝑂3
2⁄ +

1

2
𝑂2 ↔  𝐴𝑠𝑉𝑂5

2⁄       (4.23) 

which, by considering the equilibrium constant for this reaction, Keq, can be solved for 

the relative proportion of species as: 

 log

𝑎
AsV𝑂5

2⁄

𝑎
AsIII𝑂3

2⁄

=
1

2
log 𝑓O2 + logKeq      (4.24) 

where quantities in a are activities, and fO2 is the oxygen fugacity. Considering that the 

activity of component i is the mole fraction of phase i (Xi) multiplied by the activity 

coefficient () equation 4.24 can be rewritten as: 

log (

𝑋
AsV𝑂5

2⁄
∙𝛾𝐴𝑠𝑉

𝑋
AsIII𝑂3

2⁄
∙𝛾𝐴𝑠𝐼𝐼𝐼

) =
1

2
log 𝑓𝑂2 + log Keq     (4.25) 

log (

𝑋
AsV𝑂5

2⁄

𝑋
AsIII𝑂3

2⁄

) +  log (
𝛾𝐴𝑠𝑉

𝛾𝐴𝑠𝐼𝐼𝐼
) =

1

2
log 𝑓𝑂2 + log Keq   (4.26) 

Assuming that the activity coefficients are constant with changing fO2, the 

apparent equilibrium constant, K’, which incorporates only mole fractions, can be written 

as: 

log K′ =  log Keq −  log (
𝛾𝐴𝑠𝑉

𝛾𝐴𝑠𝐼𝐼𝐼
)      (4.27) 

Substituting 4.27 into 4.26 yields: 

log (

𝑋
AsV𝑂5

2⁄

𝑋
AsIII𝑂3

2⁄

) =
1

2
log 𝑓𝑂2 + log K′      (4.28) 

and substituting equation 4.28 into 4.22 gives: 

𝐷𝐴𝑠
𝐴𝑝𝑎𝑡𝑖𝑡𝑒/𝑀𝑒𝑙𝑡

=  𝐷𝐴𝑠(𝑉)
𝐴𝑝𝑎𝑡𝑖𝑡𝑒/𝑀𝑒𝑙𝑡

+ (
𝐷𝐴𝑠(𝐼𝐼𝐼)

𝐴𝑝𝑎𝑡𝑖𝑡𝑒/𝑀𝑒𝑙𝑡
−𝐷𝐴𝑠(𝑉)

𝐴𝑝𝑎𝑡𝑖𝑡𝑒/𝑀𝑒𝑙𝑡

(1+ 10
(
1
2

log 𝑓𝑂2+log 𝐾′)
)   (4.29) 

Which is the general partitioning equation in terms of fO2, K’, DAs(V) and DAs(III). 

 

4.5.2.1. Estimation of the apparent equilibrium constant (K’) 

The apparent equilibrium constant, K’, was calculated from 6 experiments at 

known fO2 for which the AsIII to AsV ratio was determined by XANES using linear 

combination fitting based on the AsO(OH)3 and As(OH)3 spectral reference materials 

(Table 4.6).  Examination of logK’ in relation to the other intensive parameters shows a 

dependence on 1/T (Fig. 4.13A) and melt composition (Fig. 4.13B). Weighted linear 
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regressions were performed using the R code (R Studio, 2018) with R Studio (R Core 

Team, 2013).  Regressions on logK’ assume that 1/T and molar Al/(Na+K) are 

independent, resulting in the empirical expression: 

 log 𝐾′ =
9,500(±1,210)

T
− 0.579(±0.0805)𝛹 − 4.40(±0.960)   (4.30) 

in which Ψ is the melt molar (Al/(Na+K)). This regression has an adjusted R2 value of 

0.954 and a p-value of 0.00452. 

4.5.2.2. Constraints on the trivalent partition coefficient (DAs(III)) 

The As speciation measured in experiment AAO19, which was performed at 

reducing conditions (graphite-CO2 buffer; FMQ -0.4), only shows the presence of AsIII 

meaning that the partition coefficient measured from this experiment is an accurate 

representation of DAs(III). Unfortunately, this experiment experienced significant As loss. 

Other experiments were performed at the same fO2 using graphite-lined capsules to 

prevent As loss. The concentration of As within the apatites from these experiments is 

too low to be quantified given their small crystal sizes, and only maximum partition 

coefficients could be estimated. A conservative upper limit value of 0.1 is used to 

represent DAs(III). Additionally, although experiments AAO 47, 49 and 50 all involved 

different melt compositions, the effect of this parameter on the DAs(III) is not resolvable, 

and therefore the estimated value for DAs(III) is assumed to be the same for all the 

compositions studied.  

4.5.2.3. Constraints on the pentavalent partition coefficient (DAs(V)) 

DAs(V) can be calculated from equation 4.29 for experiments with known logK’. 

Examination of DAs(V) shows a dependence on the temperature of the system (Fig. 4.13C) 

where the partition coefficient increases with decreasing temperature and can be 

expressed as:  

𝐷𝐴𝑠(𝑉)
𝐴𝑝𝑎𝑡𝑖𝑡𝑒/𝑀𝑒𝑙𝑡

=
178,000(±42,600)

T
−  130 (±33.8)     (4.31) 

This regression has an adjusted R2 value of 0.768 and a p-value of 0.0138.  

4.5.2.4. Apatite-melt partitioning model for As.  

Substituting Equation 4.30, 4.31 and the assumed DAs(III) value into Equation 4.29 

gives the generalized equation for As partitioning between apatite and melt:  
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 𝐷𝐴𝑠
𝐴𝑝𝑎𝑡𝑖𝑡𝑒/𝑀𝑒𝑙𝑡

=
178,000(±42,600)

T
−  130 (±33.8) +

(
0.1−(

178,000(±42,600)

T
− 130 (±33.8))

(1+ 10
(
1
2

log 𝑓𝑂2+
9,500(±1,210)

T
−0.579(±0.0805)𝛹−4.40(±0.960))

)      (4.9) 

in which T is the temperature in Kelvin, fO2 is oxygen fugacity in bars and Ψ is the melt 

molar (Al/(Na+K)). The partition coefficients calculated from equation 4.9 have a 

standard error of 0.42 based on the variance of the residuals. Comparison between 

calculated and measured partition coefficients yields an unweighted R2 value of 0.86 (Fig. 

4.7).  

 

Figure 4.13 Bivariant diagrams showing the relationship between regression parameters and 

independent variables used to generate equation 4.9 (A to C). Green (circle), purple (diamonds) and 

orange (square) symbols correspond to peraluminous, metaluminous and peralkaline composition, 

respectively. The gray lines in the plots are the model predictions from the regression. 

  

A) B) 

C) 
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4.5.3. Modelling of Arsenic Uptake During Apatite Crystallization 

MELTS thermodynamic algorithms were used to model the crystallization of a 

selected South Mountain Batholith magma composition to determine the point of apatite 

saturation and the resulting distribution of As between apatite and melt.  Models were 

done using the rhyolite-melts v1.1 and rhyolite-melts v1.0 algorithms in the MELTS for 

Excel package updated on April 24th, 2018 (Gualda et al., 2012; Ghiorso and Gualda, 

2015; Gualda and Ghiorso, 2015). The initial South Mountain Batholith melt composition 

is a Stage 2 leucomonzogranite (sample 18JC-0010) for which a full suite of As, REE and 

other trace element data are available (see Brenan et al.,(submitted) for details). In all 

models, the pressure was held constant at 200 MPa, fO2 was held at FMQ -1 and the 

temperature was decreased in increments of 2ºC.  

Mass balance calculations are used to determine the temperature and melt fraction 

at which apatite saturation occurs, and the resulting average amount of As in apatite.  

Mass balance was done on phosphorous at each temperature step with the assumption 

that phosphorous is perfectly incompatible in the crystallization assemblage. The 

following steps were used:  

1. Calculate the concentration of P2O5 in the melt assuming no apatite forms (CP*).  

2. Check the P2O5 concentration for apatite saturation (Csat) using the calibration of 

Tollari et al. (2006): 

𝑋𝑃2𝑂5
𝑆𝑎𝑡 ∙ 100 =  𝑒

[𝑇(
−0.879

139.0−100∙𝑋𝑆𝑖𝑂2
𝑚𝑒𝑙𝑡+0.0165)−3.33 ln 1(00∙𝑋𝐶𝑎𝑂

𝑀𝑒𝑙𝑡)]

   (4.32) 

where T, is the temperature in K, and X is the mole fraction of SiO2, CaO, or P2O5 at 

saturation in the melt.  

3. If Csat> CP* then MP
apatite = mmelt*( CP* -Csat) 

Where MP
apatite is the mass of phosphorus in apatite, and mmelt is the mass of melt. 

4. The mass of apatite is calculated as MP
apatite /CApatite , in which CApatite is the 

concentration of P2O5 in stoichiometric fluorapatite (42.22 wt.%). 

5. The mass of P in the melt (MP
Melt) is set equal to MP

System - MP
apatite 
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6. At the next temperature step, the new phosphorus mass is calculated as MP
System

 = 

MP
Melt from the previous step.  The mass of the system (msystem) is also reduced by the 

mass of apatite formed (mApatite). 

To determine the amount of As in apatite the following procedure was used: 

1. DAs
Apatite/Melt was calculated using equation 4.9.  

2. The concentration of As in the apatite (CApatite) was calculated as DAs
Apatite/Melt * CMelt, 

in which CMelt is the As concentration in the melt. 

3. The mass of As in the apatite (MAs
Apatite) for this step was calculated as 

CApatite*mApatite, in which mApatite is the mass of apatite, determined by the phosphorous 

mass balance. 

4. The mass of As in the melt (MAs
Melt) is MAs

System
 - MAs

Apatite 

5. At the next temperature step, MAs
System = MAs

Melt from the previous step then, CMelt = 

MAs
System /mMelt 
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Table 4.8 Anhydrous composition used in models taken from of 18JC-0010 from the New Ross 

Pluton 

Oxide or 

element 

Whole Rock 

Concentration 

Melt Concentration 

SiO2 (wt.%) 71 65.4 

TiO2 (wt.%) 0.48 0.62 

Al2O3 (wt.%) 15 16.3 

Fe2O3 (wt.%) 3.7 4.89 

MnO (wt.%) 0.070 0.10 

MgO (wt.%) 0.90 1.2 

CaO (wt.%) 1.4 1.9 

Na2O (wt.%) 3.1 4.1 

K2O (wt.%) 4.6 3.2 

P2O5 (wt.%) 0.21 0.28 

As (µg/g) 3 4 

La (µg/g) 28.4 37.9 

Ce (µg/g) 60.8 81.1 

Pr (µg/g) 7.23 9.64 

Sm (µg/g) 6.5 8.7 

Gd (µg/g) 5 6.7 

Y (µg/g) 25 33.3 

Lu (µg/g) 0.41 0.547 

U (µg/g) 2.8 3.73 

Th (µg/g) 11.4 15.2 

Nb (µg/g) 6 8 

Ta (µg/g) 1.2 1.6 

 

 

 



110 

 

Acknowledgements 

BJM thanks Debroa Motta Meira for her assistance at the beamline and Claire 

Boteler for her assistance with R-software. Support for this project was provided by 

CSEG student research grant and the GSA graduate student research grant obtained by 

BJM and the NSERC discovery grand obtained by JMB. This research used resources of 

the Advanced Photon Source, an Office of Science User Facility operated for the U.S. 

Department of Energy (DOE) Office of Science by Argonne National Laboratory and 

was supported by the U.S. DOE under Contract No. DE-AC02-06CH11357, and the 

Canadian Light Source and its funding partners. BJM acknowledges the receipt of 

support from the CLSI Graduate and Post-Doctoral Student Travel Support 

Program. BJM thanks Alexandra Arnott for her aid in proofreading this manuscript. 

  



111 

 

Chapter 5  

SOURCES OF GEOGENIC ARSENIC IN WELL WATER ASSOCIATED WITH 

GRANITIC BEDROCK FROM NOVA SCOTIA, CANADA  

Bryan J. Maciaga*, James M. Brenana, Michael B. Parsonsb, and  

Gavin W. Kennedyc 

aDepartment of Earth and Environmental Sciences, Dalhousie University, Halifax, 

NS, Canada 

bGeological Survey of Canada, Dartmouth, NS, Canada 

cNova Scotia Department of Natural Resources and Renewables, Halifax, NS, 

Canada 

*Corresponding author: Bryan J. Maciag (bmaciag@dal.ca) 

Key Words: Geogenic Arsenic, Granites, South Mountain Batholith, 

Groundwater 

Prepared for Publication in Environmental Science and Technology 

Abstract 

Arsenic toxicity in drinking water is a global issue, with chronic exposure causing 

cancer and other health concerns. Groundwater from geochemically similar granites from 

mainland Nova Scotia, Canada, can have high and low levels of As. The origin of this 

variation is uncertain, but different mineral hosts for As could explain the disparity. The 

lability of As from different minerals was assessed using laser 

ablation inductively coupled plasma mass spectrometry combined with calculations based 

upon well water data. Pyrite has the highest As concentration (mean: 2,300 µg/g, N=9) of 

all minerals analyzed, is unstable in the groundwater system, and can release As during 

oxidation. However, oxidation products replacing pyrite can adsorb As, modifying the 

amount released. Cordierite has low As concentrations (mean: 7.3 µg/g, N=5) but is 

abundant and relatively soluble, as are some of its alteration products, which may contain 

up to 500 µg/g As. As cordierite can be abundant in metapelitic rocks it could be a 

previously unrecognized source of As in metamorphic terranes. Pyrite from one of the 

granites studied is not oxidized, which could result from lower host rock permeability. 

This observation, in addition to the absence of cordierite in these same granites, may 
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account for the lower As levels observed in the associated well water. The results of this 

study can be used to identify geogenic sources of As in other granitic terranes and assess 

the risks of As release when modifying granitic bedrock for construction or mining.   
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5.1. Introduction 

Arsenic is a multivalent element with different behaviors depending on the 

geochemical conditions. It is also an environmental contaminant and Group I (IARC 

Working Group on the Evaluation of Carcinogenic Risks to Humans, 2012) carcinogen 

with the potential to cause several different types of cancer (Hughes et al., 2011; Saint-

Jacques et al., 2014; Sri et al., 2016; Health Canada, 2020) and birth defects (Shi et al., 

2015). In 2019 As was ranked as the most significant potential threat to human health at 

contaminated sites in the United States by the Agency for Toxic Substance and Disease 

Registry (2019). Arsenic contamination is a global issue with the greatest impact 

occurring in the West Bengal Basin, where over 50 million people (Mukherjee et al., 

2008; Shamsudduha et al., 2008; von Brömssen et al., 2008) are at risk of exposure to 

drinking water over the Maximum Acceptable Concentration (MAC) of 10 µg/L As 

(World Health Organization, 2008; Health Canada, 2020). Groundwater As 

contamination may originate from anthropogenic activity (i.e., waste from wood 

preservation, glass manufacturing, mining activities, and runoff from pesticides) or 

geogenic sources (i.e., dissolution of As-bearing minerals, or mixing with geothermal 

fluids; Ali et al., 2018). 

Barring anthropogenic influences, As levels in drinking water sourced from 

surface waters and groundwater are typically below the MAC; however, groundwater can 

have a large range of naturally sourced As concentrations (< 0.5 to 5000 µg/L (Smedley 

and Kinniburgh, 2002). Toxic metals that dissolve as divalent cations become less soluble 

at high pH. However, As is a metalloid that forms oxyanions making it more soluble in 

circumneutral pH waters, where its mobility is generally controlled by sorption rather 

than precipitation of metal oxides (Smedley and Kinniburgh, 2002).  Arsenic is also 

mobile and released from different minerals over a broad range of redox conditions. 

Sulfides such as pyrite and arsenopyrite are the most common As-bearing minerals and 

can serve as geogenic sources of As in aquifers (Smedley and Kinniburgh, 2002). Ferric 

oxides and oxyhydroxides such as goethite are also common geogenic sources of As in 

loess and alluvial aquifers as they not only incorporate As into their structure upon 

precipitation (Smedley and Kinniburgh, 2002) but also have a high sorption capacity for 

As that is sensitive to the groundwater chemistry (Dixit and Hering, 2003). The 
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combination of diverse geochemical behavior and high toxicity makes identifying the 

source of elevated As critical to assessing the risk of drinking water contamination. 

Arsenic contamination in Nova Scotia groundwater was first identified in the 

community of Waverley in 1976 when a case of chronic As poisoning was diagnosed 

(Grantham and Jones, 1977). The groundwater in question contained 5000 μg/L of As 

and led to the further scrutiny and testing of drinking water across the province. A 2017 

study (Kennedy et al., 2017) linking well water chemistry to bedrock lithology found that 

over 20% of well water exceeds the MAC and that 42% of the population relies on 

domestic well water for drinking, which is unregulated (Kennedy et al., 2017). Over 37% 

of the private wells are located in bedrock aquifers with a high risk of As contamination 

(Kennedy et al., 2017). This area includes the South Mountain Batholith (SMB) and the 

Meguma Supergroup (Fig. 5.1), where over 30% and 39% of well water samples 

exceeded the MAC, respectively (Kennedy et al., 2017).  

The origin of As-enriched well water related to granitic bedrock is sometimes 

enigmatic. Typically, As in granites is derived from sulfides (Bondu et al., 2016; 

Mukherjee et al., 2019) or their secondary minerals (Acharyya et al., 2005; Shukla et al., 

2010), which is what has been suggested for the Nova Scotian granites (Kennedy et al., 

2017)  based on observed arsenopyrite or As-bearing pyrite in xenoliths, quartz veins, 

fractures or pegmatites. However, no association between As and dissolved sulfate was 

identified in the well water (Kennedy et al., 2017), which is typical of As derived from 

sulfide minerals. An additional unexplained observation is the absence of elevated As in 

well water associated to a series of smaller satellite granite plutons, south of the central 

granites (Fig. 5.1) (Kennedy et al., 2017), despite their similar whole rock geochemistry 

to the central granites. Thus, this study seeks to identify the origin(s) of elevated As in 

groundwater associated with granitic terranes by contrasting the character of selected 

intrusions that have very different well water As concentrations. This investigation 

considers the mineralogical controls on the As distribution and the susceptibility of 

phases to dissolution in the local groundwater and also identifies minerals that could 

release As if exposed to acid rock drainage.  
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Figure 5.1 Simplified geological map of southwestern Nova Scotia (Canada) modified from Fisher 

and Poole (Fisher and Poole, 2006). Well water chemistry is depicted as circles with the color and size 

indicating the As concentration (Nova Scotia Department of Natural Resources and Renewables, 

2021). Sample locations for this study are shown as solid triangles while additional samples taken 

from a study on apatite and biotite geochemistry in the South Mountain Batholith (Brenan et al., 

Submitted) are shown as open triangles. Names of the central granitic plutons are in green, while the 

southern satellite plutons are in purple. 

5.1.1. Study Area 

The regional geology of southwestern Nova Scotia is dominated by the Cambrian-

Ordovician Meguma Supergroup, comprised of the Goldenville Group (meta-sandstones, 

slates) and the overlying Halifax Group (meta-siltstones and slates; Schenk, 1997) (Fig. 

5.1). These sediments were folded and metamorphosed during the Acadian Orogeny 

between 354 and 399 Ma (Shellnutt et al., 2019). Both the Goldenville and Halifax 

Groups contain lithologies with over 1,000 µg/g As (White, 2010). The granitic rocks 

under study intruded the Meguma Supergroup during the waning stages of the Acadian 

Orogeny. These granites range from monzogranites to tonalites and are distinctive in that 

most exhibit molar Al2O3/(CaO+Na2O+K2O) > 1, termed peraluminous. This 

Well water Arsenic (μg/L) 
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compositional type results in a high abundance of Al-rich phases, such as muscovite, 

biotite, and cordierite. Common accessory phases found in these granites include rutile, 

ilmenite, titanite, zircon, apatite, monazite, and xenotime. Table 5.2 (found in the 

supplementary information (SI) section) contains general descriptions of the 12 samples 

collected for this study, and Table 5.3 (in SI) summarizes the model abundance of 

accessory phases for each sample.  

In addition to geogenic As, acid rock drainage (ARD), is another well-known 

geohazard occurring in Nova Scotia. Oxidation of naturally occurring sulfide minerals 

has led to acidic runoff at many sites, including the Robert Stanfield International Airport 

where runway construction resulted in significant fish kills downstream in the 1970s and 

1980s (Wargon, 1987; Fox et al., 1997). Several formations within the Meguma 

Supergroup were identified as acid-producing mainly due to their high pyrrhotite 

contents, while the granites of the South Mountain Batholith are not considered to have a 

high capacity for ARD (Fox et al., 1997; White and Goodwin, 2011).  

5.2. Methods & Materials 

5.2.1. Sample 

Four samples were collected from the Port Mouton Pluton, which represents the 

southern satellite granites. The central granites are the South Mountain Batholith and 

Musquodoboit Batholith (MB). Three samples were obtained from the Musquodoboit 

Batholith, also analyzed in a study by MacDonald and Clarke (MacDonald and Clarke, 

1985). Five samples were taken from the Halifax Pluton member of the South Mountain 

Batholith, one of which was collected near the contact between the South Mountain 

Batholith and the Meguma supergroup metasediments. Analysis of apatite and biotite 

plus several other minerals in an additional 45 South Mountain Batholith samples from a 

separate study (Brenan et al., Submitted) were also included in the dataset. Analyses 

occurred on 30 or 100 µm polished rock slides made from unweathered samples collected 

from surface outcrops. 

5.2.2. Analytical Techniques 

The major element composition of apatite, monazite, epidote, cordierite, goethite, 

and pyrite grains were determined by wavelength dispersive spectroscopy, using a JEOL 
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JXA-8200 electron probe microanalyzer at Dalhousie University (Halifax). Analyses 

were done using an accelerating voltage of 15 kV, a beam current of 20 nA and a 1 µm 

focused beam. Raw count rates were converted to concentrations using the ZAF data 

reduction scheme. Other analytical details can be found dataset 5A in the electronic 

supplementary information. The major element chemistry of all other phases was 

determined by semi-quantitative energy dispersive spectroscopy using a Thermo 

Scientific™ UltraDry EDS Detector mounted on the microprobe or calculated by mineral 

stoichiometry. 

Arsenic and other trace element concentrations were determined by laser ablation 

inductively coupled plasma mass spectrometry (LA-ICP-MS) at Dalhousie University 

(Halifax). The instrument consists of a frequency quintupled Nd: YAG laser operating at 

213 nm coupled to a Thermo Scientific iCAP Q ICP-MS quadrupole mass spectrometer. 

Helium was used as a carrier gas to enhance sensitivity. Laser repetition rate (5-15 Hz) 

and spot size (5-40 µm) were varied to maintain signal longevity. Likewise, a line raster 

was used instead of a spot. The typical analysis involved 20 seconds of background 

acquisition with the ablation cell being flushed with He, followed by ablation for 60 

seconds, then 45 seconds of cell washout. The As concentrations of a fluorapatite 

reference material measured on the LA-ICP-MS (992±64 µg/g) reproduced the values 

obtained on the same material measured by instrumental neutron activation analysis 

(1010 µg/g) at a commercial laboratory. Data reduction was done using the Iolite version 

4.0 software package. Other analytical details are found in the SI under dataset 5A. 

Detection limits vary based on the spot size of the analysis and can be found listed with 

the analytical results in electronic supplementary information dataset 5B. 

Raman spectroscopy was used to determine the identity of the ferric 

oxide/hydroxide phases (Fig. 5.1 in the SI).  Analyses were done at Saint Mary’s 

University (Halifax) using a 532 nm Nd:YAG diode laser operated at 0.1 to 1 mW with 

600 groves/mm gratings resulted in a spectral resolution of ±2 cm-1. Frequency 

calibration utilized a Horiba Scientific SP-RCO-XP calibration objective employing a 

NIST-traceable compound (patent reference: FR2934367) in a sealed objective body. 



118 

 

To calculate accessory phase modes (Table 5.3), X-ray fluorescence (XRF) maps 

of Al, Ca, Ce, Fe, S, P and Zr produced on a Bruker M4 tornado benchtop XRF at Saint 

Mary’s University, were reclassified at set thresholds to generate binary elemental maps. 

These binary maps were combined through raster overlay to produce unique mineral 

signature maps, using at least two binary maps, when possible, to reduce the effects of 

spectral interference. However, the zircon content may be overestimated as no second 

element was available to constrain the data.  

5.2.3. Well Water Calculations  

The Nova Scotia Department of Natural Resources and Renewables (DNRR) 

provided well water chemistry data including As, uranium, manganese, iron, fluoride, 

aqueous silica, calcium, nitrite, nitrate, carbonate, and sulfate concentrations along with 

pH and alkalinity for 938 well water samples associated with the granitic bedrock in this 

study (Nova Scotia Department of Natural Resources and Renewables, 2021). The Nova 

Scotia groundwater chemistry database consists of untreated samples taken from both 

surficial and bedrock aquifers since 1954 and is maintained by the Nova Scotia DNRR 

and was compiled from federal, provincial, and municipal sources (Kennedy, 2021). The 

chemistry of the well water was measured by a variety of methods but typically consisted 

of total metal digestion followed by ICP-MS analysis on unfiltered water samples 

(Kennedy, 2021). The Geochemist’s Spreadsheet and SpecE8, applications of the 

Geochemist’s Workbench community edition platform v. 15.0 (Bethke, 2022), were used 

to calculate mineral saturation indices and Eh. Well water Eh was calculated using the 

nitrite/nitrate ratio, with a range of Eh varying from 0.22 to 0.45 V. These values are 

considered minimum estimates as nitrite concentrations are sometimes below detection 

limits. Well water concentrations of cerium, phosphorus and aluminum were assumed to 

be 0.0074 µg/L (Noack et al., 2014), 20 μg/L (Holman et al., 2008) and 10 µg/L (Hart et 

al., 2021), respectively, to calculate the mineral saturation indices. These values were 

considered reasonable as they are median concentrations of aluminum in Nova Scotia 

groundwater and the median cerium concentration from a compilation of thirty-one 

studies with groundwater REE concentrations. The phosphorus concentration is a 

conservative estimate based on a typical detection limit as most phosphorus data is not 

detected. Saturation indices for all minerals except monazite were calculated using the 
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LLNL thermodynamic database included with the Geochemist’s Workbench software. 

The MinTeq database (Gustafasson, 2011) was used to calculate the monazite saturation 

index. For this study, mineral saturation indices are only used as an indication of each 

mineral's degree of undersaturation or supersaturation and are not used to evaluate phases 

in equilibrium with the groundwater. Minerals with saturation indices > 1 are 

supersaturated and thus considered to be stable in groundwater while values <1 are 

undersaturated and may dissolve.  

5.3. Results & Discussion 

A summary of the As content of the whole-rock analyses, as well as As 

concentrations and mineral saturation indices of minerals containing over 5% of the As 

budget for any pluton (Fig. 5.2) are provided in Table 5.1. For Table 5.1 concentrations 

below analytical detection limits were assumed to be one-half the detection limit when 

computing the median unless the detection limit for the analysis was significantly greater 

than quantified values, in which case the analysis was excluded. Trace element data for 

all minerals analyzed (including major silicates) in this study are available in the SI 

dataset 5B. The Port Mouton Pluton has less As than the South Mountain Batholith. 

Although the South Mountain Batholith granites contain more As than the Port Mouton 

Pluton granites, these plutonic rocks are not anomalous in As, with concentrations below 

the average concentration found in the upper continental crust, which is 4.8 μg/g As 

(Rudnick and Gao, 2003). Additionally, excluding the extreme As values, the As 

concentrations of granites from this study are within the range typical for granitic rocks 

(Smedley and Kinniburgh, 2002). 

5.3.1. Silicates 

Major rock-forming minerals comprise greater than 92% of all samples and 

include quartz [SiO2], potassium feldspar [KAlSi3O8], plagioclase feldspar [NaAlSi3O8 – 

CaAl2Si2O8], muscovite [KAl2(AlSi3O10)(F,OH)2] and biotite 

[K(Mg,Fe)3(AlSi3O10)(F,OH)2].  Arsenic is typically below 1 µg/g for these minerals, 

although there are exceptions. Retrograde chlorite [(Mg,Fe)5Si3Al2O10(OH)8] replacing 

biotite typically has less than 1 µg/g As but some partially chloritized grains contain up to 

8 µg/g. Such low levels of As are within the range of values reported previously for 
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silicate minerals (Onishi, 1969; Smedley and Kinniburgh, 2002; Seddique et al., 2008). 

Despite the low concentrations, due to their high modal abundance, the major rock-

forming silicates contain the majority (>50%) of the As budget (Fig. 5.2). This 

conclusion is similar to observations in sedimentary aquifers (Alam et al., 2014). 

 

Figure 5.2 Pie diagrams illustrating the mass percentage of As contained in each mineral phase for 

each pluton. The proportion of As contained within the major rock-forming silicates is calculated by 

assuming an average concentration of 0.5 μg/g As (half of the 1 μg/g detection limit for major silicates 

measured in this study). The cordierite (Crd) pseudomorph products are subdivided by alteration 

type, and pseudomorph products that were not analyzed were assumed to contain 0.5 μg/g As. Pn is 

Pinite, Ms is muscovite, Bi is Biotite, Al is hydrous aluminosilicates, Chl is chlorite and FOH are 

ferric oxyhydroxides. 

Cordierite [(Mg,Fe)2Al2Si5O18] is only present in three of the samples selected for 

study, however, it is considered a common accessory phase (up to 10 modal%; Erdmann 

et al., 2004) in both the Musquodoboit Batholith and the South Mountain Batholith. 

Cordierite is absent from the Port Mouton Pluton except for grains contained within 

Meguma Group xenoliths (Tate, 1994). Cordierite occurs as >1 mm size subhedral to 

euhedral grains, partially to completely replaced by a combination of alteration products. 

The primary alteration product is pinite (Fig. 5.7 in SI), a fine-grained allochemical 

retrograde alteration, whose mineral composition is poorly defined but believed to consist 

of muscovite, biotite, and hydrous phyllosilicates (Ogiermann, 2002). This alteration 

assemblage replaces over 25% of the cordierite grains. Other alteration products include 

muscovite + biotite ± chlorite ± hydrous aluminosilicates (possibly kaolinite or a zeolite) 

(Fig. 5.7 in SI). Analysis of the least altered cordierite yields an average primary value of 

7.2 µg/g As which is significantly greater than concentrations in the major silicates. The 

biotite, muscovite and pinite pseudomorph products of cordierite have less As than the 
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unaltered sections while the hydrous aluminosilicate and chlorite alteration have a greater 

As concentration.  

Table 5.1 Summary of whole-rock and mineral concentrations of As and mineral saturation indices. 

Arsenic Concentration (µg/g) Mineral Saturation Index 

Mineral 

                                   Pluton Min Max Median N Min Max Median 

Whole Rock <0.5 3000 2.4 56    

Halifax Pluton <0.5 7 3.1 8    

Musquodoboit Batholith <0.5 4.5 0.8 3    

Port Mouton Pluton <0.5 1.7 0.25 4    
South Mountain Batholith 0.7 3000 2.6 41    

Cordierite (Unaltered)1 2.7 16 6.3  5 -30.7 -12.6 -14.3 

Halifax Pluton 6.3  6.5 6.4 2 -30.7 -12.7 -14.3 

Musquodoboit Batholith 2.7 16 5.3 3    

Port Mouton Pluton     -21.6 -12.9 -14.3 

Cordierite (Altered)2 <0.77 500 223 10 -33.8 4.66 0.135 

Halifax Pluton 1.9 500 873 2 -33.8 4.66 0.214 

Musquodoboit Batholith <0.77 20 2.73 8    

Port Mouton Pluton     -23.8 3.56 0.184 

Monazite 280 1200 530 72 0.286 4.06 2.77 

Halifax Pluton 320 770 500 31 0.286 3.65 2.76 

Musquodoboit Batholith 280 1200 630 13    

Port Mouton Pluton 370 800 570 23 1.52 4.06 2.64 

South Mountain Batholith 400 790 520 5 2.15 3.18 2.94 

Goethite 20 3400 690 15 5.52 10.4 7.61 

Halifax Pluton 20 3400 700 14 5.52 10.4 7.86 

Musquodoboit Batholith   300 1    

Port Mouton Pluton     6.07 9.11 7.57 

Pyrite <14 15000 490 9    

Halifax Pluton <14 15000 460 6    

Musquodoboit Batholith   2700 1    

Port Mouton Pluton 490 490 490 2    
1Measurement of the least altered cordierite sections 
2Measurements of the altered cordierite grain represented by a combination of alteration products in the 

following proportions: Muscovite (22.7%), Biotite (26.6%), Chlorite (8.16%), Pinite (41.2%), and hydrous 

aluminosilicate (1.25%). 
3Due to the heterogeneous nature of the alteration, no median value is provided, a mean weighted by the 

proportion of each phase in the plutons is displayed. The mean for all altered grains is calculated using the 

proportions listed above. 
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Cordierite has a mineral saturation index <1 (Table 5.1) in the groundwater from 

Nova Scotian granites, as do related chlorite and biotite alteration products. Insufficient 

data is available on the dissolution rates of cordierite in natural groundwaters, but recent 

surface exposures of the South Mountain Batholith (<50 years) show preferential 

weathering of cordierite over the major silicates (Fig. 5.6 in the SI). Although qualitative, 

these weathering pits and observed alteration products suggest that cordierite is relatively 

reactive in the surface environment. Despite the low concentrations of As, cordierite and 

its alteration products are a significant reservoir for As in the Halifax Pluton and 

Musquodoboit Batholith (Fig. 5.2). In some of the well water samples from the Halifax 

Pluton, there is an increase in the uranium or manganese content with As in proportion to 

the ratio of these elements contained within cordierite, as would be expected if the 

dissolution of this mineral was the source of As (Fig. 5.3A and B). The mass of As stored 

in cordierite coupled with the solubility of this phase and its alteration products in well 

water makes the dissolution of cordierite a potential source for geogenic As at the South 

Mountain Batholith. Outside the study area, cordierite is abundant in lithologies that are 

transformed by thermal metamorphism from shales and in granites that are either derived 

from or have assimilated these sedimentary rocks. As shales may have high As content 

(Smedley and Kinniburgh, 2002; Ketris and Yudovich, 2009), the resulting cordierite is 

more likely to have high As. Given that cordierite is reactive in acidic waters (Palandri 

and Kharaka, 2004) and it may have elevated As concentration, this mineral may release 

As into ground or surficial waters if subjected to acid rock drainage. Thus, cordierite is a 

potential source of geogenic As in many metamorphic and igneous aquifers. 

Zircon [ZrSiO4] is a common accessory phase (~0.5 to 2 modal %), found as 

euhedral inclusions in biotite. The As concentration of zircon in this study varies from a 

maximum value of 4.6 µg/g and a minimum detected value of 0.46 µg/g. Due to the size 

of these grains, the detection limits vary from less than 0.24 µg/g to over 10 µg/g. Other 

studies have found that zircons from highly evolved granites can reach up to 1.1 wt.% As 

due to hydrothermal alteration (Breiter et al., 2014). Zircon is typically considered to be 

insoluble but significant radiation damage can increase its solubility in aqueous fluids 

(Tromans, 2006). Incongruent dissolution of damaged zircon may release loosely bound 
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234U over 238U in granites (Papageorgiou et al., 2022). This incongruent dissolution could 

make zircon a potential geogenic source of As. Due to the low As content, if zircon was 

the As source in Nova Scotia, then the U concentrations should be much higher than 

observed (Fig. 5.3A), even with incongruent dissolution.  

The four grains of titanite [CaTiSiO5] in this study are 10-20 µm in size, 

subhedral and hold between 1.5 to 12 µg/g. Titanite from the Roxby Downs granite, 

Australia, includes up to 10-50 µg/g As, with the highest concentrations in the magmatic 

cores of the grains (Kontonikas-Charos et al., 2019). At other granitic intrusions, titanite 

could be a minor geogenic source of As, if concentrations are like those found in the 

Roxby Downs granite.  

In total, eleven grains of rare earth element (REE)-enriched epidote 

[(REE,Ca,Y)2(Fe3+,Al)3(SiO4)3(OH)] were found in four of the samples from the Halifax 

Pluton and Musquodoboit Batholith. The epidote grains have 10-13 wt.% total REE in 

the Musquodoboit Batholith and 18-21 wt.% in the Halifax Pluton. Epidote from the 

Halifax Pluton has 62 to 190 µg/g As and epidote from the Musquodoboit Batholith 

contains <46 to 96 µg/g. These concentrations are slightly higher than epidotes recorded 

in other studies (Spiegel et al., 2002; Cooke et al., 2014; Ahmed et al., 2020; Pacey et al., 

2020) but are similar to values reported by Jantos et al. (2011) for metamorphic allanite 

(50-130 µg/g). In the present study, epidote occurs as either lenses (Fig. 5.7C in SI) or 

bladed crystals along the cleavages of biotite. The mineral saturation index of epidote 

ranges from -12.5 to 4.72 thus epidote may dissolve under some conditions but is not 

considered a significant reservoir of As (Fig. 5.2) despite high As concentrations. Well 

water concentrations of uranium do not correlate with concentrations of As according to 

the ratio of As to uranium in epidote (Fig. 5.3A), further suggesting this mineral is not a 

source for As in groundwater associated with the granites of Nova Scotia, as congruent 

dissolution of epidote should release these elements in proportion to their abundance in 

the mineral. However, the high concentration of As in REE-epidote and lower stability 

suggest this mineral could be a geogenic source of As in granitic bodies with higher 

modal abundances of epidote. 
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Figure 5.3 Concentration of As from well 

water associated with the Port Mouton 

Pluton (circles), the Halifax Pluton 

(diamonds), Musquodoboit Batholith 

(triangle) and the remainder of the South 

Mountain Batholith (squares) plotted versus 

the A) manganese concentration, B) 

uranium concentration, C) well water pH. 

Lines plotted in figures A and B are the 

average elemental ratios found in epidote 

(purple), apatite (red), monazite (orange), 

cordierite (black solid), cordierite altered to 

aluminosilicate (short-dash), cordierite with 

a mat-like alteration (long-dash) and 

cordierite altered to chlorite (dot). These 

lines reflect the well water chemistry that 

would occur if congruent dissolution of the 

mineral was dominant. The arrow shows 

the anticipated effect increasing pH would 

have on the well water As concentration due 

to desorption of pentavalent As from 

goethite. 
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5.3.2. Phosphates 

Apatite [Ca5(PO4)3(F,Cl,OH)] is the most common phosphate mineral in the 

studied samples with modal amounts varying from 0.01-0.46%. Grains are 5 to 500 µm 

and typically occur as euhedral inclusions in biotite but also as separate subhedral to 

anhedral crystals in the rock matrix. Apatite is predominantly the fluorapatite end 

member. The As content of apatite ranges from 1.5 to 58 µg/g with most grains 

containing less than 7.5 µg/g. Apatite from the Port Mouton Pluton has the lowest As 

concentration with a median value of 2.4 µg/g, while the apatites from the Musquodoboit 

Batholith and Halifax Pluton have medians of 4.3 µg/g and 5.7 µg/g, respectively. The As 

concentrations of apatite in this study are on the lower end of those reported for other 

granitic bodies (Belousova et al., 2002; Wang et al., 2014; Teiber et al., 2015; Mao et al., 

2016) which range from less than 0.5 µg/g (Teiber et al., 2015) up to 11,355 µg/g 

(Belousova et al., 2002). The mineral saturation index for fluorapatite is greater than 1 

(ranging from 1.96 to 11.8) thus apatite should be stable in local groundwaters. The 

insoluble nature of phosphates in groundwater is supported by most natural groundwaters 

being below analytical detection limits (Holman et al., 2008). This is consistent with the 

uranium-As and manganese-As systematics in the well water analyzed, with only a few 

samples that have U/As ratios that correspond to apatite dissolution, and only at low As 

concentrations (Fig. 5.3A and B). There is no correlation between dissolved As and 

fluoride in the well water.  

Monazite [CePO4] is a rare mineral in the samples studied, typically making up 

less than 0.01 modal %. Grains of monazite are euhedral to subhedral with occasional 

corrosion at the edges and can be zoned and/or pitted (Fig. 5.7E in SI). Like apatite, this 

phosphate is included in biotite or occurs along biotite grain boundaries. In some cases, 

monazite forms micron-scale inclusions in apatite and rarely do these inclusions comprise 

most of the phosphate grain. Most monazites are 10-30 µm in size but can be as large as 

100 µm. The average As concentration of monazite is 550 µg/g with most of the data 

between 450 to 630 µg/g (1st and 3rd quartile). Monazite As concentrations are uniform 

across all three plutons, although the variability in the Musquodoboit Batholith is slightly 

greater. Such high As concentrations are consistent with experimental measurements of 

monazite-melt partitioning (Stepanov et al., 2012). Additionally, high As in monazite is 
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expected as a solid solution between monazite and gasperite [CeAsO4] has been 

documented in REE-enriched granites (Majzlan et al., 2014 and references therein). 

Calculated mineral saturation index for monazites using estimated phosphate 

concentrations (Table 5.1) indicates that this phase is stable (supersaturated) under the 

observed well water chemistry. Uranium-As well water concentrations (Fig. 5.3A) could 

suggest congruent monazite dissolution in some samples in contrast to the mineral 

saturation index. The manganese concentration of monazite ranges from < 1 μg/g to over 

900 μg/g, thus Mn-As systematics cannot assess monazite dissolution. At acidic 

conditions, monazite becomes more soluble and combined with its high concentration of 

As (Fig. 5.2) indicates that a decrease in well water pH, such as from seepage related to 

acid rock drainage outflows, could trigger a significant release of As.  

Xenotime [YPO4] is the rarest of the three phosphates in the samples studied, at < 

0.001 modal %. Xenotime is subhedral to anhedral, 20 to 100 µm, and occurs on biotite 

grain edges but may also be present as inclusions. In some cases, xenotime forms zoned 

overgrowths on monazite (Fig. 5.7D in SI). Like monazite, in REE-enriched granites 

xenotime exhibits a solid solution with an arsenate endmember, in this case, chernovite 

[YAsO4] (Majzlan et al., 2014 and references therein). However, the As concentrations of 

xenotimes in this study ranged between 31 and 78 µg/g.  

5.3.3. Sulfides 

Pyrite [FeS2] is the predominant sulfide in the samples studied, with lesser amounts of 

chalcopyrite occurring as inclusions (Fig. 5.4A) in the pyrite from the Port Mouton 

Pluton. This contrasts with the work of Clarke et al. (2009) where pyrrhotite [Fe(1-x)S] 

was identified as the primary sulfide. However, these pyrrhotite grains are from near the 

Meguma-South Mountain Batholith contact and are believed to be xenocrysts (Clarke et 

al., 2009). The modal amount of pyrite is highly variable from trace (<0.01 modal %) to 

0.1 modal %. Pyrite in central plutons is partially to completely replaced by hydrous 

ferric oxides and ferric hydroxides (Fig. 5.4B, C and D). Based on replacement 

morphologies, the original pyrite crystals are anhedral and range up to 200 µm in size. 

Pyrite contains from <14 µg/g up to 15,000 µg/g As (Table 5.1). Such higher 

concentrations are not unusual, as levels up to 10 wt.% (Fakhreddine et al., 2021) have 

been reported. Magmatic pyrrhotite is not expected to have high As concentrations as the 
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partition coefficient between monosulfide solution (the high-temperature phase of 

pyrrhotite) and silicate melt should be near unity (Li and Audétat, 2015). Xenocryst 

metamorphic pyrrhotite is also expected to have low As concentrations as metamorphism 

can convert high-As pyrite into low-As pyrrhotite (O’Shea et al., 2015). Although pyrite 

can host significant amounts of arsenic, its variable concentration and low modal 

abundance suggest it does not the control the whole-rock arsenic content. Based on the 

estimated Eh and measured pH of the local well water, pyrite is unstable and expected to 

oxidize with iron re-precipitating as a ferric oxyhydroxide, in agreement with textural 

evidence. The As released from pyrite should be correlated with sulfur or iron based on 

the ratio of these elements in this mineral, however, this is not observed in the well water 

chemistry. This discrepancy may relate to sorption of As onto secondary minerals, as 

discussed below. The high concentrations of As in pyrite make it a significant reservoir 

for this element despite low model abundances (Fig. 5.2). The textural evidence of pyrite 

dissolution and oxide replacement in the Halifax Pluton and MP indicates that this 

mineral is likely contributing to As in the associated well water. 
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Figure 5.4 Backscattered electron images of 

representative sulfides and ferric oxyhydroxide 

(FOH). A) Pyrite with chalcopyrite from the Port 

Mouton Pluton. B) Pyrite partially replaced by 

FOH from the Musquodoboit Batholith. C) Pyrite 

partially replaced by FOH from the Halifax 

Pluton, with As concentration higher in the FOH 

than the sulfide. Darker phases in the FOH are 

slightly more enriched in silicon. D) Pyrite 

partially replaced by FOH from the Halifax 

Pluton, with As concentrations lower than in the 

sulfide. E) Mass of As in pyrite (pink), and FOH 

(purple) compared to the estimated mass of As in 

the original pyrite grain. The mass of As in the 

original pyrite is calculated from the area of the 

grain pair, an estimated thickness based on grain 

width, and the assumption that the As 

concentration of pyrite was homogenous and has 

remained unchanged since replacement by FOH. 
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5.3.4. Oxides 

Rutile [TiO2] occurs as 50-100 µm euhedral inclusions in biotite, subhedral to 

anhedral grains included in chlorite or as large (>100 µm) anhedral grains included 

within or along the margins of ilmenite crystals. Rutile is present in the samples at trace 

levels (< 0.1 modal %) The As concentrations of rutile are below 1 µg/g.  

Ilmenite [FeTiO3] occurs as discrete 300 µm subhedral to anhedral grains or as 10 

to 50 µm long needles often included in biotite. Similar to rutile, the concentration of As 

in ilmenite is less than 1 µg/g, consistent with previously reported values (Onishi, 1969; 

Smedley and Kinniburgh, 2002). Ilmenite is the dominant titanium phase present in the 

samples at minor (< 1 modal %) to trace levels.  

Hydrous ferric oxide and ferric hydroxides (Goethite [α-Fe3+O(OH)] and 

lepidocrocite [γ-Fe3+O(OH)]), henceforth called ferric oxides and hydroxides (FOH), 

partially to completely replace pyrite in samples from the Musquodoboit Batholith (Fig. 

5.4B) and Halifax Pluton (Fig. 5.4C and D), but not the Port Mouton Pluton. These 

phases mantle the pyrite and have either a mottled or botryoidal texture. The analytical 

totals of the FOH, assuming all Fe3+, are often less than 100%, suggesting hydration in 

most of the grains. Additionally, the FOH contained 1-2 wt.% Si, with one sample having 

up to 5 wt.% Si which may be related to porosity and silicate inclusions formed during 

the alteration of the pyrite. Within the Port Mouton Pluton, a single 30 µm goethite 

crystal included in plagioclase feldspar was observed. This grain did not have any 

associated pyrite, suggesting goethite replaced the sulfide. Most of the sulfide oxidation 

products have As concentrations between 120 and 840 µg/g, similar to values reported 

for other localities (Smedley and Kinniburgh, 2002). Whether this As is sorbed or 

structurally bound is unknown. Mass balance calculations (Fig. 5.4E) of pyrite-FOH pairs 

demonstrate that the concentration of As in two of the FOH grains is greater than could 

have been achieved by the replacement of the original sulfide. To explain this 

discrepancy either the remaining sulfide was depleted in As compared to the original 

grain or the FOH has acquired more As than available from the original sulfide, possibly 

through adsorption. If the acquired As is present as an adsorbed component, then several 

mechanisms can lead to the release of As from FOH including a change in pH, a change 

in the sorption strength, the reduction of hydroxide surface area (possible through phase 
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transformation), or hydroxide dissolution (Smedley and Kinniburgh, 2002; Dixit and 

Hering, 2003). Dissolution is unlikely as mineral saturation indicess suggest goethite is 

stable in the groundwater system (Table 5.1); however, this may change if the 

groundwater were to become reduced.  

In terms of the effect of pH, the sorption behavior depends on the speciation of As 

in groundwater. At the estimated Eh-pH conditions As is predicted to be mainly in the 

pentavalent form, and a previous study demonstrated a 15-30% drop in the sorption 

capacity of AsV on goethite for a change from pH 6 to 8 with a larger decrease in sorption 

capacity associated with lower initial As concentrations (Dixit and Hering, 2003). The As 

concentration of the well water from the Halifax Pluton shows a weak increase with 

increasing pH (Fig. 5.3C) consistent with this behavior. A similar relationship exists for 

the other South Mountain Batholith samples, although there is considerable scatter in the 

data. The well water As concentrations related to the Port Mouton Pluton do not increase 

with increasing pH, which is consistent with a lack of a regulating role for FOH. The 

spread seen in Fig. 5.3 C may be related to the other factors affecting As sorption. 

Dissolution of other potential sources of As such as cordierite may cause the variation in 

well water concentrations of As, as some of the well water U/As and Mn/As ratios (Fig. 

5.3A and B) correspond to the dissolution of this phase.  

5.3.5. Geogenic Controls on Arsenic in Groundwater 

While the absolute As content of a granite may influence the associated 

groundwater, this does not appear to be the case with Nova Scotian granites. The whole-

rock As concentration of the central and southern plutons does not scale with the well 

water As content straightforwardly, implying a more complex control. Thus, this study 

considers sample mineralogy to explain the observed variation. The main mineralogical 

differences between the granitic bodies are 1) the presence of cordierite and its alteration 

products in the central plutons and its absence in the southern granites and, 2) the 

observed evidence for pyrite oxidation resulting in the formation of FOH rims in the 

Halifax Pluton and Musquodoboit Batholith, while pyrite in the Port Mouton Pluton is 

pristine. In both cases, the phases identified in the central granites may have labile As and 

therefore release As into infiltrating groundwater. The absence of cordierite and its 

alteration products from the Port Mouton Pluton can partially explain the lower As 
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concentrations in the southern plutons. However, As-rich pyrite is present in all the 

granites studied. The presence of FOH replacement of pyrite seems to provide the most 

obvious mechanism for As release/retention into groundwater, with pH as a contributing 

factor. As groundwater Eh-pH conditions are similar for both the central and southern 

granites, the lack of FOH in the Port Mouton Pluton implies these sulfides were not 

exposed to oxidizing groundwater, reflecting a permeability control on As release. In 

general, factors that control permeability in crystalline rocks are fractures, joints, and the 

degree of weathering. Hydrothermal alteration increases the porosity of granitic rocks by 

the alteration of plagioclase to illite and biotite to chlorite, but the permeability only 

increases with extensive alteration (Staněk and Géraud, 2019). The central pluton 

samples in this study appear to have high degrees of chloritization and sericitization 

relative to the Port Mouton Pluton (Table 5.2 in SI). Additionally, intense weathering has 

formed saprolites in the South Mountain Batholith (O’Beirne-Ryan and Zentilli, 2006) 

indicating associated areas of increased permeability (Lachassagne et al., 2021). Thus, 

the central plutons have greater permeability than the southern plutons. 

Owing to the moderate to high concentrations of As in both pyrite and cordierite 

and the evidence for their instability, both phases are potential geogenic sources of As in 

granitic terranes. However, these geogenic sources are influenced by other factors, with 

cordierite limited to granites with peraluminous compositions (Clarke, 1995), and 

sulfides, while ubiquitous, requiring destabilization by oxidized, high pH waters for 

efficient release.  

5.4. Conclusions 

Cordierite and pyrite are the main sources of As to groundwater in the central 

granites of Nova Scotia. The replacement of pyrite by FOH is a secondary control that 

can inhibit or limit the release of As into groundwater. Pyrite is also a potential geogenic 

source at the Port Mouton Pluton; however, lower permeability caused by less intense 

hydrothermal alteration impedes oxidation and in turn prevents As release.  

In addition to the above minerals, zircon, REE-epidote, and monazite are potential 

geogenic sources at other locations with granitic bedrock. Of these three phases, monazite 

is the highest risk mineral. It contains a significant amount of As and is soluble under 
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acidic conditions, such as those that occur during ARD. Acid rock drainage could 

infiltrate the granites in Nova Scotia near the contacts with the Meguma metasediments. 

Exposure of sulfide mineralization by mining/construction activities could also generate 

ARD in the South Mountain Batholith that could release As from monazite. The results 

of this study emphasize the importance of understanding bedrock mineralogy in 

predicting well water contamination.  
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5.5.  Supplementary Information 

Dataset 5A- Analytical Details for EMPA and LA-ICPMS.  

Digital Excel file. In tab 1 labelled EMPA is a table listing the X-ray line, Count time, 

Crystal, and standard for each element and mineral pair analyzed. Tab 2 labelled LA-

ICP-MS contains dwell time, and standard for each isotope, and if the isotope was used 

an internal standard. 

 

Dataset 5B- All Mineral Trace Element Analyses.  

Digital Excel file containing LA-ICP-MS analysis of minerals. Data is presented by 

Pluton, Sample number, mineral and analysis ID. Reported for each isotope is the 

concentration in μg/g, the 2σ error, and the limit of detection.  
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Figure 5.5 Representative Raman spectra of ferric oxides and hydroxides from the Halifax Pluton 

and the Musquodoboit Batholith, with reference spectra of goethite (RRUFFID: R120086), hematite 

(RRUFFID: R050300) and lepidocrocite (RRUFFID: R050454) for comparison. 
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Figure 5.6 Photograph of South Mountain Batholith outcrop face located on roadcut 650 m past Exit 

5 on NS-Hwy 103 W, in Upper Tantallon, Nova Scotia. Latitude: 44°42’07.7” 

Longitude:63°52’04.1”.The pits in the granite are caused by the selective weathering of cordierite. 
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Figure 5.7 Backscatter electron images of representative As-bearing accessory minerals: A) 

cordierite (Crd) pseudomorphs from the Halifax Pluton showing domains with partial to complete 

replacement by chlorite (Chl), muscovite (Ms), biotite (Bi), and domains of altered cordierite to 

pinite; B) cordierite pseudomorphs from Musquodoboit Batholith showing partial to complete 

replacement by chlorite (Chl), muscovite (Ms), biotite (Bi), and domains of chlorite altered to pinite; 

C) REE-epidote from the Musquodoboit Batholith D) Monazite with xenotime mantle from the 

Halifax Pluton; E) monazite from the Musquodoboit Batholith; F) apatite from the Musquodoboit 

Batholith. 
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Table 5.2 Summary of Samples 

Sample Texture Easting Northing Lithology Pluton 

Central or 

Southern 

Pluton 

Cordierite 

Bearing 

Grain 

Size 

Degree of 

Chloritization 

Degree of 

Plagioclase 

Alteration 

18JC-0003 
Porphyritic K-

Feldspar 
449154 4933734 MBMG HP Central N MG 1 3 

18JC-0004 
Porphyritic K-

Feldspar + Plagioclase 
449507 4927713 MBMG HP Central N FG 1 2 

18JC-0008 Equigranular 447604 4943099 BGD HP Central N CG 0 2 

D12-0103-2 
Equigranular 

(Excluding Biotite) 
442747 4942774 LMG HP Central N 

CG to 

MG 
3 3 

D12-3082 Equigranular 431593 4929963 LMG HP Central Y CG 1 2 

21BM-0020 
Prophyritic 

Plagioclase & Quartz 
358201 4867941 MBT PMP Southern N MG 0 2 

21BM-0021 
Equigranular with 

poikilitic K-Feldspar 
356333 4867913 MBMG PMP Southern N FG 0 2 

21BM-0022 
Equigranular 

(Excluding Biotite) 
350696 4857270 BT PMP Southern N CG 0 1 

21BM-0023 

Poikilitic Porphyritic 

K-Feldspar, Anhedral 

Micas 

345468 4858636 MBMG PMP Southern N MG 0 1 

M79-010 Equigranular 520854 4973701 LMG MB Central Y CG 1 2 

M79-022 
Porphyritic K-

Feldspar 
500983 4961278 LMG MB Central Y CG 1 2 

M79-103 
Porphyritic K-

Feldspar 
501557 4962311 LMG MB Central N CG 1 2 

BGD= Biotite Granodiorite; BMG= Biotite Monzogranite; MBMG= Muscovite Biotite Monzogranite; LMG= Leucomonzogranite; MBT= Muscovite Biotite 

Tonalite; BT= Biotite Tonalite; HP =Halifax Pluton; PMP = Port Mouton Pluton; MB= Musquodoboit Batholith; CG: Coarse grained (>2 mm); MG: Medium 

grained (1-2mm); FG: Fine Grained (<1 mm) 

Coordinates are in UTM 20 NAD 83 

1
3
7
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Table 5.2 – footnote continued. 

Degree of Chloritization 

0) Negligible: No alteration to one or two grains with minor alteration on grain boundaries 

1) Minor alteration: Most grains have alteration on grain boundaries or  a few grains have been completely replaced by chlorite 

2) Significant alteration: Almost all grains have alteration with multiple grains being completely altered. 

3) Intense alteration: Almost no Biotite remains 

Degree of Plagioclase Alteration 

0) Negligible: No alteration to one or two grains with minor alteration 

1) Minor alteration: Some grains have alteration in cores 

2) Significant alteration: Almost all grains are altered but most are below 50% 

3) Intense alteration: All grains are over 50% altered 

 

Table 5.3 Modal Abundances of Accessory Phases 

Sample 

Number 

REE-

Epidote 
Apatite Cordierite 

Cordierite 

(Pinite) 

Cordierite 

(Muscovite) 

Cordierite 

(Biotite) 

Cordierite 

 (Hydrous-

Aluminosilicate) 

Cordierite 

(Chlorite) 

18JC-0003 0.012% 0.12% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

18JC-0004 0% 0.15% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

18JC-0008 0% 0.22% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

D12-0103-2 0.0010% 0.079% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

D12-3082 0.0010% 0.012% 0.42% 0.55% 0.32% 0.32% 0.0% 0.25% 

21BM-0020 0.0% 0.19% 0.000% 0.0% 0.0% 0.0% 0.0% 0.0% 

21BM-0021* 0.0% 0.11% 0.000% 0.0% 0.0% 0.0% 0.0% 0.0% 

21BM-0022 0.0030% 0.21% 0.000% 0.0% 0.0% 0.0% 0.0% 0.0% 

21BM-0023 0.0% 0.16% 0.000% 0.0% 0.0% 0.0% 0.0% 0.0% 

M79-010 0.025% 0.46% 0.000% 0.0% 0.0% 0.0% 0.0% 0.0% 

M79-022 0.000% 0.073% 0.920% 2.3% 1.2% 1.6% 0.12% 0.0% 

M79-103 0.0030% 0.11% 0.000% 0.0% 0.0% 0.0% 0.0% 0.0% 

* Modes estimated from backscatter electron image not XRF maps 

** Overestimate due to spectral interference

1
3
8
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Table 5.3 Continued. 

Sample Number Monazite Goethite Pyrite Titanite Zircon** Xenotime 

Rock-

forming 

Silicates 

18JC-0003 0.0020% 0.016% 0.0070% 0.045% 0.51% 0.0010% 99.2% 

18JC-0004 0.0080% 0.0% 0.0% 0.000% 1.4% 0.0% 98.4% 

18JC-0008 0.010% 0.023% 0.0020% 0.0010% 0.86% 0.0010% 98.9% 

D12-0103-2 0.0010% 0.0010% 0.0010% 0.0050% 0.51% 0.0010% 99.4% 

D12-3082 0.0040% 0.011% 0.0% 0.000% 0.16% 0.0010% 98.0% 

21BM-0020 0.0030% 0.0% 0.001% 0.0% 1.1% 0.0% 98.8% 

21BM-0021* 0.0060% 0.0% 0.000% 0.0% 0.10% 0.0% 99.8% 

21BM-0022 0.0060% 0.0% 0.101% 0.0090% 0.78% 0.0010% 98.9% 

21BM-0023 0.0010% 0.003% 0.0% 0.010% 1.7% 0.0% 98.2% 

M79-010 0.0020% 0.048% 0.0% 0.032% 0.38% 0.0010% 99.1% 

M79-022 0.015% 0.0% 0.0% 0.0% 1.6% 0.0% 92.2% 

M79-103 0.0010% 0.0010% 0.0040% 0.0080% 0.56% 0.0% 99.3% 

* Modes estimated from backscatter electron image not XRF maps 

** Overestimate due to spectral interference

1
3
9
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Chapter 6  

CONCLUSIONS 

The goal of this thesis was to determine the high-temperature geochemical 

properties of As and Sb in order to understand the compositional evolution of these 

elements during magmatic processes and their mineralogical distribution in the 

solidification products of felsic melts. Results of this work established the speciation of 

As and Sb in silicate melts by direct measurements with XANES. The seemingly 

paradoxical As enrichment of apatite in plutonic rocks was also explored by determining 

the apatite/melt partition coefficient for As under controlled laboratory conditions. 

Finally, this thesis determined the distribution of As in granitic bedrock samples from 

southwestern Nova Scotia and identified the geogenic sources of As contamination in 

associated well water. The main conclusions of this thesis are: 

❖ The speciation of As and Sb in magmatic systems: Over the range of 

oxygen fugacity (fO2) encountered in terrestrial magmas (FMQ -3 to FMQ +3.5) both 

As and Sb were identified as trivalent cations in mafic melts, with the same As 

species found in felsic melts.  Owing to the charge/size mismatch of this oxidation 

state with most major element crystallographic cation sites, both As and Sb are likely 

to be excluded from common rock-forming minerals during crystallization.  

❖ Partition coefficient between apatite and felsic melts for As: Over the 

range of fO2 for felsic magmas (FMQ-3 to FMQ +3.5) the apatite/melt partition 

coefficient for As is expected to vary from ~0.1 to ~1 in peralkaline melts, with 

values <1 in metaluminous and peraluminous compositions. Therefore, As is 

incompatible in apatite, except under extraordinarily oxidizing conditions. The high 

concentrations of As observed in apatite from terrestrial rocks are not a reflection of 

oxidizing conditions. Instead, high As in apatite and elevated apatite/whole partition 

coefficients for As indicate late apatite saturation after extreme degrees of 

crystallization.  

❖ The distribution of As in granites:  Pyrite, cordierite and monazite have 

elevated As concentrations in representative samples of the southwestern Nova 

Scotian granites. Arsenic release may occur by either oxidation (pyrite) or dissolution 

(cordierite), although As released by oxidation is modulated by the formation of 
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secondary ferric oxides. In granitic terranes, the nature of the As-bearing mineralogy, 

not the As whole-rock content, controls geogenic sources of contamination. Other 

factors such as groundwater chemistry and permeability may play a critical role in 

determining As mobility. 

Taken together, these results tell a story of As and Sb incompatibility in magmatic 

minerals. In the absence of sulfides, both elements will concentrate in the residual melt 

during the crystallization process. Late crystallizing phases will equilibrate with melts 

having higher As and Sb concentrations, becoming enriched in these elements. If these 

phases are unstable under surface conditions, then they can provide geogenic sources of 

contamination in groundwater.  

This thesis provides a starting point for further research into the behavior of 

arsenic and antimony in magmatic systems. Below is a brief list of questions raised for 

future work.  

❖ The Antimony Paradox: The geochemistry of Sb in subduction zones is somewhat 

enigmatic as Sb is expected to be sequestered by rutile in the slab, similar to Nb. This 

idea is supported by studies showing that rutile holds the entire Sb budget in eclogites 

(Zack et al., 2002). However, Sb is enriched in arc magmas when compared to Nb (Zack 

et al., 2002) and this thesis found that in basaltic magmatic systems that Sb is in the SbIII 

form which is incompatible in rutile. Trivalent antimony explains the fractionation from 

Nb in arcs magmas, but not the high Sb concentration in rutile. Thus, further experiments 

exploring Sb, Nb partitioning at subduction zone conditions are needed. 

❖ Arsenic in Apatite Paradox: Other compositions: This thesis revealed the As in 

apatite paradox, which was explained to be a result of melt enrichment caused by extreme 

degrees of fractional crystallization. However, this model was only applied to samples 

from the peraluminous South Mountain Batholith. Data for apatite and whole-rock As 

concentrations in peralkaline and metaluminous plutonic systems could be used to verify 

the proposed enrichment model in systems where apatite is expected to crystallize earlier. 

Also, data on coexisting apatite and volcanic glass could be used to verify magma redox 

state determined using other oxygen barometers.   

❖ Arsenic in Apatite Paradox: Pile-up Diffusion: This study suggested extreme 

degrees of fractional crystallization as the mechanism for As to become enriched in the 
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melt prior to apatite formation. However other processes such as pile-up diffusion 

(Holycross and Watson, 2018) or trapped residual melts (Bea et al., 2022) could 

potentially cause extreme arsenic enrichment. These models require As diffusion 

coefficients, which have not been measured for felsic systems. Thus, future experimental 

studies investigating As diffusion could be done to evaluate these alternative 

mechanisms. 

❖ Arsenic in Apatite Paradox: Mineralized Systems: Chapter 4 focused on the As 

content of apatite associated with unmineralized magmatic systems. However, the highest 

levels of As in apatite are associated with iron-oxide-apatite deposits (IOA; Belousova et 

al., 2002; Mao et al., 2016). Unfortunately, these apatite analyses do not have the 

corresponding whole-rock As contents available. The origin of these deposits is still 

debated, and the process(es) that enrich As in apatite may help to understand the 

associated metal enrichment. Apatite and whole-rock analysis for arsenic for samples 

from these deposits would be of use in this context. Additionally, targeted experiments to 

evaluate apatite/melt partitioning involving phosphate, carbonate or sulphate melts, 

which are proposed ore-forming agents, would be of benefit.  

❖ Arsenic in Cordierite: The unexpectedly high arsenic content of cordierite relative 

to other silicates from the South Mountain Batholith raises several questions which could 

have significant environmental relevance.  

o Where is the arsenic in the structure of cordierite? Is it in the cyclosilicates 

column, or is it substituting for Al or Si? 

o Are the South Mountain Batholith cordierites unique, or does all magmatic 

cordierite have high As? 

o Does metamorphic cordierite have elevated As? If so, is it the source of elevated 

As in groundwater associated with Meguma Terrane bedrock (Kennedy and 

Drage, 2017)? 

o How fast does cordierite react with neutral waters and how labile is As in 

cordierite? What about in acidic waters? 

❖ Geogenic Arsenic Model of Nova Scotia: Chapter 5 found that geogenic arsenic 

could be linked to the mineralogy of the granitic samples, however, this study did not 

attempt to explore the spatial link between bedrock mineralogy, and groundwater 
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chemistry. Future research could focus on replicating Chapter 5’s approach but use more 

systematic water and bedrock sampling over a limited spatial area. Alternatively, further 

work could explore any geospatial link between whole-rock geochemistry, mineralogy 

and groundwater chemistry using publicly available data for the entire batholith.  Both of 

these studies would be useful in evaluating geogenic arsenic risks.  
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