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Abstract 10 

The conditions of pyrite (Py) stability inform the extent of S mobility during prograde 11 

metamorphism, the formation of orogenic Au deposits and the S cycle in subduction zones. The 12 

variables that affect Py stability and chalcophile element mobility are investigated in the Pacific 13 

Rim Terrane of Vancouver Island, Canada, where sulfide-bearing carbonaceous sediments have 14 

been metamorphosed from 230 to 600 °C and 4 kbar by mid-ocean ridge subduction in a hot fore 15 

arc setting during the Eocene. The petrographic evidence in the rocks shows Py can co-exist with 16 

pyrrhotite (Po) over a wide temperature window to > 550 °C as preserved in porphyroblasts of 17 

andulasite, staurolite and garnet. Conversely, equilibrium phase diagrams constructed for the 18 

rock compositions conflict with observations and suggest the breakdown of primary Py occurs 19 

over a narrow temperature range below 400 °C. The phase diagrams are consistent with the 20 
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coexistence of Py and Po up to lower amphibolite facies only if S locally comprises a much 21 

greater proportion involved in a reaction than that of the overall bulk rock composition used in 22 

the calculations. While the chemistry of the bulk rocks and Po included in porphyroblasts show 23 

mobilization of H2O and S with increasing metamorphic grade of the forearc, this process 24 

appears unrelated to the distribution of chalcophile elements or Au deposits found in the Pacific 25 

Rim Terrane. 26 

Introduction 27 

Sulfur is a minor component of the Earth’s crust, but has a wide range of oxidation states 28 

(2- to 6+) and affinity for chalcophile elements, making its behaviour of significant interest in 29 

metamorphic systems and ore deposits. In marine siliciclastic sediments, S is typically bound in 30 

sulfides derived from biogenic, diagenetic, and hydrothermal processes (Goldhaber 2003). 31 

Among carbonaceous marine sediments, pyrite (Py) is the most abundant sulfide and may occur 32 

as disseminated anhedral grains, laminae and bands, framboids, spherulites, and cubic euhedra 33 

(Goldhaber 2003). Because sedimentary and diagenetic Py are commonly enriched in Zn, Cu, 34 

Mo, Pb, Au and Ag (Thomas et al. 2011; Large et al. 2012), the stability of Py during prograde 35 

metamorphism bears on their mobility of these economically important elements (Pitcairn et al. 36 

2006, 2010, 2015).  37 

Sulfide stability also bears on the global S cycle. The S subducted into the mantle in 38 

oceanic lithosphere becomes a potentially important redox agent in the mantle contingent upon 39 

the P-T stability fields of sulfide and sulfate, and the P-T paths taken by subducted slabs 40 

(Mungall 2002; Evans,2012; Canil and Fellows 2017; Walters et al. 2020). The behavior of 41 

sulfides in the shallow forearc of the subduction zone is significant for S mobility and ore 42 
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genesis (Pitcairn et al. 2010). During low pressure prograde metamorphism of carbonaceous 43 

sediments, one reaction involving sulfide can be (Tomkins 2010): 44 

FeS2 = FeS + 0.5S2     [1]  45 

where for every mol of Py consumed, one mole each of pyrrhotite (Po) and S is produced. A 46 

devolatilizing carbonaceous metapelite could also drive the production of reduced S compounds, 47 

such as in the reaction (Ferry 1981): 48 

2FeS2 + 2H2O (fluid) + C(Gr) = 2FeS + 2H2S (fluid) + CO2 (fluid)    [2] 49 

In this manner, S could be mobilized in a metamorphic fluid and liberated from the rock 50 

(Tomkins 2010) or available to react with other minerals. Either way, the breakdown of Py 51 

enables the redistribution of trace elements previously hosted therein (Large et al. 2012). There is 52 

significant variability in the degree of mobilization of base metals such as Cu, As, Zn, and Pb 53 

(Hammerli et al. 2016; Stepanov 2021), and a growing body of evidence suggests liberated Au is 54 

efficiently transported as HS- ligands at low temperatures in metamorphic fluids (Pokrovski et al. 55 

2009). Therefore, delineating the conditions of S mobility is central for understanding 56 

mechanisms of chalcophile element and Au distribution during prograde metamorphism. The 57 

development of internally consistent thermodynamic data for common sulfides like Py and Po 58 

(Evans et al. 2010) has advanced models of sulfide-silicate phase relations, but has produced 59 

contrasting results. When reactions between sulfides and iron-bearing silicates are precluded, the 60 

models show Py stability can persist until conditions approximating terminal chlorite breakdown, 61 

with concomitant fluid production (Tomkins, 2010). Conversely, some models of sulfide-silicate 62 

phase relations suggest that the Py-Po transition is instead a narrow, low-temperature threshold 63 

that is influenced by bulk rock chemistry (Zhong et al. 2015).  64 
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Sulfide phase relations vary with pressure, temperature and protolith composition (P-T-65 

X), necessitating careful consideration of both protolith and the P-T evolution of rocks.  This 66 

study seeks to test these variables by examining sulfide stability and chalcophile element 67 

changes from sub-greenschist to amphibolite facies in the Pacific Rim Terrane on southern 68 

Vancouver Island, Canada, where sulfide-bearing carbonaceous forearc metasediments have 69 

been metamorphosed from 230 to 600 °C at a broadly low pressure of 4 kbar (Seyler et al 2022; 70 

Geen and Canil 2023). Gold deposits in greenschist-amphibolite grade rocks in the terrane have 71 

been the subject of periodic economic interest (Houle, 2011). Thus, the Pacific Rim Terrane is 72 

complementray to evaluate controls on prograde loss of S, and its potential consequences for 73 

forming an orogenic Au deposit in a forearc setting. The occurrence of Py, Po, sulfide, and whole 74 

rock chemistry in the terrane are compared with representative phase diagrams of the rocks to 75 

examine controls on sulfide stability in the natural metamorphic rock record and assess any role 76 

of S re-distribution in metal concentration.  77 

Regional Geology and Metamorphism 78 

The Pacific Rim Terrane is a package of metasedimentary and subsidiary metaigneous 79 

rocks accreted to Wrangellia, two of the three westernmost terranes that make up the western 80 

North American Cordillera (Fig. 1). Metamorphism up to amphibolite facies coincided with 81 

isoclinal folding that transposed depositional fabrics into parallelism, obscured regional 82 

stratigraphy, followed by top-to-east shear and large-scale open folding (Fairchild and Cowan 83 

1982; Groome et al, 2003; Jakob et al. 2016). The terrane comprises three sub-units, two of 84 

which are considered in this study: the Leech River Complex and Pandora Peak Unit (Fig. 1).  85 

The Leech River Complex has a depositional age as young as 61 Ma (Geen 2021; Seyler 86 

et al. 2022) and comprises mostly interfoliated carbonaceous argillites, schists, arkoses and 87 
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greywackes, and quartz-rich paragneisses with psammitic and pelitic bulk compositions. 88 

Subsidiary but common meter to decimeter scale layers of metabasic rocks are intercalated with 89 

the metasedimentary rocks at all grades. Within the Leech River Complex, volumetrically minor 90 

tonalite sills with crystallization ages of 51 to 48 Ma (Groome et al. 2003; Seyler et al. 2022) are 91 

also interfoliated with the metasedimentary rocks but lack any contact aureoles.  92 

To the north, the Pandora Peak Unit comprises clastic argillites, tectonites, radiolarian-93 

bearing ribbon metacherts, metabasalts, and meta-ultramafic olistostromes. Metamorphic 94 

assemblages of lawsonite and glaucophane suggest sub-to-low blueschist facies conditions for 95 

this unit. Metamorphic temperature constrained by geothermometry increases southward from 96 

230 °C to 600 °C across the Pacific Rim Terrane (Fig 1). The metamorphic gradient is 97 

interpreted to have resulted from subcretion a hot, young nascent oceanic ridge or plateau at ~ 52 98 

Ma, represented by the Crescent-Siletzia Terrane to the south (Groome et al. 2001; Geen and 99 

Canil, 2023). Seyler et al (2022) suggest the Leech River fault that bounds the forearc 100 

sedimentary protolith of the Pacific Rim Terrane to the south was the interface of subcretion 101 

(Fig. 1). The terrane was then exhumed by ~ 45 Ma as recorded by Ar-Ar ages of muscovite 102 

(Groome et al. 2003).  103 

Methodology 104 

Thermometry 105 

Metamorphic temperatures for the Pandora Peak Unit and Leech River Complex (Fig. 1) 106 

have been determined by application of Raman spectroscopy of carbonaceous matter 107 

geothermometry (TRSCM) and garnet-biotite Fe-Mg exchange geothermometry and described in 108 

detail in a prior study by Geen and Canil (2023). The TRSCM on 23 individual samples from that 109 
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study are contoured over the field area (Figure 1) and used as a template of the metamorphic 110 

field gradient to view changes in sulfide behaviour and metal concentrations in the samples from 111 

this study.  112 

Whole Rock Geochemistry 113 

Rock samples of metapelites and metabasites were selected to assess S, C, and trace 114 

element content between protoliths and across metamorphic grade. Bulk rock major element 115 

geochemistry was determined on 13 samples. Trace element geochemistry including total S and 116 

C, were performed on a suite of 26 samples.  Analyses were completed at Activation 117 

Laboratories Ltd. Major oxides were digested by lithium metaborate/tetraborate fusion, dissolved 118 

in 5% nitric acid, and analyzed by ICP-OES. Trace elements were analyzed by ICP-MS and 119 

INAA. Total C and S analyses were measured at Activation Laboratories Ltd via IR detection of 120 

SO2 and CO2 from 0.2 g of combusted sample material in a high oxygen environment. Results 121 

including detection limits and standards are given in Supplemental A1.  122 

Electron Microprobe Analysis (EPMA) and Scanning Electron Microscopy (SEM)  123 

Scanning electron microscopy was performed at the University of Victoria with a Hitachi 124 

S-48000 instrument to collect backscatter imagery of sulfide minerals. Qualitative identification 125 

of sulfides (pyrite, pyrrhotite, chalcopyrite, spahelerite, galena) in samples across the field area 126 

was performed using a Bruker Quantax EDS system with an accelerating voltage of 20 kV and 127 

current of 20 nA. Electron microprobe analyses for major and select trace elements in sulfides 128 

were performed on five samples at the University of Alberta using a JEOL JXA-8900R 129 

microprobe with the wavelength dispersive spectrometer (WDS) at an accelerating voltage of 20 130 

kV and current of 20 nA (Supplemental A1). Spot analysis diameter was set to the minimum (1 131 
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µm) with 20 seconds on peak collection and 10 seconds on background collection for each 132 

analyte. Standards used are gallium arsenide (As), sphalerite (Zn). Pyrrhotite (Fe, S), alabandite 133 

(mn), copper metal (Cu) and nickel metal (Ni). Detection limits are given in Supplemental A1. 134 

Phase Diagrams 135 

Phase equilibrium diagrams for the metasedimentary units were generated using PerpleX 136 

(Connolly 2005). Bulk rock major element data for modelled samples were recast in the 137 

compositional system MnNCKFMASHTO+S (MnO-Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-138 

H2-O2 – C and S2), with C set as a saturated component to reflect conditions for graphitic 139 

metasediments without specification of fO2 conditions. The bulk rock composition of a garnet-140 

staurolite-sillimanite schist (AG080 - Table 1) was selected as a typical ‘benchmark’ pelite for 141 

the calculations. This composition is similar across metamorphic (chlorite to staurolite) grades in 142 

the Leech River Complex (Table 1). The ‘benchmark’ pelite AG080 composition (X1) is within 143 

±10% relative of the median Si, Ti, Al and Fe and XMg  of 5729 world pelite samples (Forshaw 144 

and Pattison, 2023), but has higher bulk Ca and Na (Table 1). More relevant to the model 145 

calculations of sulfide stability are the assumed bulk S content. The loss on ignition (LOI) value 146 

from bulk rock analyses was the initially assumed H2O content. Because metamorphic 147 

temperature in the Pacific Rim Terrane is universally >200 °C (Geen and Canil, 2023), high 148 

grade schists such as AG080 in the Leech River Complex may have lost S, and a faithful record 149 

of pre-metamorphic S contents is unavailable. The S content in siliciclastic marine sediments 150 

commonly ranges from 0 to 2.5 wt% S, and total S is positively correlated with total organic 151 

carbon at C/S 2.8±0.8 (by weight) (Goldhaber, 2003). Applying this relationship to the C 152 

contents of carbonaceous pelites in the Leech River Complex and Pandora Peak Unit 153 

(Supplemental A1) gives total S contents of 0.25 – 1 wt% in their protolith. Based on this 154 
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estimate, 0.65 wt% S2 was assumed in the benchmark pelite (AG080) bulk rock composition for 155 

the initial model calculations.  156 

Pressure-Temperature (P-T) diagrams were calculated from one to six kilobars and 300 – 157 

700 °C. The thermodynamic dataset used is Holland and Powell (2011) for silicates , carbonates 158 

and oxides. The thermodynamic data and solution models for sulfides are from Evans et al. 159 

(2010). The solution models of White et al. (2014) were used for garnet, biotite, staurolite, 160 

chlorite, epidote, white mica, ilmenite, and cordierite. The ternary feldspar solution model after 161 

Fuhrman and Lindsley (1988) was utilized. The basic ideal stilpnomelane and four component 162 

non-ideal carbonate solution models were also used. The selected chemical system excludes 163 

many components relevant to sulfide phases (e.g., Cu, As, Ni) as solution models for these 164 

components are not yet available. The fluid phase was treated explicitly as a solution using the 165 

COHS fluid model, which relies upon equations of state for the pure species H2O, CO2, CO, H2, 166 

and H2S (e.g., Connolly and Cesare 1993). To produce fluid-present conditions at low 167 

temperatures (<350 °C) molar H2O was artificially raised above the LOI value, while the ratios 168 

of other components were unchanged.   169 

Results 170 

Sulfide Petrography 171 

Sulfides occur in 56 samples across the field area and are described with increasing 172 

metamorphic temperature based on the isotherms in Figure 1. Detailed descriptions of the rocks 173 

hosting the sulfides are given in Geen and Canil (2023). Our focus is on the sulfides hosted in the 174 

matrix and porphyroblasts of the metasedimentary and metaigneous lithologies across grade in 175 

the Pacific Rim Terrane. We do not consider the sulfide assemblages associated with the Au-176 
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bearing quartz veins generally hosted in the thick metasandstone successions. The veins belong 177 

to a late hydrothermal or retrograde metamorphic paragenesis.  178 

A summary of sulfide parageneses, metamorphic index mineralogy and temperatures are 179 

given in Table 1 and Figure 2. Among low grade argillites and clastic tectonites, Py commonly 180 

occurs as a framboidal morphology which can occur even in rocks which experienced substantial 181 

deformation, and attained temperatures up to ~350 °C (Fig. 3ab). Other common morphologies 182 

include euhedral to subhedral Py cubes. No sulfide is observed in all but the lowest grade 183 

metasandstones in which they typically form anhedral, “porous” Py grains. At comparable 184 

metamorphic temperatures along strike, disrupted radiolarian metachert from the Pandora Peak 185 

Unit hosts exclusively anhedral grains of Po with subsidiary chalcopyrite (Ccp) and rare grains 186 

of native Au.   187 

Samples from medium metamorphic grades (350 – 450 °C), have a dearth of sulfide 188 

grains, but where they occur, Py is dominant. In one sample (AG105-1 – Table 1), thin 189 

“stringers” of Py occur parallel to the foliation, and thus likely represent primary grains 190 

deformed and recrystallized during prograde metamorphism. The Py stringers have a porous to 191 

poikiloblastic texture, an internal foliation-parallel fabric, and locally host small inclusions of 192 

Ccp (Fig. 3cde).   193 

At higher grades (450 – 600 °C) the matrix sulfide assemblages are Py, Po, and Ccp. 194 

Sulfide grain morphology is highly variable, including deformed Py cubes, and elongated 195 

anhedral grains that are deformed in the foliation. The highest grade metapelites (575 – 600 °C) 196 

typically do not host any matrix sulfide. Porphyroblasts of andalusite, staurolite and garnet at 197 

high grades, interpreted to have formed between 575 and 600 °C (Geen and Canil, 2023), have 198 

inclusions of sulfides.  The abundance of inclusions in andalusite varies from completely barren 199 



 10 

to numerous at identical metamorphic temperatures. In one coarse andalusite porphyroblast, 200 

inclusions of coexisting Py and Po are observed (Fig. 4a,b). Therein the adjacent Py and Po 201 

grains are both angular and anhedral, but the former hosts numerous small silicate and Ccp 202 

inclusions distributed throughout the grain. Conversely, the adjacent Po hosts few silicate 203 

inclusions, and Ccp persists as larger round blebs at the grain margin (Fig. 4c). The Po inclusions 204 

elsewhere within the same porphyroblast host rounded silicate blebs, but Ccp always occurs 205 

either as independent adjacent grains (Fig. 4d) or rounded intergrowths propagating from grain 206 

margins (Fig. 4e). Staurolite porphyroblasts are highly poikiloblastic, often containing inclusions 207 

of Po and occasionally Py. Inclusion morphology within staurolite is comprising rounded 208 

anhedral and non-porous blebs. Garnet porphyroblasts are typically euhedral and < 0.5 mm 209 

diameter, and in some cases host small anhedral Po ± Ccp grains.  210 

Metabasites interfoliated with metasedimentary rocks are observed across all 211 

metamorphic grades in the Leech River Complex and Pandora Peak Unit. Metabasites at low 212 

grade host irregular Py and Po as discrete grains and disseminated in deformed veins. Overall, in 213 

metabasite units Po is more abundant than Py at comparable metamorphic temperatures when 214 

compared to metasedimentary lithologies, although Py does locally occur as blebs within Po at 215 

moderate grade (~400 °C). High grade amphibolites are often sulfide-poor, or host trace amounts 216 

of Po and Ccp as inclusions in amphibole or grown in the interstices between laths. Metabasite 217 

lithologies which bear pink garnetite banding are associated with a greater modal abundance of 218 

interstitial Po locally replaced at the margins by fingers of bornite and an Fe-oxide (Fig. 3 f,g,h).  219 

Bulk Rock Geochemistry 220 

Bulk LOI values (mostly H2O) decrease with increasing temperature in both 221 

metasediments and metabasites. The bulk C (as carbonaceous matter) in the pelites, likely 222 
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controlled by original variations in the protolith (Pattison, 2006) shows no trend with increased 223 

grade of metamorphism, whereas a decrease of bulk C (as carbonate) is observed in metabasites 224 

(Fig. 5a,b). Bulk S in both metasedimentary and metabasic lithologies show considerable 225 

variation across metamorphic temperatures (Fig. 5c) suggesting it too is controlled by original 226 

protolith concentrations.  Chalcophile trace elements (Cu, Pb, Zn, As and Ga) do not exhibit 227 

systematic variation with metamorphic grade (Fig. 5d,e). Bulk Ni/Co exhibits a notable increase 228 

with metamorphic grade up to 400 °C among both metasedimentary rocks and metabasites (Fig. 229 

5e,f). Most analyses for Au were below the 2 ppb detection limit (Supplemental A1). The three 230 

high-grade samples above detection limit are associated with prevalent late quartz veining in 231 

andalusite-bearing schists from the Valentine Mountain region.  232 

Sulfide Chemistry 233 

There are only four main sulfide phases throughout the sample suite, with Py and Po 234 

being the most common, followed by Ccp, and only trace sphalerite. A small subset of Py grains 235 

at low and high temperatures contain up to 0.05 wt % As. Appreciable Cu was only measured in 236 

Ccp grains or Py hosting micro-inclusions of Ccp. The Ni contents in Po are up to 0.75 wt% in 237 

metasedimentary samples, and up to 2.8 wt% in the metabasite sample analyzed. The Ni content 238 

in Py is more variable from below detection limit for grains in the matrix, up to 0.22 wt% among 239 

Py inclusions in andalusite.  240 

The molar Fe/S values in Po show significant variation from ~0.83 to 0.92 across a 241 

temperature range of 300 to 600 °C (Fig. 6a). Much of the scatter is in the matrix phase. The Ni 242 

contents show a systematic decrease with metamorphic temperature in metapelites (Fig. 6b).  243 

The Fe/S and Ni contents of Po show a regular correlation to host porphyroblast phase (Fig. 244 

6c,d). The Fe/S increases, and Ni decreases in pyrrhotite in the order of matrix, andalusite, 245 
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staurolite and garnet, the inferred mineral appearance with increasing grade in these rocks based 246 

on textural and phase equilibrium considerations (Geen and Canil, 2023).  247 

Discussion 248 

Thermodynamic Modelling and Phase Diagrams 249 

We describe calculated phase diagrams along an isobaric path at 4 kbar expected for 250 

metamorphism of the Leech River Complex (Geen and Canil, 2023) and then compare these with 251 

natural assemblages. In the phase diagram for the benchmark composition X1, the Py-Po 252 

transition occurs over < 5 °C and concludes by 390 °C (Fig. 7). The terminal chlorite-out 253 

reaction occurs between ~480 and 540 °C. Thus, the Py-Po transition does not coincide with the 254 

fluid release associated with chlorite breakdown for a typical Leech River Complex pelite. Other 255 

studies have obtained similar results (Zhong et al. 2015).  256 

The predicted phase abundances show that across the Py breakdown reaction, an increase 257 

in the proportion of Po (Fe1-xS) is accompanied by a concomitant decrease in the proportion of 258 

stilpnomelane, the dominant Fe-bearing phase at temperatures below chlorite stability (Fig. 8). 259 

Similarly, the proportions of quartz, fluid, and white mica increase across the Py breakdown 260 

reaction. Sulfur liberated by Py breakdown produces additional Po by reacting with Fe in 261 

stilpnomelane. Therefore, reaction [2] is largely inapplicable since reactions with silicate phases 262 

sequester the released S (Zhong et al. 2015). The total Po content of the rock does not remain 263 

constant above the Py breakdown reaction. Instead, ~0.13 vol% Po is lost between 370 °C and 264 

600 °C, and there is a concomitant increase in fluid XH2S content and the Fe/S ratio of remaining 265 

Po (Fig. 8). From the initial Po formation T up to 600 °C, Fe/S ratios increase from ~0.91 to 266 

~0.94.  267 
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The terminal chlorite breakdown reaction which occurs between 500 – 550 °C produces 268 

fluid, biotite, and staurolite (Fig. 8) indicative of the generalized, unbalanced reaction: 269 

Chl + Mu + Pl = Bt + St + Pl + H2O   [3] 270 

Across this reaction, the slope of Po consumption is steepened, and there is a corresponding step 271 

increase in fluid XH2S. Simultaneously, the Fe/S of Po abruptly decreases before resuming 272 

monotonic increase with progressive heating. Therefore, the devolatilization accompanying 273 

terminal chlorite breakdown in turn drives the breakdown of Po in response to a decrease in fluid 274 

XH2S from adding water-rich fluid.  275 

Because the Leech River Complex comprises numerous metasedimentary protoliths that 276 

are sometimes interfoliated on the centimeter scale, we evaluated the sensitivity of the Py-Po 277 

transition to various bulk compositions using temperature-composition (T-X) sections. The 278 

compositional variables assessed are FeO, CaO, bulk S, and the extent of metapsammitic 279 

lithologies (bulk SiO2) mixed in the metapelites of the Leech River Complex.  280 

Variable Psammite Fraction in Protolith 281 

At 4 kbar, the change from metapelitic (X1) to metapsammitic (X2) lithologies predicts 282 

an expansion of Py to ~415 °C, and lowering of the temperature for first appearance of Po at 283 

~350 °C (Fig. 9a). The temperature of the chlorite breakdown reaction remains > 540 °C for ~80 284 

percent of the compositional variation from metapelite to metapsammite, but dramatically 285 

decreases in Fe-poor psammitic compositions. At 4 kbar in the metapsammitic composition X2, 286 

the terminal chlorite breakdown reaction is lowered to ~440 °C, and chlorite is not produced 287 

until ~420 °C, and its predicted modal volume never exceeds 1% (Fig. 9a). Similarly, the chlorite 288 

terminal breakdown reaction is shifted to below 540 °C, but any significant fluid generation via 289 
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chlorite breakdown occurs at conditions much above the calculated Py-Po reaction. Thus, 290 

metapsammitic lithologies widen the Py-Po window, but not sufficiently to coincide with the 291 

terminal chlorite breakdown reaction and any associated release of fluid (Tomkins 2010). 292 

Variable FeO  293 

Adjustment of total molar FeO by ± 50% relative of the X1 benchmark composition (Fig. 294 

9b) shows that this parameter is a dominant control on Py breakdown in the metapelite-295 

metapsammite section. Reduction of molar FeO (i.e., bulk FeO from 7 to 3.5 wt%) produces a 296 

similar effect to variation towards a psammitic lithology, increasing the first appearance of Po by 297 

~40 °C. Therefore, the field of coexisting Py and Po expands in a bulk rock composition 298 

comprising significantly lower molar FeO, such as the metapsammitic composition X2 or the 299 

low-FeO case X4 (Fig. 9b). Conversely, isobaric paths for sections with up to 50% additonal 300 

molar FeO were characterized by narrowing the Py breakdown reaction, and the conversion of 301 

Py to Po at conditions below <300 °C (Fig. 9b.  302 

The substantial variation in bulk rock FeO among metasedimentary rocks in the Pacific 303 

Rim Terrane due to cm- to m-scale layering of metapsammite within metapelite successions 304 

could cause local variability in the exact temperature Py breakdown, as has been reported in the 305 

Otago Schist in New Zealand (Pitcairn et al. 2010). However, the section for variable FeO (Fig. 306 

9b) was prescribed at constant bulk S2 content of 0.5 mol % to isolate the influence of changing 307 

FeO.  308 

Variable CaO  309 

Limestone horizons have been reported in the Pacific Rim Terrane (e.g., Fairchild and 310 

Cowan 1982). Thus, the effect of bulk rock CaO content may also bear on the conditions of Py 311 

breakdown. The constructed T-X section is for an increase in molar CaO by a factor of four to 312 
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simulate carbonate-bearing metasedimentary rocks (Fig. 9c). At higher CaO contents, the first 313 

appearance of chlorite on a prograde path is shifted to temperatures above the Py-Po transition. 314 

and the first appearance of biotite is reduced to <400 °C. For the maximum CaO composition, 315 

chlorite is only stable over a <20 °C (Fig. 9c). Thus, for carbonate-bearing metasedimentary 316 

rocks the prograde breakdown of chlorite produces much less fluid than in the typical 317 

metapelites. The maximum stability of Py is approximately unchanged for CaO-rich 318 

compositions, remaining <350 °C at 4 kbar but the width of the Py-Po transition is widened.  319 

 Variable S Content   320 

The stability of Py and Po is dependent on the S content of the system (Tomkins, 2010; 321 

Evans et al. 2010), and greater proportions of Py versus Po occur in rocks with greater molar 322 

S/Fe (Ferry 1981). Although 0.5 mol% S2 (0.65 wt%) was selected for as an initial point for the 323 

calculations, the sedimentary lithologies and low-grade samples from the Pacific Rim Terrane 324 

can have locally heterogeneous distributions of primary sulfide. The effect of variable S2 content 325 

on the Py-Po transition was investigated by varying the benchmark composition from 0.1 mol % 326 

to 5.0 mol % S2 (Fig. 10) at 4 kbar. The appearance of Po is shifted to higher temperatures with 327 

increasing S content. Conversely, at specified S contents less than the benchmark X1 case, the 328 

transition is narrow and low until ~0.25 mol % S2. Below this level of S, Po is stabilized and Py 329 

entirely destabilized at temperatures below the section domain.  330 

Over the range 0.25 – 1.6 mol % S2, which encompasses most sulfide-bearing 331 

metapelites, the effect of bulk S2 is limited to a gradual widening of the Py-Po transition. Above 332 

~1.6 mol % S2, Py is stabilized to drastically higher temperatures until at ~2.8 mol % S2 the 333 

appearance of biotite coincides with Py-out (Fig. 10). Above 3 mol % S2 the Py-Po reaction co-334 

exists with chlorite breakdown. Thus, the “ideal” case for simultaneous fluid production via 335 
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chlorite breakdown and S release via the Py-out reaction occurs in samples containing > 3 mol % 336 

S2, wherein both reactions occur in a narrow window at ~540 °C. Few typical marine siliciclastic 337 

sediments contain > 1 mol% S2 (Goldhaber 2003). Therefore, while S2 content is the most 338 

influential parameter on the Py-Po transition (even above FeO variations), only exceptional and 339 

localized protoliths such as hydrothermal sediments or pyrite lenses could result in alignment of 340 

both the Py -Po and chlorite-breakdown reactions in the equilibrium phase diagram. On a more 341 

regional scale, variations in FeO within metapelite successions are more likely to change in the 342 

temperature of Py breakdown. 343 

Comparison of models with metasedimentary rocks 344 

Low Grade 345 

The calculated phase diagrams can be compared with natural assemblages. Argillite and 346 

phyllite from the Leech River Complex do not show most of the predicted model assemblages in 347 

the X1 benchmark phase diagram at low grade below the chlorite isograd. For example, among 348 

carbonaceous phyllite, sphene grains are observed, but the volumes of stilpnomelane, garnet, 349 

paragonite and epidote predicted in the model are not.  Silicate phases formed above the chlorite-350 

in reaction are more compatible with mineralogy in the rocks (Figs. 2, 7). 351 

Regarding sulfides, metasedimentary rocks from the Pandora Peak Unit and a small 352 

subset of the Leech River Complex that attained temperatures less than 300 °C show Py that 353 

retains some primary and diagenetic textures (Fig. 2). Thus, samples which correspond to 354 

temperatures below the modelled temperature domain are consistent with Py being the dominant 355 

pre-metamorphic sulfide, and its retention to sub-greenschist conditions in other thermodynamic 356 

models and in natural rocks (e.g., Carpenter 1974; Tomkins 2010; Pitcairn et al. 2010).  357 
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Rocks with temperatures between 300 and 400 °C exhibit more varied incompatibility 358 

with the predictions of the model phase diagrams. While Py still occurs in this range, several 359 

samples comprise Po-dominated assemblages (Table 1, Fig. 2). For example, Sample AG010 360 

from the Pandora Peak Unit attained peak temperatures of ~300 °C but contains Po (Fig. 9). The 361 

presence of Po in sub-greenschist facies occurs in comparable metamorphic terranes of the Otago 362 

and Alpine schists, where it is the main sulfide among sub-greenschist facies rocks (Pitcairn et 363 

al. 2010). Conversely, the Barrovian-type Ocoee Series has a distinct Po isograd that occurs 364 

slightly downgrade of the biotite isograd (Carpenter 1974). Therefore, Po stability at 365 

temperatures of ~300 °C is inconsistent with the model predictions.  Conversely, the Py stringers 366 

from sample AG105-1 (Fig. 3) are interpreted as pre-metamorphic Py subject to concomitant 367 

deformation and metamorphism. The protolith composition is comparable to the benchmark 368 

pelite, and thus at a temperature of 400 °C and 4 kbar, the predicted stable sulfide in should be 369 

Po (Figs. 7, 8).  370 

High Grade 371 

In upper greenschist and amphibolite facies rocks, Py remains a prevalent matrix phase in 372 

the Leech River Complex schists. Most matrix Py grains are anhedral, and are generally 373 

interpreted here as part of retrograde assemblages. For these reasons, inclusion assemblages 374 

among the common porphyroblasts provide the least ambiguous record of sulfide stability during 375 

prograde metamorphism since they are isolated from ongoing equilibration with the matrix and 376 

metamorphic fluids (Brown et al. 2014). Textures suggests the generalized sequence of 377 

porphyroblast formation in the Leech River pelites is: (1) andalusite (in sufficiently aluminous 378 

protoliths), (2) staurolite on or embaying rims of andalusite, and (3) garnet growing coincidental 379 

with staurolite (Geen and Canil, 2023). These textural features may be interpreted to reflect  380 
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nearly coincident growth of all three minerals over a narrow temperature range, possibly 381 

catalysed by fluid in a ‘cascade effect‘ (Pattison and Tinkham, 2009).  382 

The occurrence of Py inclusions in andalusite and staurolite porphyroblasts (Fig. 3) as 383 

isolated and composite grains with Po is clearly above the Py breakdown reaction in the model 384 

(Figs. 7, 11). In the model, staurolite can be a product of chlorite and muscovite breakdown at > 385 

540 °C, suggesting Py was included by these porphyroblasts above this temperature (Fig. 7). The 386 

occurrence of staurolite and andalusite assemblages in rocks frequently do not agree with 387 

predictions of thermodynamic models for kinetic reasons (Pattison and Spear, 2018). 388 

Overstepping is required to form porphryoblasts and displaces their occurrence in natural rocks 389 

by upward of 30 to 70 °C compared to calculated phase diagrams (Pattison and Tinkham, 2009; 390 

Spear and Pattison, 2017). Nevertheless, staurolite formation at > 540 °C in the phase diagram 391 

(Fig. 7) is consistent with TRSCM > 530°C for samples in which it occurs (Table 1, Fig. 2; Geen 392 

and Canil 2023) suggesting Py was overgown by this phase at these temperatures. Conversely, 393 

garnet porphyroblasts never host Py. Garnet-biotite Fe-Mg exchange geothermometry indicates 394 

that garnet containing Po forms near peak temperature conditions (550  -  600°C) (Geen and 395 

Canil, 2023). A caveat in comparison of the garnet-hosted sulfide assemblages with other 396 

porphyroblasts is the significant discrepancy in grain size: staurolite and andalusite locally form 397 

grains in excess of one centimeter, while garnet in most samples is <0.5 mm.  398 

Sulfide mineral assemblages among the Leech River Complex and Pandora Peak Unit 399 

can be generalized by a greater frequency of Po and chalcopyrite (Ccp) among high grade rocks 400 

(>500 °C), and Py occurring across grade and exhausted by 550 °C. Pyrite in natural rocks 401 

greatly exceeds conditions of its stability, and of fluid release (chlorite-out), predicted in the 402 

calculated phase diagrams (Fig. 11). At lower temperatures the comparison of prograde changes 403 
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in the sulfide assemblage with models is somewhat obscured by the paucity of sulfides in upper 404 

greenschist facies phyllites. Field observations suggest that this gap is not an artefact of 405 

sampling, but that bulk rock S simply varied in original protolith compositions (Fig. 5c).  While 406 

the mobilization of S at higher temperatures (> 550 °C) is not evident in whole rock S contents 407 

(Fig. 5c) it is clearly captured by the systematic increase in Fe/S in Po included in porphyroblasts 408 

occurring with increasing grade from andalusite < staurolite < garnet (Fig. 7d). 409 

If S liberated from Py breakdown does not react with Fe-silicates to produce additional 410 

Po, as predicted in our models, it is possible that XH2S (fluid) is higher (e.g., Ferry 1981), and 411 

there is less modal Po than predicted by the models. Alternatively, if unlike the presented closed-412 

system models (Fig. 7 – 10), there is continual export of fluid with the liberated S and 413 

replenishment by new fluid from the breakdown of hydrous minerals, a net loss of S could be 414 

incurred. 415 

The Equilibrium Assumption 416 

Limitations of applying the calculated phase diagrams to physical samples are the 417 

selection of a representative bulk chemistry, the scale of the equilibration volume (Palin et al. 418 

2016; Lanari and Engi 2017) and equivocally demonstrating attainment of equilibrium (Connolly 419 

2005). The equilibrium assumption amongst all components in a rock is not met throughout the 420 

greenschist facies (Carlson 2002). The effect of the equilibration or ‘reactive’ bulk composition 421 

(Lanari and Engi 2017) may also bear significantly on sulfide stability. The width of the Py-Po 422 

transition is highly sensitive to bulk S2 (Fig. 10), and to a lesser degree, FeO (Fig. 9b). While S2 423 

comprises generally less than 1 mol% in the bulk analysis of a fist-sized metapelite sample, the 424 

‘reactive’ bulk composition on a smaller scale could comprise proportionally more sulfide. 425 

Increasing specified S2 to 4 mol% of the bulk composition widens Py stability to T above 426 
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terminal chlorite breakdown (Fig. 10). There is also evidence for restrictive local equilibrium 427 

among comparable graphitic metasediments. Strongly heterogeneous 𝛿34S values inherited from 428 

pre-metamorphic sulfide can persist on the cm-scale in medium-grade metamorphism of rocks 429 

for which the scales of isotopic equilibrium have are estimated to be tens or hundreds of meters 430 

(Oliver et al. 1992). 431 

Orogenic Gold Deposits 432 

Fluid loss and net transfer of S and Au by Py breakdown during prograde metamorphism 433 

is a process central to the metamorphic orogenic Au model (Tomkins 2010) . In metasedimentary 434 

lithologies of forearcs, high-temperature low-pressure metamorphism is commonly associated 435 

with quartz-sulfide hosted Au ore deposits (Haeussler et al. 1995; Pitcairn et al. 2006; 2010). In 436 

the Pacific Rim Terrane, the Leech River Complex hosts the Valentine Mountain Au deposit 437 

(Fig. 1). The phase diagrams of this study for metamorphism of sulfide-bearing carbonaceous 438 

sediments in the Pacific Rim Terrane (Figs. 7-10) show that Py breakdown could occur along 439 

different temperatures in different protoliths, depending on their bulk S, Fe and psammitic 440 

contents. While rock data show a loss of fluid (mostly as H2O) with increasing metamorphic 441 

grade (Fig. 5a) a monotonic decrease in total S contents is not evident between 300 and 600 °C 442 

(Fig. 5c). The changes in Fe/ S at highest grades indicated by sulfide porphyroblasts (Fig. 6d) are 443 

a reasonable indication that some open-system S loss occurred, yet all of Cu, Zn, Ga, and Pb 444 

show indistinct changes in the bulk rock at these conditions (Fig. 5), as is also observed at 500 to 445 

650 °C in the classic Ballacullish contact aureole (Finch and Tompkins 2017).  Unfortunately, 446 

Au is only detected among very low- or high-grade samples (Supplemental A1) but if it 447 

behaviour follows As (Fig. 5e) there is no obvious concomitant mobility of these two metals 448 

during prograde metamorphism of the forearc sediments represented by the Leech River and 449 
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Pandora Peak units. Thus, evidence is lacking that Py breakdown and concomitant S loss drove 450 

any mobilization chalcophiles to produce orogenic Au deposits in the Pacific Rim Terrane. 451 

Implications 452 

The equilibrium model phase equilibria for Py breakdown conflicts with petrographic evidence 453 

of forearc metasediments of the Pacific Rim Terrane, which indicates that Py co-exists with Po 454 

up to 550 °C, far higher than is suggested by models (Fig. 11). Calculated phase diagram models 455 

of the low temperature phase equilibria are suspect, and samples from low greenschist facies 456 

conditions (< 400 °C) may represent only partial or local equilibrium. The spatial scale of 457 

equilibration and processes governing the Py breakdown reaction at low grades could be tested 458 

more rigorously by thin-section scale evaluation of 𝛿34S values in greenschist facies rocks.  If the 459 

reactive bulk volumes are indeed small (cm-scale) in sub-amphibolite facies metamorphism, 460 

future thermodynamic modelling should consider the prospects of S comprising a greater 461 

proportion of the reactive bulk chemistry, as well as the effects of the net export of S via 462 

metamorphic fluid from the system during devolatilization of metapelites. In this case, the S may 463 

comprise a much greater proportion of the effective bulk composition in a reaction than that 464 

estimated for a homogenized metasedimentary sample. This widens the T interval that Py and Po 465 

may coexist throughout greenschist and lower amphibolite facies.  The pyrrhotite compositions 466 

in andalusite, staurolite and garnet porphyroblasts from the Pacific Rim Terrane show net 467 

mobilization of S at highest metamorphic grades, but the process is not necessarily connected to 468 

any local Au deposits. 469 

 470 
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Figure Captions 623 

Fig. 1 – (a) Geologic map of the Pacific Rim Terrane (PRT) on southern Vancouver Island, 624 

British Columbia, Canada (inset), showing the Leech River Complex (light grey) and Pandora 625 

Peak Unit (dark grey) modified after Cui et al (2017). The Pacific Rim Terrane is in fault contact 626 

with Wrangellia to the north along the San Juan Fault and underthrust by the Crescent-Siletz 627 

terrane to the south along the Leech River Fault. Also shown are Eocene and younger Carmanah 628 

Group sedimentary rocks, relevant major faults and various felsic (pink) and basic (green) 629 

metaigneous rocks. Samples used in this study are labelled and show locations of metamorphic 630 

temperatures measured using Raman Spectroscopy of carbonaceous matter (TRSCM) and garnet 631 

biotite FeMg exchange (TGtBt) (red diamonds, hexagons – (Geen and Canil, 2023); yellow 632 

diamonds – (Jakob et al, 2016) (b) Simplified isotherm map of the Pacific Rim Terrane that 633 

integrates the metamorphic temperatures in metasedimentary and metabasic rocks from (a). 634 

Areas with ‘?’ were inaccessible. The red star shows location of the Valentine Mountain Au 635 

deposit (Houle, 2011). 636 

Fig. 2 – Sulfide assemblages in samples from this study compared with metamorphic 637 

temperatures and index mineralogy for the Pacific Rim Terrane  (Table 1 and Geen and Canil, 638 

2023). 639 

Fig. 3 – Petrographic images of sulfides from Pacific Rim Terrane . (a, b) Reflected light images 640 

of tectonized metasediment from the Pandora Peak Unit (DC0514) rich in carbonaceous matter 641 

(CM) showing  disaggregated Py framboids and coarser Py aggregates  (c)  Polished mount of 642 

carbonaceous phyllite AG105-1with inset boxes corresponding to images in (d) and (e) . 643 

Deformed pyrite stringers have variable pitting textures, and can show foliation-parallel internal 644 

fabrics defined by microcrystalline inclusions. Large vertical fractures are indicative of brittle 645 
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extension. (f, g, h) Po grains surrounded by halos of bornite in metabasite (garnet amphibolite 646 

sample AG069).  647 

Fig. 4 – Transmitted light image of inclusions within a coarse andalusite porphyroblast in sample 648 

AG042 with insets corresponding to backscattered electron images of (a) to (e).  (a)  Small, 649 

anhedral Po inclusions with few silicate inclusions. (b) Large Po-Py composite grain, where Py 650 

forms as blebby grains in Po margins. (c)  Po grain with elongate Ccp lamellae possibly from 651 

exsolution. (d)  Coarse, fractured Po with ragged margins (rimmed by f.g. micas).  (e)  652 

Coexisting Py and Po in mutual contact. In Po, Ccp occurs as blebs arranged at the grain margin. 653 

In Py, Ccp occurs as small point grains throughout along with small silicate inclusions. 654 

Fig. 5 – Bulk rock element trends of metasediment and metabasite samples compared with their 655 

metamorphic temperatures from TRSCM  (Figure 1). A. Loss on ignition B. bulk C (ppm) C. bulk S 656 

(ppm) D.  Cu   E. As and F. Ni/Co. Other chalcophile elements (Pb, Zn, Ga) with no trends are 657 

not shown (see Supplemental A1 for data). 658 

Fig. 6 - Variations in A. molar Fe/S, molar M/S where M = (Fe + Ni + Zn), and B. Ni wt% in 659 

pyrrhotite (Po) with increasing metamorphic temperature recorded by Raman Spectrosocpy of 660 

Carbonaceous Matter (Geen and Canil 2023). Note AG137 (hexagon) is a metabasic actinolite 661 

schist, whereas the other four samples are pelitic protoliths. Dashed line insets show the samples 662 

plotted in panels C. and D. Values of C. Ni wt% and D. molar Fe/S in Po hosted in matrix and 663 

andalusite, staurolite and garnet porphryroblasts, the order of mineral appearance with increasing 664 

grade inferred by textural and phase equilibrium criteria. Uncertainties in all panels are one 665 

standard deviation of the mean. 666 
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Fig. 7 – Calculated phase diagram of the typical ‘benchmark’ Leech River pelite bulk 667 

composition X1 (sample AG080 – Supplemental A1). Some field labels omitted for clarity. Key 668 

mineral -in and -out boundaries are highlighted, including Po-in, Py-out, Chl-in, and Chl-out. 669 

These lines represent the appearance or disappearance of mineral, either by a continuous reaction 670 

or discontinuous reaction. Lines A. and B.  correspond to example isobaric heating paths at two 671 

different pressures. 672 

Fig. 8 - Panel plots showing changes to mineral volumes and chemistry along isobaric heating 673 

path  at 4 kbar from phase diagram of Figure 7. From left to right: (i) Volume percent of Py and 674 

Po across the Py breakdown threshold, and the terminal chlorite breakdown reaction boundary. 675 

(ii) Composition change in Po (Fe/S) recorded on left hand axis, including Fluid XH2S on the 676 

right (×10-3). As Po breaks down, the released S is accommodated in the fluid. (iii) Changes in 677 

mineral volume, and total fluid volume, with progressive isobaric thermal metamorphism 678 

Fig. 9 - Temperature – Composition (T-X) phase diagrams at 4 kbar varying between the 679 

benchmark composition X1 of Figure 7 and other components. (a) phase diagrams of X1 with a 680 

more psammitic component (X2). Chlorite volume percent contours show the terminal chlorite 681 

breakdown reaction at high temperature, while the Py-Po transition remains <420 °C. (b) Phase 682 

diagrams of X1 with X3 having 50% (relative) less FeO, and X4 having 50% more FeO, and 683 

with fluid and bulk S2 content adjusted to be constant. Reducing the FeO content increases the 684 

maximum temperature of Py-stability (c) Phase diagrams of X1 with a Ca-rich pelite. Higher 685 

CaO contents lead to a widening of the Py-Po transition to lower temperatures, below the model 686 

domain. Some stability field labels are omitted for clarity on the phase diagrams. 687 

Fig. 10 -  P-T phase diagrams for the bulk composition X1 renormalized for variable amounts of 688 

bulk S2. The width and minimum temperatures of Py breakdown (black arrow) increase with 689 
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increasing bulk S2 content. Note that at 4.0 mol% S2 the Py-Po transition eclipses the terminal 690 

chlorite breakdown reaction (shown schematically as the ‘chl-out’ field). The Py-Po transition 691 

widens to a greater degree at higher S2 values.   692 

Fig. 11 - Histogram plot showing the distribution of the samples at their estimated peak 693 

metamorphic temperature. (a)  Sulfide-bearing samples (*) are defined as those which show 694 

sulfide identified in hand sample, polished mount and thin section. Fields of ‘desulfidation’ and 695 

‘chl-out’ indicate locations of where each continuous reaction can occur, integrative of variation 696 

in protolith and pressure conditions in thermodynamic models. (b) Occurrences of pyrite (Py), 697 

(c)  pyrrhotite (Po), and (d) chalcopyrite (Ccp) across metamorphic temperature. Note that 698 

samples may host one or all of the identified sulfides. 699 

 700 

 701 



Table 1 – Mineral Assemblages and Bulk Compositions for Samples 
 



Unit Sample# Rock Silicate/Oxide Ass Sulfides T Gt Bt TRSCM SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total XMg
PPU AG006-1 Argillite  py + po + cp 290*
PPU AG010 Argillite chl + mu po + cp 306*
LRC AG029-4 Argillite 323 61.6 0.81 17.3 6.62 0.08 2.72 1.08 2.36 2.74 0.19 4.13 99.7 0.45
LRC AG140 Phyllite mu 369
LRC AG105-1 Phyllite mu py + cp 399*
LRC AG056 Phyllite mu 461*
LRC AG101-1 Phyllite mu 475* 61.5 0.83 17.7 5.71 0.07 2.36 3.01 1.83 2.87 0.16 4.03 100.0 0.45
LRC AG103-2 Phyllite 485*
LRC AG054 Phyllite bt + qz + mu 498
LRC AG135 Phyllite py 518
LRC AG049-1 Spotted Phyllgt + st + bt po + cp 596 +/-7 528
LRC AG127 Schist and + gt + st + bt po 548
LRC AG128 Schist and + gt + st + bt 549
LRC AG118 Schist gt + st + bt + mu 554
LRC AG046-3 Schist gt + st + bt + mu py + po + cp 561
LRC AG042 Schist and + gt + st + bt py + po + cp 563
LRC AG109 Schist gt + bt + mu po 578
LRC AG080 Schist sil + st + gt + bt + mpo 597 +/-9 591* 61.2 0.89 18.0 7.73 0.14 3.15 2.27 2.08 2.59 0.22 2.34 100.7 0.45
LRC AG049 Schist gt + st + bt po + cp 596
PPU AG089-1 metabasite chl py 235 44.4 1.46 20.8 11.13 0.27 3.34 12.57 1.49 0.28 0.20 4.82 100.7 0.37
PPU AG095-2 metabasite chl 366 46.9 2.10 12.8 13.16 0.20 7.46 8.86 2.80 0.42 0.28 4.04 99.0 0.53
TCM AG105-4 metabasite chl py + cp 399* 49.3 0.83 18.6 11.57 0.21 4.34 9.34 3.10 < 0.01 0.13 3.32 100.8 0.43
TCM AG055-1 metabasite chl + ep + mag 452 49.3 1.43 17.4 10.93 0.17 4.35 7.66 3.45 0.51 0.16 3.09 98.4 0.44
LRC AG137 Amp Schist amp + plag + ep + ilm 511 47.0 1.38 17.3 9.68 0.17 8.81 11.42 2.63 0.18 0.12 2.16 100.8 0.64
TCM AG137 Amphibolite amp + plag + ep po + cp 515 48.7 1.13 17.2 9.78 0.26 6.99 12.52 2.17 0.16 0.19 1.00 100.2 0.59
TCM AG070-2 Amphibolite amp + ep + qz + chpo + cp 546 45.6 1.57 15.6 12.49 1.36 6.32 12.56 2.07 0.22 0.25 1.09 99.2 0.50
TCM AG069-2 Amphibolite amp + ep + qz + chpo + cp 548 49.1 1.11 16.0 10.35 0.17 7.61 11.31 2.52 0.13 0.09 2.46 100.8 0.59
TCM LC 12 metabasite chl 555 45.8 2.51 19.0 13.09 0.20 4.07 9.39 3.52 0.69 0.39 0.77 99.4 0.38
TCM AG059 Amphibolite amp + pl + qz + bt po 558 61.3 0.75 16.5 6.82 0.23 2.72 2.05 6.20 0.04 0.34 2.59 99.5 0.44
Global** Pelite 64.1 0.91 19.6 6.85 0.08 2.41 0.65 1.38 3.95 0.41

PPU - Pandora Peak Unit; LRC - Leech River Complex; TRM - Tripp Creek Metabasite
amp- amphibole;  and- andalusite; bt - biotite; chl- chlorite; ep - epidote; gt- garnet;  ilm - ilmenite; mu - muscovite; mag - magnetite; qz - quartz; st- staurolite
py - pyrite; po- pyrrhotite; cp- chalcopyrite
XMg = molar Mg/(Mg+Fe); TGtBt- T from gt-bt FeMg thermometry (Geen and Canil, 2023) ); TRSCM - T from Raman spectroscopy of carbonaceous matter (Geen and Canil, 2023)
** Median composition of 5729 world pelites (Forshaw and Pattison, 2023)
 
 



 



Fig 1



� ��� ��� ��� ��� ��� ��� ���

Leech River Pelite

py

po

st

and

sill

gt

cp

bt

Temperature (oC)

Fig 2



ba

e

d

c

f g

h

Fig 3



Fig 4



�

�

�

�

�

�

�

�

	

��� ��� ��� ��� ��� ��� ��� ��� ���


�����

�������

�
�
��
��
��
�

��
�������������

�

��

���

��� ��� ��� ��� ��� ��� ��� ��� ���

�
	

�
�
�

�

����������
����

���

����

���

��� ��� ��� ��� ��� ��� ��� ��� ���

�
	

�
�
�


�����������	
��

��

���

����

���

��� ��� ��� ��� ��� ��� ��� ��� ���

�
	

�
�
�


�����������	
��

�

��

���

��� ��� ��� ��� ��� ��� ��� ��� ���

�
	

�
�
�

�

�������	��
����

AG105

AG105

(a)

(b)

(c)

(d)

(e)

(f)

Fig 5

���

�

��

��� ��� ��� ��� ��� ��� ��� ��� ���

	

�
�


���������������



Fig 6
matrix andalusite staurolite garnet

�

���

�

���

�

��� ��� ������ ��� ���

	

�
�
�

���

���

���

���

���

�

	


��

�

���

���

���

���

�

�
	

�
�

Temperature (oC)

���

���

���

���

���

���

	



�
�

(d)

(b)

(a)

(c)

D

C

AG137

AG137



Fig 7



Fig 8

Temperature (oC)



Fig 9

c

Ca-poor
X1 X5

a b

Ca-richFe-poor Fe-rich
X4X3

psammitic pelitic
X2 X1

Te
m

pe
ra

tu
re

 (o C
)

Composition



Fig 10



Fig 11


	Table 1
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11



