It’s not easy being green – detecting arc-related mineral system fingerprints using mineral chemistry in ‘propylitic alteration’ in a Cambrian arc terrane Victoria, Australia
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Abstract. Epidote and chlorite compositional data were collected using laser ablation inductively-coupled mass spectrometry (ICP-MS) on samples from two mineral prospects in the Cambrian Stavely Arc, western Victoria. The aim was to distinguish between regional metamorphic and hydrothermal alteration origins for epidote-chlorite-bearing assemblages. At the Thursday’s Gossan Porphyry Cu(-Au-Ag) Prospect, chlorite signatures are similar to both propylitic hydrothermal and regional metamorphic origins, however, elevated Zn and Sr contents are associated with the former. Application of the chlorite proximitors (predicted distance to a hydrothermal centre) identify a likely hydrothermal centre at depth. At the Eclipse Cu-Zn(-Au) VHMS Prospect, epidote As and Sb and chlorite Zn, Cu and Pb contents are consistent with propylitic alteration in most samples. Systematic variations in chlorite Cu and Pb and As and Cu in epidote contents identify a portion of the prospect for follow-up exploration. This study demonstrates that even a limited epidote-chlorite mineral chemistry dataset can provide fertility and vectoring information for mineral exploration targeting. These data are consistent larger-scale geochemical data and geodynamic models that predict the Stavely Arc has significant arc-related mineral system potential.
1
Introduction
Hydrothermal alteration patterns in mineral systems have long been used in mineral exploration. Visibly altered rocks extend beyond the mineralized footprint, and recent efforts have shown geochemical anomalies in epidote and chlorite extend even further than whole rock geochemical anomalism and can also be used to predict the location of hydrothermal deposit centres (e.g., Wilkinson et al. 2015). As part of an effort to de-risk mineral exploration in the, largely covered, Stavely Arc of western Victoria, epidote and chlorite geochemical analyses were undertaken on ‘green rock’ samples from two mineral prospects. The aim of this work was to use these data to assess mineral system fertility and prospect-scale mineral exploration vectors.
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Geological setting
[image: image2.emf]Arc-related mineral systems formed in the Stavley Arc during the ~525 to 495 Ma collision between the Palaeo-Pacific Plate and the eastern margin of the Proto-Australian Continent (e.g., Schofield et al. 2018). Originally, the Stavely Arc consisted of four sub-parallel volcanic belts (~1,200 km in total strike length) that contain Cambrian low- to high-K boninitic, tholeiitic and calc-alkaline volcanic and intrusive rocks separated by panels of Cambrian metasedimentary rocks – these rocks record a transition from a thinned continental margin through to a more Andean-style tectonic environment (Cayley et al. 2018). 

The Stavely Arc was affected by two major structural rearrangements; D1a related to sinistral transpression (pre-505 Ma – Delamerian Orogeny) and D4 related to dextral transtension (~400 Ma – Bindian Orogeny). These events are responsible for the current distribution of volcanic belts (Figure 1). Sinistral transtension (D1b) during the Delamerian Orogeny (post-505 Ma) was accompanied by porphyry intrusion emplacement into (D1a) thrust-bound arc-slices. Mineral occurrences of porphyry-, epithermal-, and volcanic-hosted massive sulphide-(VHMS) affinity have been identified in the Stavely Arc in small portions of (poorly) exposed Cambrian bedrock, although the majority (>99%) of Cambrian rocks are concealed by younger cover. ‘Green rock’ mineral assemblages have been recognized at numerous mineral occurrences in the Stavely Arc. It is unknown if these occurrences are related to propylitic hydrothermal alteration or low-grade regional metamorphism. Material for this study was collected from the Thursday’s Gossan and Eclipse prospects (Figure 1).

2.1 Thursday’s Gossan Porphyry Cu-Au(-Ag) 
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Thursday’s Gossan is located at the northern end of the exposed Stavely Belt (Figure 1) and is hosted by andesitic to rhyolitic volcanic rocks, volcaniclastics and sedimentary rocks that have been intruded by a series of dacitic to tonalitic sub-volcanic porphyry stocks (Buckland 1987). An inferred, supergene resource of 28.1 Mt at 0.4% Cu at 0.2% cut-off grade has been estimated (Stavely Minerals 2019). Supergene mineralization is thought to be associated with hypogene porphyry-style mineralization at depth. A series of nested hydrothermal alteration zones are present at Thursday’s Gossan – the largest is a ~8 km2 propylitic assemblage (chlorite-epidote-calcite±zeolite-sericite-illite-pyrite) which envelops a 3 km2 phyllic assemblage (quartz-sericite-illite-pyrite) and a 0.5 km2 central advanced argillic assemblage (kaolinite-dickite-quartz). Mineral exploration is on-going at Thursday’s Gossan and has intersected wide zones of M-veins veins, potassic assemblages and chalcopyrite-bornite mineralization associated with D-veins (Stavely Minerals 2019). Significant intersections, such as 952 m at 0.23% Cu, 283 m at 0.16 % Cu and 124 m at 0.35% Cu and 0.18 g/t Au (Stavely Minerals 2019) demonstrate the porphyry potential at Thursday’s Gossan. Timing of mineralization is best constrained by Re/Os molybdenite model ages of ~503 to 501 Ma from chalcopyrite B-veins – these accord with ~505 to 501 Ma U/Pb zircon ages for pre-mineral diorite and dacite porphyries (Schofield 
et al. 2018; Lewis et al. 2016).

Figure 1. Map to show location and distribution of volcanic belts that comprise rocks of the Stavely Arc, western Victoria, ~250 km west from Melbourne. Only small portions of the Stavely Arc are exposed at surface, mostly southwest of Thursday’s Gossan and east of the Eclipse prospects
Figure 2. Examples of chlorite and epidote alteration assemblages in Stavely Arc rocks analyzed during this study. (A) to (B) Chlorite-epidote-pyrite assemblages in volcanic rocks from Eclipse. (C) to (D) Chlorite-bearing assemblages in porphyritic phases and greywackes. (E) Epidote-chlorite assemblages from heterolithic volcanic rocks far removed from known mineralization. Annotation shows drillhole and downhole depth – scale bars are 1 cm.

2.2 Eclipse Cu-Zn(-Au) VHMS
Eclipse is located at the southern portion of the exposed Black Range Belt (Figure 1). No resource has been estimated. Supergene copper mineralization is partly covered by post-mineral cover and has developed above an intense phyllic (quartz-sericite-pyrite) zone that hosts massive, stratabound chalcopyrite-sphalerite-pyrite and later quartz-calcite-sulfide veins in dacitic to rhyolitic volcanic and volcaniclastic rocks (Navarre Minerals 2014). Laterally the phyllic alteration transitions to a chlorite-sericite assemblage. Significant intersections include 267.1 m at 0.3% Zn, 2 g/t Ag and 0.1 g/t Au from 1.3 m (including 6 m at 1% Zn, 1 g/t Ag. 1 g/t Au from 147 m depth) and 5 m at 0.2% Cu, 3.9% Zn, 2.7 g/t Ag and 1.4 g/t Au (Navarre Minerals 2014). The age of mineralization is unresolved but is likely ~503 Ma based on the U/Pb zircon age of the Towanway Tuff that hosts similar style mineralization in the Stavely Belt (Figure 1).
3
Materials and methodology
Polished rock mounts of propylitic alteration assemblages from eight (four from each prospect) diamond drill core samples were prepared and imaged using scanning electron microscopy (SEM) to: examine textural and paragenetic relationships; determine potential intra-grain epidote and chlorite group mineral compositional variations; and identify included mineral phases. Materials from Thursday’s Gossan (Figure 2) consists of two equigranular, porphyritic, feldspar-phyric intrusive phases and two medium-grained greywackes – chlorite in these samples is typically fine-grained and intergrown with quartz in the groundmass and no epidote is present. Materials from Eclipse (Figure 2) consists of dacitic to andesitic coherent lavas with variable grain sizes – chlorite and epidote are typically intergrown with each other and sericite-pyrite. The samples were analyzed for major, minor and trace elements using LA ICP-MS with New WaveTM 193 nm solid-state laser coupled to an Agilent 7500cs quadrupole mass spectrometer housed at The University of Tasmania (CODES). Calcium for epidote and Al for chlorite data derived from SEM energy dispersive spectra were applied as internal standards to convert the laser ablation data.
4
Results and interpretation
Forty-eight epidote and 122 chlorite analyses were undertaken. Filtering using in-house tolerance parameters removed complete (or portions) of contaminated spectra generated by mineral intergrowths and/or micro-inclusions.  Filtering removed more chlorite than epidote analyses – 25 out of 60 Eclipse and 26 out of 62 Thursday’s Gossan chlorite analyses were acceptable compared with 41 out of 48 Eclipse epidote analyses. This highlights the potential issues of applying this technique in fine-grained rocks. Limitations of this data include: the relatively small dataset; a lack of regional metamorphic background epidote and chlorite benchmark data; and the lack of chlorite-epidote data from VHMS systems worldwide. Selected elemental results are plotted here (Figure 3).
4.1 
Thursday’s Gossan – chlorite only

Chlorite from Thursday’s Gossan are similar to both copper-gold porphyry-related and regional metamorphic compositions. Elevated Zn (510 to 806 ppm) and Sr (2.2 to 32 ppm) in two samples are indicative of hydrothermal chlorite compositions – the other two samples have <350 ppm Zn and <2 ppm Sr (Figure 3). Arsenic in all chlorites is relatively low compared with porphyry-related chlorites worldwide. Applying the chlorite proximitor (Wilkinson et al. 2015) yields conflicting results from the sample position relative to a predicted hydrothermal centre – in this case, typically 800 to 1600 metres. This could reflect the presence of several discrete hydrothermal centres or may result from the heterogeneous rock package (e.g., ultramafic rocks may locally buffer Ni, Co and V in chlorite) – the original proximitors were developed in a largely heterogeneous rock package. A comparison of the proximitors derived from two samples from within a single drillhole indicate that the deeper sample is relatively proximal to the predicted hydrothermal centre – this indicates a vertical temperature component to the hydrothermal system. This observation accords with the notion that porphyry mineralization was post-thrusting and no significant vertical rotation has occurred since mineralization (Cayley et al. 2018), and is supported by mineral exploration at Thursday’s Gossan that continues to intersect relatively thick zones of mineralization at depth (Stavely Minerals 2018).
4.2 
Eclipse – epidote and chlorite

The Eclipse epidote-chlorite data are interpreted in the context of data available from copper-gold-porphyry systems – notwithstanding that the mineralization at Eclipse is of VHMS affinity. Epidote and chlorite from Eclipse share similarities with porphyry and metamorphic-related compositions. One sample contains <3.6 ppm Sb and <2.6 ppm As is metamorphic in origin, the other epidotes are classified as hydrothermal in origin and contain up to 18.7 ppm Sb and 97.9 ppm As (Figure 3). Within this hydrothermal group decreasing As and Sb values (Figure 3) related to increasing proximity to the predicted hydrothermal centre – as increasing sulfide contents partition Sb and As over epidote. The hydrothermal epidotes are elevated in LREE, Y and Pb and Na-Mg (and low in Mo) compared with mineralized porphyry compositions. The significance of this is unclear but may result from enrichment in some Stavely igneous rocks (Schofield et al. 2018) and may be important for fingerprinting VHMS-style mineralization. 
Chlorite is typically elevated in Sr (>5 ppm) compared with regional metamorphic chlorite – indicative of a hydrothermal origin (Figure 3). Chlorite from the sample with metamorphic epidote, is also likely metamorphic in origin due to low As and Zn contents (<1 ppm and <300 ppm, respectively (Figure 3)). Systematic variations in Cu, Pb and Zn in the hydrothermal chlorites can be used to interpret relative sample position with respect to mineralization (Figure 3) – this identified a (relatively) poorly explored area of the Eclipse Prospect for follow-up mineral exploration.
5 Mineral exploration significance


The Stavely epidote-chlorite dataset, albeit relatively small, has provided spatial information to assist in mineral exploration decision-making. The data accord with pyrite LA ICP-MS data (Steadman and Large 2015) that reveal: a transition from oscillatory zoned, Co-Ni-Se associated with relatively high temperature magmatic fluids through relatively lower temperature magmatic-hydrothermal fluids characterized by deposition of a Cu-Sb-Zn-Ag-Au-Bi-Mo assemblage at Thursday’s Gossan; and a VHMS-like assemblage of Mn, Hg and Tl (along with relatively high Au) in pyrite at Eclipse. More broadly, in terms of fertility, a series of Cambrian intrusions across the Stavely Arc have Sr/Y and V/Sc (relative to SiO2 content) that typify relatively hydrous magmas that contribute to the significant metal endowment in large porphyry systems worldwide (Loucks 2014). Additionally, portions of the Stavely Arc volcanic rocks yield major and trace element ratios (e.g, Zr/Nb, Nb/Y, La/Yb(cn)) associated with productive VHMS elsewhere (Piercey 2010). Early thrusting that generated significant dislocation of original volcanic belts during the Delamerian Orogeny, explains why porphyry and VHMS mineral systems appear to be closely associated spatially in the Stavely Arc.
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Figure 2. Examples of chlorite and epidote alteration assemblages in Stavely Arc rocks analyzed during this study. (A) to (B) Chlorite-epidote-pyrite assemblages in volcanic rocks from Eclipse. (C) to (D) Chlorite-bearing assemblages in porphyritic intrusives and greywackes. (E) Epidote-chlorite assemblages from heterolithic volcanic rocks far removed from known mineralization. Annotation denoted drill gole and downgole depth – scale bars are 1 cm.
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Figure 2. Examples of chlorite and epidote hydrothermal alteration assemblages in Stavely Arc rocks analyzed during this study. (A) to (B) Chlorite-epidote-pyrite assemblages in volcanic rocks from Eclipse. (C) to (D) Chlorite-bearing assemblages in porphyritic phases and greywackes. (E) Epidote-chlorite assemblages from heterolithic volcanic rocks far removed from known mineralization. Annotation shows drillhole and downhole depth – scale bars are 1 cm.








Figure 3. Box and whisker and bi-variate scatter plots for LA ICP-MS analyses for selected elements derived from chlorite and epidote samples from the Thursday’s Gossan Porphyry Prospect and the Eclipse VHMS Prospect, Stavely Arc, western Victoria. Fields for (regional) metamorphic, hydrothermal and porphyry-related propylitic alteration after I Belousov pers. comm. 2015. Box and whisker plot bars divided into four parts by calculating median, 25th and 75th percentiles – the box contains 50% of analytical data. Below detection values not plotted and statistical outliers may plot outside the whiskers.
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