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Abstract 

Siliceous sinters, or silica-rich hot spring deposits, are primarily composed of 

hydrothermally derived silica precipitates occurring in bedded, erosion-resistant 

mounds and sheet deposits, metres to tens of metres thick, that contain a variety of 

sedimentary textures and other features of environmental significance (i.e. lithofacies). 

Sinters form as surface manifestations of geothermal systems, where thermal fluids of 

varied compositions are discharged at the intersection of the water table and the Earth’s 

surface. They potentially may be spatially associated with Au-Ag ore producing adularia 

sericite epithermal deposits at depth, particularly those derived from fluids of near-

neutral pH alkali chloride composition. 

This thesis by publication utilises lithofacies associations, especially textural 

identification, together with trace elemental analysis within a paragenetic framework to 

demonstrate how siliceous sinter deposits in the geologic record can be used as a tool in 

exploration for epithermal ore deposits, via three main themes of identification, 

characterisation and mineralisation, outlined further below. This thesis is mainly 

focused on case studies from the Hauraki Goldfield, Coromandel Volcanic Zone, New 

Zealand, a Miocene age, 200 × 40 km region of 50 gold-silver bearing, adularia-sericite 

type epithermal deposits and several porphyry copper prospects. Moreover, this study 

also examines other sinters and superficially similar deposits of various ages (presently 

forming to Pliocene) throughout North Island, New Zealand, as well as global examples 

within known epithermal regions, including the Jurassic Deseado Massif, Argentina, and 

the Miocene deposits of the Great Basin, California and Nevada, USA, in order to 
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compare features to improve identification, characterisation and mineralisation 

understanding of siliceous sinters.  

 

Identification of siliceous sinters in the geologic record is primarily achieved through 

textural differentiation of the varied hot spring related lithofacies as compared to other 

silicified sedimentary and volcanic deposits often associated with sinters, the latter of 

which may appear similar with respect to geomorphology and/or outcrop features 

and/or be interbedded with or cross cut sinters. These similar surface features are 

known as pseudosinters, many of which will have no known direct association with 

epithermal deposits at depth. Herein, the lithofacies of siliceous sinters and 

pseudosinters, from numerous examples ranging in age from Jurassic to modern, are 

described and their formation environments inferred, thereby systematically 

distinguishing the former from the latter. Furthermore, trace elemental analysis is 

utilised in conjunction with textural analysis of silicified features – including sinters as 

well as silicified travertines, fluvial and lacustrine sediments, volcanics, chalcedonic 

veins and inferred mud pool deposits – for various Miocene age sites in the Coromandel 

Volcanic Zone, to distinguish between different formation environments of sinters and 

pseudosinters.  

 

Characterisation of preserved (i.e. ancient) siliceous sinters through comparison of 

lithofacies to relevant modern analogues allows reconstruction of the 

paleoenvironmental formation conditions. Sinter lithofacies transitions from vent and 

proximal slope, through middle and distal apron areas, to the commonly widespread, 

geothermally influenced marshes along a thermal continuum (~100 °C – ambient), may 

be used to infer thermal fluid type, direction and relative fluid volume discharged. 
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Paleoenvironmental reconstructions of 18 Miocene sinter deposits of the Coromandel 

Volcanic Zone Identified in this thesis, through the analysis of lithofacies and geological 

associations, aid in delineating and vectoring towards potential zones of epithermal fluid 

upflow. Additionally such reconstructions in a paragenetic framework can characterise 

various changes – fluid composition (e.g. acidic overprinting with a drop in water table), 

hydrological, seasonal and post depositional – within a given hydrothermal system over 

time. 

The mineralisation potential of several occurrences of sinters, ranging in age from 

modern to Miocene, revealed that the concentrations of 47 elements in 30 siliceous 

sinter deposits from three calk-alkaline volcanic arcs of North Island, New Zealand, were 

found to be highly variable in pathfinder elements, alkali metals and immobile elements. 

The evaluation of this variability suggests an association with several factors including 

geothermal reservoir conditions, protolithic material type, as well as weathering and 

diagenetic history. Moreover, gold was observed to be primarily affiliated with the 

arsenic that is hosted within sulphides contained within some sinter deposits. The 

sulphides are inferred to have formed at depth and were transported to the surface and 

incorporated into siliceous sinters during or post sinter deposition, providing important 

information on reservoir conditions and allowing assessment of possible epithermal ore 

deposit associations.  
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Chapter 1  

Introduction  

 

1.1 Siliceous sinters and epithermal systems 

 

Siliceous hot spring deposits, or sinters, are surface manifestations of geothermal 

systems where thermal fluids of varied compositions, but particularly those of near-

neutral pH alkali chloride composition, are discharged at the Earth’s surface (Fournier 

and Rowe 1966; Fournier 1985; Cady and Farmer 1996; Lynne et al. 2008; Guido and 

Campbell 2011; Lynne 2012). Upon cooling and evaporation at their exit points the 

thermal fluids become oversaturated in silica which then precipitates on available biotic 

and abiotic materials within the pools and channels of the discharge apron. This process 

produces deposits primarily composed of non-crystalline opal-A, which mature to 

microcrystalline quartz through varied silica phases (cristobalite, tridyrite, moganinite) 

over time (Rodgers et al. 2002; 2004). In the geologic record, sinters are observed as 

bedded, erosion-resistant mounds and sheet deposits, metres to tens of metres thick, 

with a variety of sedimentary textures of environmental significance (i.e. lithofacies).   

 

Actively forming and preserved (i.e. ancient) siliceous sinter deposits are studied for 

various reasons, such as their use in prospecting for geothermal energy (Weissberg, 

1969), and in preserving the record of microbial extremophiles relevant to recognising 

early signs of life on a similarly harsh Archean Earth (Djokic et al. 2017). Earth analogue 

hydrothermal settings also may help narrow the search for possible of ancient life on 
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Mars (Ruff and Farmer 2016).  Moreover, the preserved organic material within sinters 

may be utilised to reconstruct paleoclimatic conditions (Goldie 1985). This thesis 

focuses on the relevance of sinters to epithermal exploration, due to their common 

spatial relationship with epithermal ore deposits, thereby providing a potentially useful 

tool in exploration (Sillitoe 2015; Hamilton et al. 2018). 

 

Epithermal deposits are the shallow level products of active hydrothermal systems. The 

term epithermal, meaning shallow heat (Henley 1985), as first proposed by Lindgren 

(1933), is a general term encompassing precious metal, base metal, mercury and 

antimony deposits, which are significant contributors to global metal production. 

Epithermal deposits are subdivided into two end-members: alunite-kaolinite and 

adularia-sericite deposits (Heald et al. 1987). Alunite-kaolinite deposits are generally of 

the high sulphidation type, forming in shallow hydrothermal systems, which develop 

from acidic thermal fluids (Heald et al. 1987; Simmons et al. 2005). Adularia-sericite 

epithermal deposits develop from near-neutral pH alkali-chloride waters that have both 

meteoric and magmatic components (Heald et al. 1987). These deposits occur in 

extensional environments and are analogous to active geothermal systems (Heald et al. 

1987; White and Hedenquist, 1990; Simmons et al. 2005). In geothermal systems that 

form in subaerial volcanic terrains, heat input of subsurface magmas causes advection of 

magmatic fluids and convection of heated meteoric waters to depths of up to 7 km in the 

crust (Henley and Ellis 1983; Sillitoe 1993; Guido and Campbell 2011). The diluted 

brines comprising near-neutral pH alkali chloride fluids are derived from deep chloride 

geothermal reservoirs, and may undergo subterranean boiling and local fluid mixing in 

the shallow epithermal zone that can cause deposition of precious metals and form ore 

deposits (Simmons et al. 2005).   
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The same near-neutral alkali chloride thermal fluids that form epithermal deposits in 

the shallow crust can be expelled at the Earth’s surface to form thick sinter deposits with 

a diverse and recurring lithofacies suite (e.g. Cady and Farmer 1996; Guido and 

Campbell 2011; Campbell et al. 2015a,b; 2019). Links between epithermal deposits and 

surficial siliceous sinters have been noted for over a century (Becker 1888; Spurr 1905; 

Lindgren 1933; White 1955). Some reported occurrences include the McLaughlin Mine 

in California, USA, where an exposed Quaternary sinter was the only surface expression 

of a bonanza deposit (Sherlock et al. 1995); the Miocene Red Butte deposit, Oregon 

(Zimmerman and Larson 1994); the Jurassic Fruta del Norte deposit, Ecuador (Leary et 

al. 2016); and the Jurassic Deseado Massif Ag-Au province of Patagonia, Argentina 

(Guido and Campbell 2011, 2012).  These same fluids connecting deep and shallow 

epithermal systems allow the examination of how surface manifestations may reveal 

relevant information to aid exploration, specifically with respect to the locations and 

conditions of associated epithermal deposits at depth, in the same manner that dipsticks 

in a combustion engine informs us as to the conditions of the engine. However, as for a 

dipstick, sinters can only be a useful tool in exploration for epithermal ore deposits if 

they are (1) correctly identified, (2) characterised with regards to what the lithologies 

tell us about the conditions (i.e. formation, alteration, diagenesis) of the system, and (3) 

placed in a paragenetic sequence that illuminates the mineralisation relationships 

between the surface and depth within a given system. 
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1.2 Aims of Thesis  

 

Despite the well known spatial association of siliceous sinters and adularia-sericite 

epithermal ore deposits, siliceous sinters are under utilised in exploration. This thesis, 

by publication, has three research themes aimed to improve the 1) identification, 2) 

characterisation, and 3) mineralisation understanding of siliceous sinters, outlined 

below, through analysis at scales ranging from regional to microscale. Case studies are 

used from the Miocene Coromandel Volcanic Zone, and comparisons are made with 

siliceous sinters from elsewhere in New Zealand, ranging in age from Pliocene to Recent, 

as well as examples from elsewhere, including the Miocene deposits in the Great Basin, 

U.S.A and the Jurassic Deseado Massif, Argentina. 

 

The three aims of this thesis are:  

1) Identification of preserved (i.e. ancient) siliceous sinters and their differentiation 

from other silicified features, which may have morphological and textural similarities 

to sinters, yet may or may not be associated with epithermal mineralisation. 

 

2) Characterisation of siliceous sinter deposits to reconstuct paleoenvironmental 

formation conditions, demonstrating how interpretations of thermal fluid conditions 

may potentially allow vectoring towards epithermal upflow areas, help determine 

relative fluid volume and distinguish hydrological change from seasonal and post 

depositional change within a given system relevant to assessment of possible 

epithermal prospects at depth.  
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3) Mineralisation assessment via improved understanding of the variability of 

pathfinder and other elements and their concentrations in sinter deposits, and how 

this relates to the potentially ore-producing epithermal environment in the 

subsurface. Analysing how gold and other pathfinder elements are incoporated into 

sinter deposits may provide clues to related epithermal mineralisation at depth. 

 

1.2.1 Identification of siliceous sinters 
 

Identification of siliceous sinters in the geologic record has important implications for 

delineating discharge of near-neutral pH alkali chloride thermal fluids, which may be 

associated with epithermal upflow and ore deposition. Nonetheless, within the upper 

portions (<50 m depth) the crust and at the surface in geothermal/epithermal regions, 

various features typically become silicified (Sillitoe 2015), within sometimes extensive 

haloes of hydrothermal alteration (Henley and Ellis 1983; Sillitoe 1993). Collectively 

these non-sinter silicic features are known as pseudosinters (Guido and Campbell 2011), 

and include sediments and volcanic deposits that may become silicified by infiltration of 

silica rich fluids at local to regional scales and which may or may not be related to 

primary hot spring sinter forming events (Henley and Ellis 1983). Pseudosinter deposits 

commonly have similar morphologies to siliceous sinters but in detail yield different 

textures and trace elemental compositions. Additionally, silicified sedimentary and 

volcanic material also may be interbedded with sinter deposits, and non-sinter 

hydrothermal features (e.g. epithermal veins) may cross-cut sinters.  
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Many layered siliceous geologic deposits in the Coromandel Volcanic have been 

suggested as possible siliceous sinters (Brathwaite et al. 2001; Pirajno 1993), probably 

because of gross textural similarities, but rather are sedimentary and volcaniclastic in 

origin. Some examples of silicified deposits that have been misidentified as siliceous 

sinters within the Hauraki Goldfield, Coromandel Volcanic Zone, New Zealand, include 

Pukepaukena (Pumpkin Hill), Tairua (Bell and Fraser 1912; Swindale and Hughes 1968; 

per obs) and several deposits within the Whitianga Volcanic Centre (Bell and Fraser 

1912; Harvey 1997; Hamilton et al. 2017; Chapter 3 of this thesis). Furthermore the 

reported Miocene Buckskin sinter deposit, Nevada, USA, (Vikre 2007; Taksavasu et al. 

2018), has recently been re-evaluated in the field (pers. obs.) and evidently does not 

contain identifiable sinter lithofacies. It may potentially be a pseudosinter, suggesting 

that misidentification of siliceous sinters is an on going concern in epithermal regions. 

Siliceous sinters are identified by their unique sedimentary textures (see section 1.2.2) 

that vary both vertically and laterally over relatively small spatial scales (centimeters to 

metres) depending on the original geothermal gradient (~100 °C – ambient), 

topographic relief, fluid volume and duration, which produce facies assemblages from 

vent to distal apron and geothermally influenced marsh areas (Fig. 2.1.3).  

 

1.2.2 Characterisation of siliceous sinters 
 

Characterisation of the formation conditions of preserved (ancient) sinter deposits in 

terms of fluid temperature, proximity to discharge, relative fluid volume and flow 

direction, may be inferred by comparing the structural setting and lithofacies to 

Phanerozoic analogues, particularly modern examples. Siliceous sinters primarily form 

in volcanic terrains at the intersection of the water table with the land surface, at 

topographic lows in geothermal systems that are often structurally controlled and 
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produce predictable lithological associations. Surface geothermal formation 

environments, as reflected in lateral and vertical facies associations, appear to be 

consistently represented in active and preserved (i.e. ancient) systems (e.g. Cady and 

Farmer 1996; Guido and Campbell 2011; Lynne 2012; Djokic et al. 2017; Campbell et al. 

2019), which therefore may aid in delineating focused upflow zones that point to 

potential mineralisation in the shallow subsurface.  

 

Sinter lithofacies are primary produced by silicification of different microbiota, which 

thrive at temperatures and alkalinity specific to their adaptions (Renaut and Jones 

2003). The decrease in temperature with distance from the vent (~100 °C to ambient) 

produces a predictable bio- and lithofacies gradient recorded in sinters, which is 

recognisable in the geologic record and can extend laterally for tens to hundreds of 

metres depending on fluid volume, duration, relief, elevation and overall environmental 

setting (e.g. fluvial, lacustrine) of the geothermal system (e.g. Cady and Farmer, 1996; 

Guido and Campbell, 2011; Lynne 2012; Campbell et al. 2015; Sillitoe 2015). This 

transitional continuum of lithofacies can be utilised to vector towards spring vent 

discharge zones, potentially demarcating areas of thermal fluid upflow. Furthermore, 

brecciation of sinter is commonly observed in the geologic record, and may be produced 

by various processes during or after sinter formation. Brecciation mechanisms include: 

fragmentation, slope failure, and hydrothermal eruptions. Such varied breccia types 

produced by these processes may be identified through clast and matrix characteristics. 
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1.2.3 Mineralisation in siliceous sinters 
 

Mineralisation of pathfinder elements (Au, Ag, As, Sb, Hg) in siliceous sinters that are 

derived from near-neutral pH alkali chloride fluids is commonly observed in geothermal 

systems (Henley and Ellis 1983; Rice et al. 1995; McKenzie et al. 2001; Pope et al. 2005; 

Guido et al. 2010; Hamilton et al. 2017; Campbell et al. 2019). The concentration of 

pathfinder and other elements in sinters varies greatly between deposits as well as 

within single deposits (Hamilton et al. 2017). This variation may be due several factors 

such as variations in thermal fluid compositions, host rock interaction and diagenesis. 

By analysing the trace elements and minerals incorporated into modern and preserved 

sinters, within a paragenetic framework, the transportation of metals, in particular gold, 

and deposition processes in sinter may be evaluated, which can aid in assessing 

associated mineralisation of affiliated epithermal ore deposits. 

 

1.3 Structure of the Thesis 

 

The thesis consists of one scientific report, ‘Atlas of siliceous hot spring deposits (sinter) 

and other silicified surface manifestations in epithermal environments’ (Chapter 2), and 

three journal articles. These are:  ‘Fossilised geothermal surface features of the Miocene 

Whitianga Volcanic Centre, Coromandel Volcanic Zone, New Zealand: controls and 

characteristics’ (Chapter 3), ‘Characteristics and variations of sinters in the Coromandel 

Volcanic Zone: application to epithermal exploration’ (Chapter 4), and ‘Geochemical 

analysis of high- and low-temperature lithofacies of siliceous sinters: a global database’ 

(Chapter 5). These publications as well as an introduction and conclusion chapter 

constitute the PhD thesis, achieving the three main aims set forth above. 
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Chapter 1 (Introduction) provides the background, significance and scope of this project. 

This chapter also contains the project aims with detailed explanations of each aim. 

 

Chapter 2 (Atlas of Siliceous Hot Spring Deposits (Sinter) and Other Silicified Surface 

Manifestations in Epithermal Environments) provides detailed descriptions and textural 

analysis of common siliceous sinter lithofacies, as well as silicified features that could be 

misidentified as siliceous sinters, the latter known as pseudosinters. Identification of 

siliceous sinters by their varied textures allows the delineation of sinter lithofacies, 

which enable recognition of formation conditions, strengthened by comparison with 

examples elsewhere that range in age from modern to Jurassic. 

 

Chapter 3 (Fossilised Geothermal Surface Features of the Miocene Whitianga Volcanic 

Centre, Coromandel Volcanic Zone, New Zealand: controls and characteristics) uses the 

case study of the Whitianga Volcanic Centre, which hosts 18 silicified features, to 

distinguish siliceous sinters from other silicified surface and shallow subsurface features 

within an extensive area of Miocene geothermal activity at the deposit scale. Textural 

and trace elemental analysis in a paragenetic context allows comparison to modern day 

analogues in order to reconstruct paleoenvironments and delineate discharge zones of 

near-neutral pH alkali chloride fluids from other silicified features that form owing to 

other processes. 
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Chapter 4 (Characteristics and variations of sinters in the Coromandel Volcanic Zone: 

application to epithermal exploration) identifies and characterises 18 siliceous sinters 

and one thermogene travertine pseudosinter at the regional scale of the Hauraki 

Goldfield, Coromandel Volcanic Zone, New Zealand. These deposits are characterised in 

terms of geologic setting, lithofacies, mineralogy and trace elements to show the 

variability and common features, particularly of those associated with epithermal ore 

deposits. 

 

Chapter 5 (Mineralogy and Geochemistry of High- and Low-Temperature Lithofacies of 

Siliceous Sinters from Miocene to Modern Geothermal Systems, North Island, New Zealand) 

examines the concentrations of 47 trace elements from 57 samples within 30 different 

sinter deposits, ranging in age from modern to Miocene of New Zealand’s three calc-

alkaline volcanic arcs. Elemental variation and mineralogy that relates to mineralisation, 

diagenesis and the transport of precious metals is further analysed through microprobe 

analysis. 

 

Chapter 6 (Conclusions) summarises the findings of this thesis with respect to the 

various methods used and implications for utilising siliceous sinters as a tool for 

epithermal exploration.  
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Chapter 2  

Atlas of Siliceous Hot Spring Deposits (Sinter) and Other Silicified 

Surface Manifestations in Epithermal Environments 

Ayrton R. Hamiltona, Kathleen A. Campbella, and Diego Guidob 

aSchool of Environment, The University of Auckland, Auckland, New Zealand 
bCONICET-UNLP, Instituto de Recursos Minerales, La Plata, Argentina 

 

Identification of siliceous sinter lithofacies in the geologic record can be achieved by 

recognising the unique textures that are analogous to those of actively forming sinters. 

Correct identification of sinter textures can delineate discharge zones of near-neutral pH 

alkali chloride fluids and potentially help vector towards epithermal upflow. This 

chapter utilises modern and preserved  (ancient) samples, ranging in age from modern 

to Jurassic, demonstrating the diagnositc textures of sinter lithofacies found globally, 

and allowing inference of formation conditions. This report, in the style of a 

comparative, visual and descriptive atlas, describes siliceous sinter lithofacies as well as 

pseudosinters to infer the original formation conditions. This scientific report has been 

submitted, reviewed, revised and accepted for publication (2019) as a GNS scientific 

report. 

Hamilton AR, Campbell KA, Guido DM. 2019. Atlas of siliceous hot spring deposits 
(sinter) and other silicified surface manifestations in epithermal environments. Lower 
Hutt (NZ): GNS Science. 56 p. (GNS Science report; 2019/06). doi:10.21420/BQDR-XQ16. 
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2.1 Introduction 

 

In geothermal fields, a variety of hydrothermal deposits may form within shallow crustal 

depths and at the land surface (Fig. 2.1.1). Sinter deposits are surface manifestations of 

geothermal systems, largely produced by near-neutral pH alkali chloride fluids that are 

oversaturated in silica. Siliceous hot spring deposits, or sinters, are chemically 

precipitated, bedded, erosion-resistant mounds and sheet deposits, metres to tens of 

metres thick, typically occurring in the geologic record as topographical highs, and 

containing a myriad of sedimentary features with environmental significance (i.e. 

lithofacies), produced from the thermal fluid discharge of dilute brines heated in the 

subsurface (Fig. 2.1.3)(Fournier and Rowe 1966; Fournier 1985; Cady and Farmer 1996; 

Lynne et al. 2008; Guido and Campbell 2011; Lynne 2012). These sinter deposits 

typically develop at the intersection of the water table and the Earth’s surface, in 

subaerial volcanic terrains where the heat input of volcanic activity and subterranean 

magmas is sufficient to cause hydrothermal circulation of groundwater from deep 

reservoirs with minor magmatic input (≤7 km)(Sillitoe 1993; Guido and Campbell 

2011). Siliceous sinter formation entombs distinctive and thick mats of thermophilic 

microorganisms, such as cyanobacteria adapted to living in extreme conditions (Cady 

and Farmer 1996; Jones and Renaut 2003; Rothschild and Mancinelli 2011). Where the 

alkali chloride parent fluids migrate laterally before exiting in distal outflow zones, fluid 

composition may evolve to form acid-sulphate(-chloride) or bicarbonate springs with 

different microorganism communities, and thus different textural characteristics of the 

resulting  hydrothermal deposits, such as observed at Waiotapu (Giggenbach et al. 1994; 

Handley et al. 2005) or Rotokawa (Schinteie et al. 2007) in the Taupo Volcanic Zone, 

New Zealand.  
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Siliceous sinter deposits are studied in the geologic record for their relevance to 

epithermal mineral exploration, due to their common spatial relationship with 

epithermal ore deposits, thereby providing a useful tool in exploration (Sillitoe 2015; 

Hamilton et al. 2018). Sinters also trap extremophiles in situ in a durable mineral 

deposit, therefore preserving life from extreme environments within the fossil record, 

which has implications for recognising early signs of life on the Archean Earth (Djokic et 

al. 2017), and for narrowing the search for possible ancient life on Mars (Ruff and 

Farmer 2016). The preserved organic material within sinters also can be utilised to 

reconstruct paleoclimatic conditions (Goldie 1985). However, lack of a detailed 

compilation of the lithofacies of sinters in the literature, as well as the common 

misidentification of other types of silicified deposits as sinters – informally known as 

pseudosinters in economic geology contexts – provides the motivation for this atlas. 

 

Other hot spring surface manifestations develop in association with other types of 

geothermal fluids, which typically are distal from epithermal upflow (Renaut and Jones 

2011). These may include thermogene travertines, formed from CO2-rich fluids, with 

their own distinctive textures (Folk et al. 1985; Pentecost 2005; Guido and Campbell 

2011, 2012), or mixed acid-sulphate-chloride fluids may produce thin sinters (a few 

centimetres thick), with different textures and low preservation potential (Fournier and 

Rowe 1966; Fournier 1985; Schinteie et al. 2007; Renaut and Jones 2011). Furthermore, 

extensive regional silicification of volcanic and sedimentary material produces silica-

rich deposits that also may form erosion-resistant mounds and sheet deposits, metres to 

tens of metres thick (Guido and Campbell 2011; Sillitoe 1993, 2015). These spatially 

affiliated deposits can become silicified from an infusion of fluids with oversaturated 

concentrations of silica, percolating, cooling and precipitating through the host material, 
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such as bedded sediments (e.g. volcaniclastic, lacustrine, fluvial), layered volcanic 

deposits including ash horizons, or shallow, subterranean and low-angle to parallel 

epithermal veins cutting through and across stratigraphy (Fig. 2.1.1). These other 

silicified deposits – pseudosinters – may or may not be related to geothermal discharge 

or to epithermal mineralisation, yet have similar outcrop expression and geometries to 

sinter. In our experience these pseudosinter deposits are commonly misidentified as 

sinter during exploration. Nonetheless, in petrographic detail they lack the sedimentary 

lithofacies characteristic of siliceous sinters.  

Figure 2.1.1 Schematic diagram showing how siliceous sinters and pseudosinters of thermogene 

travertines, silica residue, silicified volcanics, silicified fluvial sediments, silicified lake sediments and 

epithermal veins relate to geothermal upflow and outflow (modified from Buchanan 1981; Tosdal et al. 

2009; and Hamilton et al. 2018). 

 

Upon cooling of these near-neutral pH alkali-chloride thermal fluids at the Earth’s 

surface, from ~100 °C to ambient temperatures, silica becomes insoluble and 

precipitates as opal-A (Fig. 2.1.2) (Iler 1979; Gunnarsson and Arnórsson 2000; Rodgers 
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et al. 2004; Lynne et al. 2019). In the geologic record, sinter lithofacies can be obscured 

due to diagenesis and hydrothermal overprinting. Sinter diagenetically matures in a 

continuum of silica mineral phase changes, from noncrystalline (amorphous) opal-A to 

paracrystalline opal A/CT, cristobalite-tridymite (opal-CT), and opal-C, and finally to 

microcrystalline quartz (Herdianita et al. 2000; Rodgers et al. 2004). This diagenetic 

transition, from spheres of opal-A to hexagonal crystal habits of microcrystalline quartz, 

occurs due to lattice reordering and loss of structural water, driving an increase in 

density and reduction in porosity of the sinter, which may partially to entirely obliterate 

the original biological and other textures (Campbell et al. 2001; Rodgers et al. 2004). The 

rate of this diagenetic transition depends on numerous factors, including pore fluid flow 

distribution as well as burial heat and pressure. The presence of other material 

incorporated into sinters also can affect this diagenetic transition, with organic carbon 

enhancing diagenesis, while clay may inhibit the rate of diagenetic phase change 

(Rodgers et al. 2004). Silica phase transitions can be spatially patchy in a given deposit, 

due to diagenesis proceeding at different rates through a heterogeneous matrix in terms 

of porosity and permeability characteristics (Lynne et al. 2005, 2008), with two or more 

silica mineral phases existing within close proximity (Campbell et al. 2001; Hampton et 

al. 2001). Furthermore, sinters can be overprinted by late-stage fluids, which may 

partially dissolve the sinter or infill primary porosity and deposit cements of different 

compositions (Rodgers et al. 2004; Drake et al. 2014; Guido and Campbell 2017; 

Campbell et al. 2019). Despite these diagenetic and overprinting processes, the primary 

textures of sinters are still largely identifiable in the geologic record (Trewin 1994; Rice 

et al. 1995; Walter et al. 1996; Campbell et al. 2001; Djokic et al. 2017).  
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Figure 2.1.2 Solubility curves of silica with temperature showing the conditions under which siliceous 

sinters precipitate from near-neutral pH alkali chloride fluids (modified from Gunnarsson and 

Arnórsson 2000; Rodgers et al. 2004; Lynne et al. 2019). 

This atlas describes (1) the different lithofacies of sinter deposits, from proximal apron 

(~100-65 °C), through the middle (~65-45 °C) and distal apron (<45 °C), to 

geothermally influenced marsh environments (tepid to ambient) (Cady and Farmer 

1996); (2) varied breccias commonly associated with sinters; and (3) some silicified 

features that may be misidentified as siliceous sinters, known collectively as 

pseudosinters. By outlining the preserved lithofacies of sinters and comparing them to 

modern day analogues, it is possible to infer the formation environment and determine 

the fluid temperature, relative fluid volume, flow direction and/or lateral extent of the 

paleogeothermal field. This atlas illustrates preserved (ancient) sinters and other 

silicified deposits, including Miocene and Pliocene examples from New Zealand, Miocene 

examples from Nevada and California, USA, and Jurassic examples from the Deseado 

Massif, Argentina. They are compared to modern and Subrecent analogues in the Taupo 

Volcanic Zone, New Zealand, and Yellowstone National Park, USA, to infer formational 
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conditions.  

Figure 2.1.3 Chart and schematic cross-section of siliceous sinters showing biofacies and lithofaces 
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transitions in near-neutral pH alkali chloride fluids along the temperature gradient from vent to 

geothermally influenced marsh (~100 °C to ambient) (modified from Cady and Farmer, 1996; Farmer 

2000; Campbell et al. 2015a; and Hamilton et al. 2018). 

2.2 Sinter lithofacies 

 

Preserved sinter deposits may exhibit a full suite of lithofacies with respect to the typical 

spring discharge temperature gradient (Fig. 2.1.3), or be limited due to post depositional 

deformation and erosion. The lithofacies that build up individual sinter deposits depend 

on the biota living in the thermal fluids, as well as on fluid composition, flow rate and 

volume (Cady and Farmer 1996; Renaut and Jones 2003; Guido and Campbell 2014). 

Therefore, lithofacies can be utilised to reconstruct the paleoenvironment and infer 

relative discharge volume and other changes within the geothermal field over time. 

Furthermore, the cooling in temperature of thermal fluids with distance from the vent 

(~100 °C to ambient) produces a predictable bio- and litho-facies gradient recorded in 

sinters, which is recognisable in the geologic record (Fig. 2.1.3)(e.g. Cady and Farmer 

1996; Handley and Campbell 2011; Guido and Campbell 2011; Lynne 2012; Campbell et 

al. 2015a, b). Lithofacies gradients can be used to vector towards zones of thermal fluid 

discharge, particularly with respect to potential areas of upflow. 

 
The recurring gradient of distinctive, environmentally dependent facies assemblages of 

proximal, middle, and distal apron and geothermally influenced marsh areas may extend 

laterally for metres, to up to hundreds of metres, the extent depending on fluid volume, 

flow rate, seasonality, paleoslope, etc. Within and between the facies assemblages of 

sinters, individual facies may gradationally transition into one another. This transition 

between lithofacies may occur over small spatial scales, depending on several processes 

including changes in thermal fluid flow rates, relative fluid discharge volumes, pool 
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depths, and fluid temperature, as well as local topography. In this section, each sinter 

lithofacies is described in terms of its morphology, formation temperature, relative fluid 

volume and spatial context. 

 

2.2.1 Proximal Apron 

 

Proximal apron areas of siliceous hot springs occur where subterranean conduits 

carrying alkali chloride fluids debouch at the Earth’s surface to form surging hot pools, 

geysers and spouters. The associated sinter lithofacies of vent areas display distinctive 

macro-scale textural features, which can build up small to moderately large (to several 

metres high and wide), subaerial mounds around conduits, form sinter rimmed hot 

pools, and may also preserve subsurface features produced in the superheated vent 

throat (Campbell et al. 2015a, 2019). Geyserite is the most common sinter lithofacies in 

proximal vent areas, and has several morphologies that form at very high temperatures 

(>75 °C) (Walter 1976; Braunstein and Lowe 2001; Renaut and Jones 2011; Campbell et 

al. 2015a). Adjacent to vents in the proximal mound area, in high temperature (60-75 

°C) outflow channels and shallow pools, finely laminated textures may occur that 

transition laterally from geyserite. These vent-related, proximal sinter lithofacies are 

described further below. 

 

2.2.1.1 Silica Infiltrate 
 

Definition: Silica infiltrate is interpreted to represent the deposits of tortuous, 

superheated (>100 °C), shallow subterranean hydrothermal fluid feeders positioned 

immediately beneath subaerial geyser vents, mounds and surface pools. Silica infiltrate 

permeates pre-existing strata, including sinter (Campbell et al. 2019). 
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Description:  Silica infiltrate consists mainly of parallel, thin, irregular beds of 

alternating blue-grey and white silica (<3 cm thick), with very thin borders of dark blue-

grey, metal-rich silica (<1 mm thick), as well as swirly to globular white silica. Both the 

irregular horizons and the swirly white silica are rather chaotically linked together by 

silica ‘necks’ and ‘bridges’.  

 

Formation Environment: Silica infiltrate was first observed in situ in the Miocene 

Atastra Creek hydrothermal deposit, California, USA (Campbell et al. 2019) (Fig. 

2.2.1.1A), forming in very shallow subterranean settings beneath subaerial vent areas. It 

is commonly spatially associated with proximal sinter facies elsewhere, specifically in 

Miocene and Pliocene hydrothermal deposits of New Zealand (Fig. 2.2.1.1B-C). 

 

Formation Temperature: > 100°C  

 

Fluid Volume: Localised within subterranean areas directly beneath vents. 

 

Flow Direction: Upwards and outwards away from vent-feeder conduits. 

 

Extent: Localised within vent areas over lateral distances of a few metres.  



Chapter 2: Atlas of Siliceous Hot Spring Deposits 

 
21 

Figure 2.2.1.1 Examples of silica infiltrate texture in sinter vent throat settings. A) Miocene outcrop of 

silica infiltrate showing irregular beds of blue-grey and white silica with very thin borders of dark blue-

grey silica, located in situ beneath conduit vent area; Atastra Creek, California, USA. B) Drill core of 

Miocene silica infiltrate showing irregular beds of white silica with thin borders of dark blue-grey silica 

in a sedimentary matrix; Gladstone, Waihi, New Zealand. C) Hand sample of Miocene silica infiltrate 

showing brecciated, irregular beds of blue-grey and white silica with thin borders of dark blue-grey 

silica in a fine-grained sedimentary matrix; Pine sinter, Coromandel Volcanic Zone, New Zealand. D) 

Cut slab vertical cross-section of Pliocene, brecciated, irregular beds of blue-grey and white silica with 

thin borders of dark blue-grey silica in a hydrothermally altered sedimentary matrix; Plumduff, 

Puhipuhi, Northland, New Zealand. 

 

Reported Examples: Miocene, California, USA (Campbell et al. 2019, figure 6). 
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2.2.1.2 Spring Conduits 
 

Definition: Spring conduits are usually open, tortuous, cylindrical central holes 

occurring within mounds or fissures, through which very high temperature geothermal 

fluids are expelled at the surface in relatively high volumes (vents) to produce geysers 

and spouters (Braunstein and Lowe 2001; Guido and Campbell 2009; Guido et al. 2010; 

Guido and Campbell 2011). 

 

Description: Geyser mounds with associated conduits are tens of centimetres to metres 

in diameter and range up to metres in height. The mounds contain cylindrical holes that 

are a few centimetres to up to a few metres in diameter, which are oriented vertically to 

subvertically with respect to the land surface. These features are maintained by fluid 

flow of the spring source and build up geyserite around them (Fig. 2.2.1.2). Vent 

conduits may form singly or in groups. 

 

Formation Environment: Spring conduits mark focused fluid flow pathways that exit to 

the land surface and may build up geyser mounds with central conduit areas remaining 

open to the rapidly cooling, superheated fluid emissions within the spring vent area. 

 

Formation Temperature: Conduit fluids are >~75-100 °C at the surface; tens of metres 

beneath the surface temperatures may be up to ~180 °C (Giggenbach et al. 1994), where 

silica infiltrate forms. 

 

Fluid Volume: High fluid volume discharge zones. 

 

Flow Direction: Upwards and outwards in vicinity of conduit exit points.  
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Extent: Localised to vent areas, which may extend from decimetres to a few tens of 

metres for multivent groups. 

 

Figure 2.2.1.2 Examples of vent conduit features. A) Modern vent conduit mound composed of 

nodular and pseudocolumnar geyserite; Valley of the Geysers, Yellowstone National Park, USA. B) 

Modern vent conduit coated with spicular and nodular geyserite sinter; Geyser Valley, Taupo Volcanic 

Zone, New Zealand. C) Miocene vent conduit composed of nodular geyserite sinter; Atastra Creek, 

California, USA. D) Jurassic vent mound of geyserite with conduit; La Calandra Sur, Claudia, Deseado 

Massif, Argentina. 

 
Reported Examples: Modern, Chile (Fernandez-Turiel et al. 2005, figure 3, p 132); 

Modern, Yellowstone National Park, USA (Lowe and Braunstein 2003, figure 15, p 1628; 

Campbell et al. 2015a, figure 1a, p 46, figure 6c, p 56); Holocene, Taupo Volcanic Zone, 

New Zealand (Jones and Renaut 2012, figure 18b, p 1241; Drake et al. 2014, figure 4c p 



Chapter 2: Atlas of Siliceous Hot Spring Deposits 

 
24 

24; Campbell et al. 2015a, figure 1h-i, p 46, figure 6e,g, p 52; Watts-Henwood et al. 2017, 

figure 3c-h, p 98, figure 4c-f, p 99); Miocene, California, USA  (Campbell et al. 2019, figure 

4); Jurassic, Deseado Massif, Argentina (Guido and Campbell 2011, figure 4g, p 42; 

Campbell et al. 2015a, figure 6a-b,d,f, p 56). 

 

2.2.1.3 Geyserite 
 

Geyserite is a dense, finely laminated sinter that is restricted to locations where geysers 

and spouters play, and where spring vent areas are splashed or submerged by the near 

to boiling waters (>~75-100 °C) of spring source emission points (Walter 1976; 

Braunstein and Lowe 2001; Renaut and Jones 2011; Campbell et al. 2015a). The dark 

and light banding of the dense, fine laminae represents trace element differences in the 

causative fluid pulses. Geyserite yields a variety of morphologies (Campbell et al. 

2015a). Subaerial geyserite varieties are summarised briefly here, including nodular, 

spicular, radiating macrobotriodal and geyserite eggs (beads).   

 

2.2.1.3.1 Spicular Geyserite 
 

Definition: Spicular geyserite constitutes vertically packed, needle-like siliceous sinter 

structures of high length-width ratios comprising dense, fine laminae of silica which 

typically form just above the air-water interface, in frequent splash areas of very high 

temperature thermal fluids at spring-vent pool rims or in the upper spring-vent mound 

(Fig. 2.2.1.3.1A) (Walter 1976; Braunstein and Lowe 2001; Walter et al. 1992; Campbell 

et al. 2015a). 
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Description: Dense, finely laminated, acicular sinter needles with round to sharp tips, in 

closely spaced vertical pillars that may branch upwards and always grow perpendicular 

to lamination. Spicules are typically 0.5-1 mm in diameter and up to 3 cm long. Both 

regular, isopachous pool rims (centimetres to decimetres high) and splash zones of 

mound-shaped build ups (to several metres high) occur. Irregular primary porosity 

between geyserite spicules may be infilled by silica (Fig. 2.2.1.3.1B-D), of lower 

temperature sinter facies or sediments derived from surrounding environments. 

 

Formation Environment: Spicular geyserite rim margins are very often splashed by 

surge and spray that is very closely proximal to but not continuously submerged in 

boiling thermal fluids of vent areas. Spicular geyserite is a subaerial deposit formed by 

evaporative wicking and cooling of thermal fluids directly adjacent to boiling spring vent 

fluids areas. 

 

Formation Temperature: >~75-100 °C 

 

Fluid Volume: Typically high relative fluid volumes are maintained in surging and 

splashing vent areas, except in arid and/or high elevation springs, where geyserite 

development is of relative lower volume/thickness. 

 

Flow Direction: Spicular geyserite laminae grow perpendicular to flow direction and 

may wrap and curl over spring pool lips or form irregular masses at the tops of vent 

mound build ups. 
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Extent: Localised to surging and splashing vent areas and boiling proximal channel 

margins over lateral distances of a few metres from the vent source. 

Figure 2.2.1.3.1 Examples of spicular geyserite sinter. A) Actively forming spicular geyserite within the 

splash zone of a boiling vent; Waimungu, Taupo Volcanic Zone, New Zealand. B) Cut slab vertical 

cross-section of Holocene spicular geyserite (arrows), consisting of acicular needle like growths of 

sinter that are perpendicular to lamination, parallel to one another and branching upwards; Te Kopia, 

Taupo Volcanic Zone, New Zealand. C) Cut slab vertical cross-section of Miocene spicular geyserite 

(arrows), consisting of acicular, finely laminated, silica with rounded tips, parallel to one another and 

branching upwards, and growing perpendicular to lamination; Pine sinter, Coromandel Volcanic Zone, 

New Zealand. D) Cut slab vertical cross-section of Miocene spicular geyserite (arrows), consisting of 

acicular, rather regular, very finely laminated, dense sinter columns, parallel to one another and 

branching upwards, and perpendicular to lamination; Kohuamuri, Coromandel Volcanic Zone, New 

Zealand. 
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Reported Examples: Modern, Yellowstone National Park, USA (Braunstein and Lowe 

2001, figure 16, p 760; Lowe and Braunstein 2003, figure 9b, p 1620, figure 11, p 1623, 

figure 16b-d, p 1629, figure 18, p 1630); Modern, Kamchatka, Russia (Kyle et al. 2007, 

figure 3c-f); Holocene, Taupo Volcanic Zone, New Zealand (Handley and Campbell 2011, 

figure 3a, p 367; Lynne, 2012, figure 9d-e, p 14; Campbell et al. 2015a, figure 8a,b, p 54; 

Watts-Henwood et al. 2017, figure 7b, p 102; Hamilton et al. 2018, figure 4b-c, p 7); 

Miocene, Coromandel Volcanic Zone, New Zealand (Lynne 2012, figure 9a-c, p 14; 

Hamilton et al. 2018, figure 4a, p 7); Jurassic, Deseado Massif, Argentina (Campbell et al. 

2015a, figure 8a,c,e, p 54); Jurassic, Ecuador (Leary et al. 2016, figure 14g, p 1066); 

Paleozoic, Drummond Basin, Australia (Walter et al. 1996, figure 14a, p 510, 15, p 511; 

Walter et al. 1998, figure 4, p 294). 

 

2.2.1.3.2 Nodular Geyserite 
 

Definition: Nodular geyserite consists of small rounded, clumped nodular humps (≤1 

cm in diameter) of dense, finely laminated sinter that predominantly forms around 

slightly drier portions of vent areas subjected to less splash but still at very high 

temperatures. Nodular geyserite is the plan view expression of this lithofacies, which is 

(pseudo)columnar in vertical cross-section (Walter 1976; Braunstein and Lowe 2001; 

Walter et al. 1992; Campbell et al. 2015a). 

 

Description: Individual nodules (≤1.5 cm wide, ≤4 cm high) of geyserite are cemented 

together and commonly merge, and comprise thin, dense, smooth, relatively even 

laminae (~5–50 μm thick), which occur adjacent to and stacked upon one another (Fig. 

2.2.1.3.2B). An irregular primary porosity typically occurs between geyserite nodules, 

which may be infilled by silica (Fig. 2.2.1.3.2C-D). 
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Formation Environment: Proximal to but not frequently in direct contact with boiling 

thermal fluids near vent margins (Fig. 2.2.1.3.2A); occurs in the outer reaches of splash 

zones in vent areas, or on vent rims vertically above the air-water interface of the spring 

source hot pool. 

 

Formation Temperature: >~75 °C 

 

Flow Direction: Laminations of geyserite form perpendicular to pool surface or radiate 

away from vent mound orifice. 

 

Extent: Localised to vent margins over lateral distances of a few metres. 

Figure 2.2.1.3.2 Examples of nodular geyserite sinter. A) Actively forming nodular geyserite (N), 

around a boiling vent, with spicular geyserite (S) closest to the surging water level. Nodular geyserite 

comprises columnar to pseudo-columnar geyserite (PC) in vertical cross-section; Orakei Korako, 
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Taupo Volcanic Zone, New Zealand. B) Plan view of Subrecent nodular/columnar geyserite, showing 

clumped, domed, thin layers of silica parallel to one another; Geyser Valley, Taupo Volcanic Zone, 

New Zealand. C) Cut slab vertical cross-section view of Miocene nodular geyserite comprising 

columnar structures (left) transitioning to spicular geyserite (right), which grew perpendicular to 

bedding; Puketui sinter, New Zealand. D) Cut slab vertical cross-section of internaly columnar to 

pseudocolumnar Miocene nodular geyserite, consisting of domed thin layers of silica parallel to one 

another; Atastra Creek, California, USA. 

 
Reported Examples: Modern, Yellowstone National Park, USA (Braunstein and Lowe 

2001, figure 8, p 754, figure 10, p 755; Lowe and Braunstein 2003, figure 3c, p 1615; 

Lynne 2012, figure 11b,c,e, p16); Modern, El Tatio, Chile (Fernandez-Turiel et al. 2005, 

figure 3b, p 132, figure 12a, p 1624, figure 13b-c, p 1625, figure 14, p 1627); Holocene, 

Taupo Volcanic Zone, New Zealand (Jones and Renaut 2012, figure 18d, p 1241; Lynne 

2012, figure 11a,d,f, p 16; Campbell et al. 2015, figure 7c,j, p 53; Sillitoe 2015; figure 7c, p 

775 Hamilton et al. 2017, figure 4b, p 187; Watts-Henwood et al. 2017, figure 7a,c-d, p 

102; Hamilton et al. 2018, figure 4e-f, p 7); Miocene, Coromandel Volcanic Zone, New 

Zealand (Hamilton et al. 2017, figure 4a, d, p 187; Hamilton et al. 2018, figure 4f, p 7); 

Jurassic, Deseado Massif, Argentina (Campbell et al. 2015a, figure 7c, g-i, p 53); 

Devonian, Rhynie, Scotland (Trewin 1994, figure 2, p 435; Rice et al. 1995, figure 12, p 

237). 
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2.2.1.3.3 Radiating Macrobotryoidal Geyserite 
 

Definition: Radiating macrobotryoidal geyserite comprises globular clusters of dense, 

finely laminated sinter that predominantly forms in the mounded upper (proximal) 

areas and interiors of geyser vent mounds at very high temperatures (Fig. 2.2.1.3.3A) 

(Walter 1976; Braunstein and Lowe 2001; Walter et al. 1992; Campbell et al. 2015a). 

 

Description: Irregular, bulged botryoidal, shaped siliceous vent mounds (>10 cm in 

diameter), with interior microfabrics of spicular (Fig. 2.2.1.3.3B), nodular (Fig. 

2.2.1.3.3C-D) or several intermixed and transitional geyserite textural morphologies. 

 

Formation Environment: In the splash zone of spring effluent areas of aggrading vent 

mounds.  

 

Formation Temperature: >~75 °C 

 

Fluid Volume: The thicker the botryoidal layers building up vent mounds, the longer 

lived and/or greater the duration of fluid flow through the vent orifice. 

 

Flow Direction: Laminations of geyserite layers form in a radiating pattern 

perpendicular to the splash radius around vents. 

 

Extent: Within centimetres to a couple of metres from the vent orifice, typically strongly 

localised to vent throat mound interiors and margins, over lateral distances of a few 

centimetres to a few metres. 
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Figure 2.2.1.3.3 Examples of radiating macrobotryoidal geyserite with internal fabric of spicular or 

pseudocolumnar geyserite textures. A) Actively forming, botryoidal geyserite consisting of spicular and 

nodular geyserite, in a three-dimensional radiating pattern around a vent; Sinter Waterfall, Orakei 

Korako, Taupo Volcanic Zone, New Zealand. B) Cut slab vertical cross-section of Holocene, rounded, 

macrobotryoidal geyserite composed internally of radiating spicular geyserite, botryoidal shape; 

Geyser Valley, Taupo Volcanic Zone, New Zealand. C) Cut slab vertical cross-section of Holocene 

macrobotryoidal geyserite composed of radiating nodular geyserite; Te Kopia, Taupo Volcanic Zone, 

New Zealand. D) Cut slab vertical cross-section of Miocene botryoidal geyserite, internally consisting 

of spicular and nodular geyserite, forming around a paleovent; Diggers sinter, Coromandel Volcanic 

Zone, New Zealand.  

 

Reported Examples: Modern, Yellowstone National Park, USA (Braunstein and Lowe 

2001, figure 7, p 753, figure 11, p 756; Lowe and Braunstein 2003, figure 1a, p 1615, 

figure 10, p 1622, figure 16a, p 1629, figure 19a, p 1631; Hinman and Walter 2005, 

figure 6a, p 209; Campbell et al. 2015a, figure 7 e-f, p 53); Modern, El Tatio, Chile 

(Fernandez-Turiel et al. 2005, figure 3a, p 132, figure 10, p 139); Holocene, Taupo 
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Volcanic Zone, New Zealand (Lynne 2012, figure 10e, p 15; Jones and Renaut 2012, 

figure 18c, p 1241; Watts-Henwood et al. 2017, figure 8a-b, p 103); Jurassic, Deseado 

Massif, Argentina (Guido and Campbell 2009, figure 3a-d, p 620; Guido et al. 2010, figure 

2d, p 13). 

 

2.2.1.3.4 Geyser Eggs 
 

Definition: Geyser eggs, or geyser beads are spherical to somewhat irregular, densely 

laminated sinter that may be smooth on their exteriors (i.e. mobile beads), or spicular 

upon their tops, (i.e. where beads have become immobilised and cemented to the 

substrate, while continuing to accumulate splash-related geyserite on their upper 

surfaces). These overall rounded geyserite spheroids (<10 cm in diameter) form at the 

air-water interface in the splash zone of fountaining geysers, in very shallow pools of 

proximal vent areas at high temperatures (Walter 1976; Jones et al. 2001; Campbell et 

al. 2015a). 

 

Description: Concentric, dense silica laminae in rounded spheres (up to 10 cm in 

diameter), some of which display spicular geyserite on their upper surfaces (Fig. 

2.2.1.3.4). Somewhat flattened where subsequently cemented to the substrate. Irregular 

primary porosity occurs between geyserite eggs, which later may be infilled by silica. 

 

Formation Environment: In splash areas of effusive geysers and fountains that are 

often disturbed by surging vent fluids (Fig. 2.2.1.3.4A). 

 

Formation Temperature:  >~75 °C 
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Fluid Volume: High, intermittent flow. 

 

Flow Direction: Splashing in a radial direction; growth continues differentially upwards 

once spheroid is cemented to the substrate during periods of geyser inactivity. 

 

Extent: Localised to vent areas over lateral areas of a few metres to tens of metres in 

large fountain geysers. 

Figure 2.2.1.3.4 Examples of geyserite eggs. A) Modern, actively forming geyserite eggs around a 

temporarily quiet vent in a very shallow splash pool; Bead Geyser, Yellowstone National Park, USA. 

B) Cut vertical cross-section of Recent geyserite eggs showing concentric layers of silica transitioning 

outwards into spicular geyserite; Bead Geyser, Yellowstone National Park, USA. C) Miocene geyserite 

eggs of irregular, concentrically laminated geyser beads (<5 cm in diameter), some of which are 

topped by spicular geyserite; Atastra Creek, California, USA. D) Pliocene outcrop of geyserite eggs 

consisting of irregular spheroids (≤1 cm in diameter) consisting of dense, concentric laminae in a 

matrix of iron stained, fine grained silica; Mt Mitchell, Puhipuhi, Northland, New Zealand.  
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Reported Examples: Modern, Yellowstone National Park, USA (Lowe and Braunstein 

2003, figure 19b-c, p 1631; Campbell et al. 2015a, figure 8e, p 54); Modern, Taupo 

Volcanic Zone, New Zealand (Jones et al. 2001, figure 3, p 193, figure 4, p 194); Jurassic, 

Deseado Massif, Argentina (Campbell et al. 2015a, figure 10b, p 56); Paleozoic, 

Drummond Basin, Australia (Walter et al. 1996, figure 16, p 511). 

 

2.2.1.4 Finely Laminated 
 

Definition: Fine laminations of silica that accumulate where fast flowing geothermal 

fluids debouch from the vent on the proximal slope and in upper apron outflow channels 

at high temperatures (Guido and Campbell 2011). 

 

Description: Lamination composed of silica, up to 2 mm thick, that is laterally 

continuous for tens of centimetres, in places with small wavelets that have amplitudes 

up to 5 mm and crests up to 1 cm apart (Fig. 2.2.1.4). This lithofacies is often observed 

transitioning laterally into vent geyserite. 

 

Formation Environment: Develops on the proximal slope adjacent to vents, where 

episodic deposition takes place, due to changes in the amount of fluid discharged from 

the vent (Walter et al. 1996; Guido and Campbell 2011). 

 

Formation Temperature: ~60-75 °C 

 

Flow Direction: Flow is parallel to lamination. 
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Extent: Lateral extent is centimetres to metres. 

Figure 2.2.1.4 Examples of finely laminated sinter lithofacies. A) Plan view of vertical face of 

Subrecent, finely laminated sinter in wavy sheets, forming on a steep vent (proximal slope); Geyser 

Valley, Taupo Volcanic Zone, New Zealand. B) Cut slab, vertical cross-section view of Holocene, 

finely laminated, siliceous sinter (dark grey) transitioning into spicular geyserite (arrows); Te Kopia, 

Taupo Volcanic Zone, New Zealand.  C) Cut slab, vertical cross-section view of Miocene, finely 

laminated sinter transitioning laterally into geyserite; Gold Hill, Nevada, USA. D) Cut slab, vertical 

cross-section of Miocene, finely laminated sinter; Dalmeny site, Coromandel Volcanic Zone, New 

Zealand. 

 
Reported Examples: Modern, Yellowstone National Park, USA (Braunstein and Lowe 

2001, figure 3, p 750, figure 4, p 751, figure 12a, p 757; Lowe and Braunstein 2003, 

figure 6, p 1617, figure 12-b-e, p 1624); Holocene, Taupo Volcanic Zone, New Zealand 

(Hamilton et al. 2017, figure 4j, p 187); Miocene, Coromandel Volcanic Zone, New 



Chapter 2: Atlas of Siliceous Hot Spring Deposits 

 
36 

Zealand (Hamilton et al. 2017, figure 4i, p 187); Jurassic, Deseado Massif, Argentina 

(Campbell et al. 2015a, figure 10a, p 56); Paleozoic, Drummond Basin, Australia (Walter 

et al. 1998, figure 6, p 297). 

 

2.2.2 Middle Apron 
 

Middle apron areas of siliceous hot spring deposits are highly diverse in their sinter 

lithofacies as they record growth and silicification of thick microbial mats of 

photosynthetic bacteria at moderate temperatures (~45-60 °C) in pools, under sheet 

flow and within discharge channels. The numerous textures of middle apron sinters are 

largely controlled by microbial community growth in relation to spring discharge fluid 

depth, volume, and flow rate (Walter 1976; Cady and Farmer 1996). Textures associated 

with relatively deep pools include domal stromatolites and low-amplitude wavy (i.e. 

swaley) stromatolites. Moreover, packed fragmental and ropy pool mat sinter fabrics 

form during high flow, e.g. during storms or increased spring discharge intervals. 

Streamer fabric forms exclusively in subaqueous discharge channels. In contrast, conical 

tufted, bubble mat, network and oncoid sinter lithofacies form under conditions of lower 

flow volume and/or duration, and/or under intermittent flow. 

2.2.2.1 Packed Fragmental 
 

Definition: The packed fragmental sinter lithofacies consists of broken, silicified, 

microbial mats (<5 mm thick), which form as a result of transportation in relatively 

high-energy conditions (i.e. during storm-flood conditions) at moderate temperatures in 

the mid-apron. In fast flowing thermal streams, the partly to fully silicified mat 

fragments accumulate in stacked, closely packed, thin, broken sheets in point bars 
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downstream, and are surrounded by a fine-grained, granular to clotted sinter matrix 

(Drake et al. 2014).  

 

Description: The thin microbial sinter layers of the packed fragmental lithofacies are <5 

mm thick and may be up to 10 cm in length. Individual layers may be contorted, but they 

are more often relatively indurated. These broken layers become stacked together as 

closely spaced, thin sheets grouped in a particular orientation within each geometrically 

distinctive package of imbricated fragments (Fig. 2.2.2.1B-C). In places, irregular 

primary porosity is observed in the fine-grained sinter between the silicified layers, 

which subsequently may be infilled by silica (Fig. 2.2.2.1C). 

 

Formation Environment: In spring-fed thermal creeks, on point bars that can be 

metres to tens of metres or more from vent areas (Fig. 2.2.2.1A). Silicified mat fragments 

may be torn from thermal creek surfaces, where they overgrow at the air-water 

interface during summer, or erode from mats armouring the creek bottom during higher 

thermal stream flow rates (Drake et al. 2014). 

 

Formation Temperature: ~45-60 °C 

 

Fluid Volume: Relatively high volumes of geothermal fluid throughput are required to 

form these oriented, stacked groupings of silicified microbial mat fragments, as well as 

fluvial energy input to erode, transport and deposit the silicified mats comprising this 

lithofacies.  
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Extent: May occur over metres to tens of metres laterally, commonly in relatively thin to 

moderately thick beds (centimetres to metres), in places forming lensoidal bedding 

geometries.  

 

Figure 2.2.2.1 Examples of packed fragmental sinter lithofacies. A) Actively forming packed fragmental 

lithofacies in point bars, derived from ripped up, silicified microbial mats; Hot Water Creek, Waimangu, 

Taupo Volcanic Zone, New Zealand. B) Cut slab, vertical cross-section view of 9.4 kyr packed 

fragmental lithofacies consisting of individual, thin sinter sheets of microbial origin that are broken and 

stacked into packages of clasts with preferred orientations; Mangatete, Taupo Volcanic Zone, New 

Zealand. C) Cut slab, vertical cross-section view of Miocene, packed fragmental lithofacies consisting 

of fragments of thin microbial sinter sheet layers that are broken, and grouped into discrete packages 

with the same orientation; Kohuamuri, Coromandel Volcanic Zone, New Zealand. D) Outcrop of 

Jurassic packed fragmental lithofacies consisting of individual microbial sinter sheets that are broken, 

and grouped into imbricated clusters with the same clast orientations; San Agustín, Deseado Massif, 

Argentina. 
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Reported Examples: Holocene, Taupo Volcanic Zone, New Zealand (Drake et al. 2014, 

figure 5c, p 25, figure 7d-e, p 27; Hamilton et al. 2018, figure 5e-f, p 8); Miocene, 

Coromandel Volcanic Zone, New Zealand (Hamilton et al. 2018, figure 5d, p 8); Jurassic, 

Deseado Massif, Argentina (Guido and Campbell 2011, figure 5d, p 43). 

 

2.2.2.2 Streamer Fabric 
 

Definition: Streamer fabric consists of densely packed, wavy, silicified, elongated 

strands or streamers of filamentous microbes that are parallel to flow direction in 

moderate temperature outflow channels of the mid-apron (Cunneen and Sillitoe 1989; 

Walter et al. 1996; Schubotz et al. 2013). 

 

Description: Aligned, wavy, silicified microbial strands are parallel to one another and 

may comprise bundles of multiple filaments silicified into “streamers” in discharge 

channel outflows of the mid apron (Cunneen and Sillitoe 1989; Walter et al. 1996; 

Schubotz et al. 2013). Strands are <5 mm in width and <15 cm in length, and overlap one 

another in the final sinter deposit (Fig. 2.2.2.2B). Irregular primary porosity occurs 

between silicified strands, which may be infilled by silica (Fig. 2.2.2.2C-D). 

 

Formation Environment: Restricted to fast flowing, shallow to moderately deep 

channels of the middle apron, metres to tens of metres or more from vent areas, where 

flow is sufficient to elongate the microbial mats in the flow (Fig. 2.2.2.2A). 

 

Formation Temperature: ~45-60 °C 
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Fluid Volume: High rate of localised flow within spring discharge channels. 

 

Flow Direction: Fluid flow is parallel to streamer elongation, with termination of 

elongated strands in the downstream direction.  

 

Extent: Localised to discharge channels within the middle sinter apron, and may be 

centimetres to metres in extent. 

Figure 2.2.2.2 Examples of streamer fabric sinter lithofacies in plan view, with arrows indicating flow 

direction. A) Actively forming streamer fabric in a localised outflow channel; Orakei Korako, Taupo 

Volcanic Zone, New Zealand. B) Subrecent silicified streamer fabric; Beowawe, Nevada, USA. C) 

Miocene streamer fabric; Atastra Creek, California, USA. D) Jurassic streamer fabric; San Agustín, 

Deseado Massif, Argentina. 
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Reported Examples: Modern, Yellowstone National Park, USA (Hinman and Walter 

2005, figure 5f, p 206; Handley and Campbell 2011, figure 3i, p 367; Lynne 2012, figure 

16a,h, p 20); Holocene, Taupo Volcanic Zone, New Zealand (Lynne 2012, figure 16a-c,e-f, 

p 20); Jurassic, Deseado Massif, Argentina (Guido et al. 2010, figure 2o-p, p 13); 

Paleozoic, Drummond Basin, Australia (Cunneen and Sillitoe 1989, figure 4f, p 140; 

Walter et al. 1996, figure 16, p 513; Sillitoe 2015; figure 7e, p 775). 

 

2.2.2.3 Domal Stromatolites 
 

Definition Domed to convexly curved stromatolites that grow upwards from the bottom 

of relatively deep pools at moderate temperatures of the mid-apron (Fig. 

2.2.2.3A)(Drake et al. 2014). 

 

Description: Stromatolites comprising thin (<5 mm), domed, wavy laminae and bands 

of sinter that are continuous within domes. Primary porosity is observed within or 

beneath domal sinter features as relatively large lenticular to irregular voids (Fig. 

2.2.2.3B-C).  

 

Formation Environment: Domal stromatolites grow from the base of deep (>1.5 m), 

calm, moderate temperature pools, metres to tens of metres from vent areas.  

 

Formation Temperature: ~45-60 °C 

 

Fluid Volume: High volumes of thermal fluids are required to form the moderate 

temperature pools in which these stromatolites form. 
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Flow Direction: Stromatolites grow perpendicular to water level, with domed features 

indicating incremental, upward accumulation of mat and sinter.  

 

Extent: Decimetres to tens of metres. 

Figure 2.2.2.3 Examples of domal stromatolites that grew from mid-temperature, spring pool floors, in 

vertical views. A) Actively forming domal stromatolites on a subaqueous shelf within a deep pool, mid-

apron; Warbrick Terrace, Waimangu, Taupo Volcanic Zone, New Zealand. B) Cut slab vertical cross-

section of Holocene domal stromatolite consisting of domed, convex-upwards (arrow towards up 

direction), wavy layers of sinter; ~3 kyr old Mangatete, Taupo Volcanic Zone, New Zealand. C) Vertical 

cross-section view of ~3 kyr domal stromatolite consisting of domed, convex-upwards (arrow towards 

up direction), wavy layers of sinter; Te Kopia, Taupo Volcanic Zone, New Zealand. D) Cut slab vertical 

cross-section of a wrinkly to wavy laminated domal stromatolite that shows upwards expansion of its 

hemispheroidal growth form (arrow towards up direction); ~15 kyr Tahunaatara locality, Taupo 

Volcanic Zone, New Zealand. 
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Reported Examples: Holocene, Taupo Volcanic Zone, New Zealand (Campbell et al. 

2003, figure 10d, p 496; Drake et al. 2014, figure 7a-b, p 27). 

 

2.2.2.4 Low-amplitude Wavy Stromatolites 
 

Definition: Low-amplitude, wavy (i.e. swaley), siliceous stromatolites of long 

wavelength that are broadly convex-upwards, domal, with numerous lenticular voids; 

features form atop calm pool surfaces of moderate temperature on the mid-apron (Fig. 

2.2.2.4A) (Hamilton et al. 2018). 

 

Description: Stromatolites that have long wavelengths of >5 cm, which are broadly 

convex upwards, with curves ~5 cm high. Between the domal layers of silica (<1 cm 

thick), curved flattened to elliptical voids represent gases that were trapped within and 

beneath the pool-surface microbial mats, either from microbial photosynthetic by-

products (Hinman and Lindstrom 1996), or thermal pool volatile exsolution, or both. 

Irregular primary porosity between silicified layers may later be infilled by silica (Fig. 

2.2.2.4B-D). 

 

Formation Environment: Low-amplitude wavy stomatolites grow over the surfaces of 

deep (>1.5 m), calm pools at moderate temperatures, metres to tens of metres from vent 

areas. Broad domal areas form when thick (~1-3 cm), cyanobacterial mats growing over 

the pool surface bulge upwards as they trap gases emitting from the thermal springs or 

from the oxygen given off by the photosynthetic mats themselves (Fig. 2.2.2.4A). 

 

Formation Temperature: ~45-60 °C 
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Fluid Volume: High volumes of thermal fluids are required to form the moderate 

temperature pools across which these stromatolites form. 

 

Flow Direction: Stromatolites grow perpendicular to water level, with domed feature 

terminating at the air-water interface 

 

Extent: Decimetres to tens of metres. 

Figure 2.2.2.4 Examples of low-amplitude wavy stromatolite sinter lithofacies. A) Plan view of actively 

forming, low-amplitude wavy stromatolite growing across and over the surface of a deep, moderate 

temperature pool; Kuirau Park, Taupo Volcanic Zone, New Zealand. B) Holocene, low-amplitude wavy 

stromatolite showing domed siliceous layers, with high porosity (flattened bubbles) between the layers; 

Whirinaki sinter, Taupo Volcanic Zone, New Zealand. C) Hand sample of Miocene, low-amplitude 

wavy stromatolite comprising convex-upwards, wavy laminated sinter layers that trapped a gas bubble 

(dark centre); Pine sinter, Coromandel Volcanic Zone, New Zealand. D) Jurassic, low-amplitude wavy 

stromatolite comprising convex-upwards, wavy laminated sinter layers, interbedded with ropy pool mat 

sinter; San Agustín, Deseado Massif, Argentina. 
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Reported Examples: Holocene, Taupo Volcanic Zone, New Zealand (Hamilton et al. 

2018, figure 5b-c, p 8); Miocene, Coromandel Volcanic Zone, New Zealand (Hamilton et 

al. 2018, figure 5a, p 8). 

 

2.2.2.5 Ropy Pool Mats 
 

Definition: Ropy pool mats form as irregularly contorted to torn, thick, green and 

orange layers (mm’s to cm’s thick) of rubbery (soft) microbial mats growing along the 

margins of and across the surfaces of deep (>1 m), moderate-temperature pools in the 

middle apron (Fig. 2.2.2.5A)(Guido et al. 2010). The thick mats are disturbed and 

contorted by intermittently high flow rates of spring discharge or other runoff during 

seasonal fluid flow changes in the springs (e.g. stormy intervals). The thick, silicifying 

mats may sink because of their accumulated weight, to deposit in contorted heaps at the 

bottom of pools.  

 

Description: Silica sinter beds (individually mm’s to cm’s thick), up to 1 m in length, 

that may transition from minor contortions to twisted and torn morphologies. This 

facies may accumulate in sinter deposits that are tens of metres thick, e.g. Jurassic, San 

Agustín locality (Guido et al. 2010). The irregular primary porosity between contorted 

silica horizons may be infilled by later silica or sediment (Fig. 2.2.2.5B-D). 

 

Formation Environment: At the margins of or on the surfaces of deep (>1 m) pools 

within the middle sinter apron, especially where spring discharge channels enter pools, 

metres to tens of metres away from vent areas (Fig. 2.2.2.5A). The cyanobacterial mats 

grow under optimum conditions (i.e. develop into thick, layered horizons) in the 
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summertime, with silica infiltrating the exopolymeric substance (EPS) that causes the 

rubbery, mucus-like character of the mats. When conditions change, e.g. during winter 

influx of higher volumes of fluids, the partially silicified mats become twisted, but 

commonly the individual contorted horizons remain intact. 

 

Formation Temperature: ~45-60 °C 

 

Fluid Volume: Relatively deep pools of moderate temperature with fluctuating thermal 

fluid input are required to form ropy pool mats. 

 

Extent: Metres to tens of metres. 

Figure 2.2.2.5 Examples of ropy pool mat sinter fabric. A) Oblique side view of actively forming, ropy 

pool mats of cyanobacteria growing along the margins and over the tops of of fast flowing thermal 

spring fed stream; Hot Water Creek (dark foreground), Waimangu, Taupo Volcanic Zone, New 

Zealand. B) Cut slab, vertical cross-section view of Jurassic ropy pool mat sinter consisting of thick 
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contorted layers of microbial silica; San Agustín, Deseado Massif, Argentina. C) Plan view of Miocene 

ropy pool mat lithofacies consisting of thick contorted layers of sinter; Atastra Creek, California, USA. 

D) Cut slab, vertical cross-section of Jurassic ropy pool mat structures consisting of thick, partially 

contorted layers of sinter; San Agustín, Deseado Massif, Argentina. 

 
Reported Examples: Miocene, California, USA (Campbell et al. 2019, figure 8b); 

Jurassic, Deseado Massif, Argentina (Guido et al. 2010, figure 2m-n, p 13). 

 

2.2.2.6 Conical Tufted 
 

Definition: Conical tufts constitute irregularly laminated, cone-shaped, finely 

filamentous cyanobacteria that exhibit a phototaxial response (e.g. Phormidium), which 

form subaqueously in calm, shallow (few centimetres to >1 m), moderate temperature 

pools in the mid-apron (Walter 1976; Cady and Farmer 1996; Walter et al. 1996; Guido 

and Campbell 2011; Lynne 2012). 

 

Description: Individual, finely laminated cone shapes, or tufts, are <5 mm in width and 

may extend up to 10 cm in height. These conical tufts form perpendicular to bedding. 

The irregular primary porosity between tufts may be later infilled by silica sediments 

and precipitates (Fig. 2.2.2.6C-D) or other sediments. 

 

Formation Environment: The height of tufts depends on the depth of the thermal 

pools, with larger (taller) tufts forming in deeper pools. In shallow pools (<5 cm in 

depth) tufts are <2 cm in height, whereas in deeper pools (~<1 m), tufts up to 15 cm in 

height may form (Fig. 2.2.2.6A). 
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Formation Temperature: ~45-60 °C 

 

Fluid Volume: Tall features form under sustained volumes of thermal fluid input 

through the spring discharge system. 

 

Flow Direction: Tufts grow perpendicular to water level in shallow, relatively calm 

pools and may elongate in the direction of discharge. 

 

Extent: Centimetres to a few metres in lateral extent. 

Figure 2.2.2.6 Examples of conical tufted sinter. A) Oblique side view of modern conical tufted fabric 

consisting of vertical, closely spaced, cone shapes or tufts (<5 cm in height); Octopus Spring, 

Yellowstone National Park, USA. B) Cut slab vertical cross-section view of Holocene, laminated, 

conical tufted sinter (<3 cm in height), grown perpendicular to bedding; Tokaanu, Taupo Volcanic 

Zone, New Zealand. C) Cut slab, vertical cross-section of Miocene, laminated, conical tufted sinter (<8 

cm in height), which grew perpendicular to bedding; Kohuamuri, Coromandel Volcanic Zone, New 
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Zealand. D) Cut slab, vertical cross-section of Holocene, conical tufted sinter (~3 cm in height), 

forming perpendicular to bedding; Orakei, Korako, Taupo Volcanic Zone, New Zealand. 

 

Reported Examples: Modern, Yellowstone National Park, USA (Handley and Campbell 

2011, figure 3e, p 367; Lynne 2012, figure 7a, b,d-h, p 12); Holocene, Steamboat Springs, 

Nevada, USA (Lynne 2012, figure 7d, e, p 12); Holocene, Taupo Volcanic Zone, New 

Zealand (Lynne 2012, figure 7c,f, p 12; Hamilton et al. 2017, figure 5f,h, p 188; Hamilton 

et al. 2018, figure 5k-i, p 8); Miocene, Coromandel Volcanic Zone, New Zealand (Handley 

and Campbell 2011, figure 3f, p 367; Hamilton et al. 2017, figure 5e,g, p 188; Hamilton et 

al. 2018, figure 5g, p 8); Jurassic, Deseado Massif, Argentina (Guido and Campbell 2009, 

figure 3e-f, p 620; Guido and Campbell 2011, figure 5a, p 43).   

 

2.2.2.7 Bubble Mat Texture 
 

Definition: Bubble mats, or curved lenticular to spherical voids within wavy laminated 

sinter (Cady and Farmer 1996; Campbell et al. 2001), form where gases become trapped 

within the exopolymeric substance (EPS) of the matrix of the cyanobacterial mats during 

photosynthesis, at moderate temperatures of the mid-apron (Hinman and Lindstrom 

1996), or from thermal spring emissions of exsolved volatiles. 

 

Description: Spherical to elongated voids parallel to bedding, up to 5 cm in diameter, 

surrounded by silica, which later may be infilled by silica (Fig. 2.2.2.7B-C). Where 

bubbles become flattened and elongated, the silica bedding becomes wavy, with strong 

primary porosity preserved between the sinter laminae (Fig. 2.2.2.7D).  
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Formation Environment: Gas bubbles form subaqueously, becoming trapped as 

microbial mats exude oxygen during photosynthesis (Hinman and Lindstrom 1996) or 

as the pool de-gases from physicochemical processes (e.g. fluid circulation, cooling, 

evaporation), occurring over extensive areas in shallow pools, or within outflow 

channels of the middle apron. The bubbles become trapped and silicified within the 

microbial EPS matrix, producing voids, with roundness of the voids controlled by flow 

rate of the spring discharge (Fig. 2.2.2.7A). The flatter the bubbles the higher the flow 

rate of the discharge channel. The high primary porosity of this common microbial fabric 

is typical of near-neutral alkali chloride sinter, a key feature distinguishing it from most 

pseudosinter. 

Formation Temperature: ~45-55 °C 

 

Fluid Volume: Moderate flow. 

 

Flow Direction: Fluid flow is parallel to void elongation.  

 

Extent: Bubbles may form over laterally extensive areas, from metres to tens of metres. 



Chapter 2: Atlas of Siliceous Hot Spring Deposits 

 
51 

Figure 2.2.2.7 Examples of bubble mat sinter lithofacies. A) Plan view of actively forming bubble mats, 

where gases become trapped within the sticky exopolymeric substance (EPS) matrix of the 

cyanobacterial mats; Orakei Korako, Taupo Volcanic Zone, New Zealand. B) Cut slab, vertical cross-

section of <6 kyr bubble mat sinter lithofacies, consisting of spherical and elongated voids parallel to 

bedding; Umukuri, Taupo Volcanic Zone, New Zealand. C) Cut slab, vertical cross-section of Pliocene 

bubble mat lithofacies, consisting of spherical and elongated voids parallel to bedding, encased within 

sinter and cinnabar; Mt Mitchell, Puhipuhi, Northland, New Zealand. D) Jurassic vertical section view 

of bubble mat sinter consisting of elongated spherical voids, parallel to bedding; San Agustín, 

Deseado Massif, Argentina.  

 

Reported Examples: Modern, Yellowstone National Park, USA (Hinman and Walter 

2005, figure 5c, p 206); Holocene, Steamboat Springs, Nevada, USA (Lynne 2012, figure 

6b, p 11); Holocene, Taupo Volcanic Zone, New Zealand (Campbell et al. 2001, figure 

11a, p 739; Handley and Campbell 2011, figure 3c-d, p 367; Lynne 2012, figure 6a, p 11; 

Hamilton et al. 2017, figure 5d, p 188; Hamilton et al. 2018, figure 5k-l, p 8); Miocene, 

Coromandel Volcanic Zone, New Zealand (Hamilton et al. 2017, figure 5c, p 188; 
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Hamilton et al. 2018, figure 5g, p 8); Jurassic, Deseado Massif, Argentina (Guido and 

Campbell 2009, figure 3i-k, p 620; Guido et al. 2010, figure 2i, p 13; Guido and Campbell 

2011, figure 5b, p 43); Paleozoic, Drummond Basin, Australia (Sillitoe 2015; figure 7d, p 

775).   

 

2.2.2.8 Network Fabric 
 

Definition: Network fabric is a surface feature that constitutes irregular threads of silica 

(<1mm) in a webbed pattern. Found along the drying margins of moderate-temperature 

pools of the mid-apron, where EPS exuded by cyanobacteria becomes dried out and 

web-like as it silicifies (Guido and Campbell 2011; Handley and Campbell 2011). 

 

Description: Irregular, silicified, webbed features. Individual strands are <5 mm in 

width and up to 10 cm in length; they overlap and criss-cross one another parallel to 

bedding. The irregular primary porosity between the silicified strands later may be 

infilled by silica (Fig. 2.2.2.8). May be distinguished from bladed quartz after calcite by 

its more curvilinear and irregular criss-crossing pattern and two-dimensional (surface 

only) expressions. 

 

Formation Environment: Wetting and drying of mats around pool margins, metres to 

tens of metres from vent areas (Fig. 2.2.2.8A). 

 

Formation Temperature: ~45-60 °C 

 

Fluid Volume: Low fluid volumes, in areas of drying out microbial sinter. 
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Extent: Localised to pool margins, centimetres to metres in extent. 

Figure 2.2.2.8 Examples of network sinter fabric in plan view. A) Actively forming network lithofacies 

consisting of EPS exuded by cyanobacteria that is becoming dried out, web-like and silicified on the 

margins of a pool; Whangapaoa Spring, Atiamuri, Taupo Volcanic Zone, New Zealand. B) Miocene 

network lithofacies consisting of silicified, irregular webbed pattern; Kohuamuri, Coromandel Volcanic 

Zone, New Zealand. C) Miocene network lithofacies consisting of silicified irregular webbed pattern; 

Atastra Creek sinter, California, USA. D) Jurassic network lithofacies consisting of silicified, irregular, 

webbed pattern; La Marciana, Deseado Massif, Argentina.  

 

Reported Examples: Modern, Yellowstone National Park, USA (Hinman and Walter 

2005, figure 5a, p 206); Holocene, Taupo Volcanic Zone, New Zealand (Campbell et al. 

2003, figure 11a-c, p 496 Hamilton et al. 2017, figure 5b, p 188; Hamilton et al. 2018, 

figure 5n-o, p 8); Miocene, Coromandel Volcanic Zone, New Zealand (Hamilton et al. 

2017, figure 5a, p 188; Hamilton et al. 2018, figure 5m, p 8); Jurassic, Deseado Massif, 
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Argentina (Guido and Campbell 2009, figure 3g-h, p 620); Paleozoic, Drummond Basin, 

Australia (Cunneen and Sillitoe 1989, figure 4e, p 140).. 

 

2.2.2.9 Oncoids 
 

Definition: Oncoids are irregular spheroids, consisting of crenulated concentric laminae 

of silica that are microbially influenced, accumulating in areas of intermittent sheet flow 

within the middle-apron at moderate temperatures (Renaut et al. 1996). 

 

Description: Irregular spheroids <2 cm in diameter, often slightly flattened, and with 

each concentric lamina of silica <1 mm in thickness and displaying a wavy to crenulated 

texture. The irregular primary porosity observed between oncoids may be later infilled 

by silica at moderately warm to tepid temperatures (Fig. 2.2.2.9B-D). 

 

Formation environment: Irregular spheroids <2 cm in diameter, often slightly 

flattened, with each concentric lamina of silica <1 mm in thickness and displaying a 

wavy to crenulated texture. The irregular primary porosity observed between oncoids 

may be later infilled by silica at moderately warm to tepid temperatures (Fig. 2.2.2.9B-

D). 

 

Formation Temperature: ~40-55 °C 

 

Fluid Volume: Intermittent, low volume flows. 

 

Extent: Localised to relatively wide sheet flow discharge areas on middle apron 

surfaces, from centimetres to tens of metres in extent. 
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Figure 2.2.2.9 Examples of sinter oncoids. A) Oblique plan view of actively forming, irregular 

spheroidal to ellipsoidal oncoids, engulfed by green photosynthesising bacteria in an intermittently 

flowing, thin sheet outflow area on the middle apron; Champagne Pool, Waiotapu, Taupo Volcanic 

Zone, New Zealand. B) Cut slab, vertical cross-section of <6 kyr oncoids, consisting of wavy, 

concentrically layered, irregular spheroids in a porous sinter matrix; Umukuri, Taupo Volcanic Zone, 

New Zealand. C) Plan view of Miocene oncoid lithofacies, consisting of irregular spheroids, with thin, 

somewhat wavy concentric layers of silica; Sky Farm, Coromandel Volcanic Zone, New Zealand. D) 

Cut slab, vertical cross-section view of ~2.2 kyr oncoid lithofacies, consisting of irregular spheroids, 

coated by thin concentric layers of silica, Mangamingi; Taupo Volcanic Zone, New Zealand. 

 
Reported Examples: Modern, Yellowstone National Park, USA (Handley and Campbell 

2011, figure 3g, p 367; Lynne 2012, figure 17e, p 21); Holocene, Steamboat Springs, 

Nevada, USA (Lynne 2012, figure 17b-d,f, p 21); Holocene, Taupo Volcanic Zone, New 

Zealand (Jones et al. 1999, figure 2, p 92; Campbell et al. 2001, figure 14, p 742, figure 

15, p 743; Campbell et al. 2003, figure 12d, p 497; Lynne 2012, figure 17a, p 21; 

Hamilton et al. 2018, figure 6e-f, p 10); Miocene Coromandel Volcanic Zone, New 
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Zealand (Hamilton et al. 2018, figure 6d, p 10); Jurassic, Ecuador (Leary et al. 2016, 

figure 14c, d, p 1066); Palaeozoic, Drummond Basin, Australia (Walter et al. 1998, figure 

3b-d, p 293). 

2.2.3 Distal Apron 
 

The distal apron area of siliceous hot spring deposits develops at warm to tepid 

temperatures (~30-45 °C) and is dominated by palisade sinter textures in thickly 

laminated, stacked horizons, which can build up to form terracettes upon the larger 

distal apron terraces; they are found tens to hundreds of metres from vent areas. 

2.2.3.1 Palisade Fabric 
 

Definition: Palisade sinter consists of thickly laminated to thinly bedded horizons 

(typically a few mm’s to 2 cm in thickness) of coarsely filamentous microbes aligned 

perpendicular to the laminae, in which cyanobacterial mats build up to produce 

overlapping terracettes (Fig. 2.2.3.1A). These palisades are typically produced by 

silicification of the cyanobacterium Calothrix at low temperatures in the distal apron 

(Cady and Farmer 1996; Lynne 2012; Campbell et al. 2015b). 

 

Description: Individual silicified filaments are ≤1 mm thick and usually <2 cm in height 

(Lynne and Campbell 2003; 2004). The filaments comprise densely packed micropillars 

perpendicular to bedding. At the macroscale, layers of palisade microbial mats can build 

up terracettes with “lips” up to 10 cm in height, and features extend over tens of metres. 

Terracette lips may be preserved both in plan and vertical cross-section, superficially 

appearing as climbing ripples in vertical section (Fig. 2.2.3.1B) view. The microbial 

structures display a lumpy, mamillated texture in plan view (Campbell et al. 2015b; 
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2019). The irregular primary porosity between silicified filaments may be later infilled 

by silica (Fig. 2.2.3.1B-D). 

 

Formation Environment: Palisade fabric forms in the distal apron, tens to hundreds of 

metres from vent areas, developing as large blocky terraces over laterally extensive 

areas. 

 

Formation Temperature: ~30-45 °C  

 

Fluid Volume: Typically, fluid volumes are low, although some terraces at Yellowstone 

contain small pools with bushy mamillated features on pool floor bottoms amongst the 

terraces (Handley and Campbell 2011; Campbell et al. 2015b). 

 

Flow Direction: Silicified filaments are perpendicular to water level and, in places, 

curve upwards towards the flow direction. 

 

Extent: Forms over extensive areas, metres to hundreds of metres. 
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Figure 2.2.3.1 Examples of palisade sinter fabric. A) Oblique plan view of modern palisade lithofacies 

forming terracettes on the distal apron; Healy’s Borehole 2, Tokaanu, Taupo Volcanic Zone, New 

Zealand. B) Cut slab vertical cross-section of ~3 kyr palisade fabric showing filamentous texture 

perpendicular to bedding forming “climbing terracette lips”; Te Kopia, Taupo Volcanic Zone, New 

Zealand. C) Cut slab vertical cross-section of Holocene palisade fabric showing filamentous texture 

perpendicular to bedding, and showing patchy silica replacement by microcrystalline quartz; Umukuri, 

Taupo Volcanic Zone, New Zealand. D) Cut slab vertical cross-section view of Miocene palisade fabric 

showing filamentous texture perpendicular to bedding; Spring Peak, Nevada, USA. 

 

Reported Examples: Holocene, Steamboat Springs, Nevada, USA (Lynne 2012, figure 

4e, p 9); Holocene, Taupo Volcanic Zone, New Zealand (Campbell et al. 2001, figure 5, p 

732, figure 7, p 735, figure 9, p 737; Handley and Campbell 2011, figure 4, p 368; Lynne 

2012, figure 4a-b,g, p 9; Drake et al. 2014, figure 7.f, g, p 27; Hamilton et al. 2017, figure 

6b, p 189; Hamilton et al. 2018, figure 6b, c, p 10); Miocene, Coromandel Volcanic Zone, 

New Zealand (Hamilton et al. 2017, figure 6a, p 189; Hamilton et al. 2018, figure 6a, p 

10); Jurassic, Deseado Massif, Argentina (Guido and Campbell 2009, figure 3k-l, p 620); 
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Paleozoic, Drummond Basin, Australia (Walter et al. 1996, figure 17, p 512; Walter et al. 

1998, figure 7, p 298, figure 8, p 299, figure 9, p 300).  2.2.4 Geothermally Influenced 

Marsh Areas 

 

2.2.4 Geothermally Influenced Marsh Areas 
 

Geothermally influenced marsh areas occur in or adjacent to geothermal fields where 

the ambient temperatures (<35 °C) are tolerable for plants and algae to grow in 

relatively high densities. Eukaryotes (e.g. insects, ostracods, micromolluscs, etc) also 

thrive in the tepid to cool waters (e.g. Channing et al. 2004; Guido et al. 2010; Channing 

and Edwards 2013). The marsh generally forms over geographically vast areas, tens to 

hundreds of metres from vent(s), with areal extent depending on overall volume and 

duration of spring fluid discharge. Plant-rich and clotted lithofaces develop in these 

marginal areas of sinter formation. 

 

2.2.4.1 Plant-rich Sinter 
 

Definition: Plant-rich fabric consists of silicified branches, twigs, reeds and leaves, 

which commonly show a preferred orientation. Plants are encrusted with fluffy, fine 

grained opaline silica in modern hot-springs within the geothermally influenced marsh 

at ambient temperatures (Fig. 2.2.4.1A) (Weed 1889; Channing et al. 2004). 

 

Description: Fine-grained silica can replace, encrust and form casts of plant material, 

with the irregular primary porosity observed within and between plant fossils 

commonly infilled by silica (Fig. 2.2.4.1B-D). Insects and other eukaryotes also may be 

associated with this sinter lithofacies. 
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Formation Environment: At low temperatures, where plants are able to grow in the 

interfluves between the thermal spring discharge channels on the distal apron. Also 

found along the margin of the sinter apron, tens to hundreds of metres away from vent 

areas.  

 

Formation Temperature: <35 °C 

 

Fluid Volume: Low to moderate fluid volume, generally ponding water in 

topographically low areas at the most distal extent of geothermal fluid influence. 

 

Flow Direction: If flow is sufficient, plant material (i.e. twigs and reeds) may align 

parallel to flow flowing fluid direction (Fig. 2.2.4.1C). 

 

Extent: May form over widely extensive areas, metres to hundreds of metres away from 

vent areas. 
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Figure 2.2.4.1 Examples of plant-rich sinter. A) Actively forming plant-rich sinter, where various plants 

are being coated in silica; Tokaanu, Taupo Volcanic Zone, New Zealand. B) Recently silicified plant-

rich sinter consisting of silicified twigs and reeds; Tokaanu, Taupo Volcanic Zone, New Zealand. C) 

Vertical section view of Miocene plant-rich sinter consisting of silicified twigs and reeds, which are 

preserved in the direction of flow (ellipsoidal oncoid, lower right); Alderman Islands, Coromandel 

Volcanic Zone, New Zealand. D) Plan view of Miocene plant-rich sinter consisting of silicified twigs 

and well-preserved leaves within silica; Sky Farm, Coromandel Volcanic Zone, New Zealand. 

 
Reported Examples: Holocene, Taupo Volcanic Zone, New Zealand (Campbell et al. 

2001, figure 13, p 741; Campbell et al. 2003, figure 10a-c, p 495; Handley and Campbell 

2011, figure 3j-k, p 367; Drake et al. 2014, figure 7h, p 27; Hamilton et al. 2017, figure 

6d, p 189; Watts-Henwood et al. 2017, figure 9a,e, p 104; Hamilton et al. 2018, figure 6h, 

i, p 10); Miocene, Coromandel Volcanic Zone, New Zealand (Hamilton et al. 2017, figure 

6c, p 189; Hamilton et al. 2018, figure 6g, p 10); Jurassic, Deseado Massif, Argentina 

(Guido and Campbell 2009, figure 3m, n, p 620); Devonian, Rhynie, Scotland (Rice et al. 

1995, figure 2, p 230; Channing and Edwards 2013, figure 2, p 530, figure 3, p 534); 
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Paleozoic, Drummond Basin, Australia (Cunneen and Sillitoe 1989, figure 4e, p 140; 

Walter et al. 1996, figure 20, p 515; Walter et al. 1998, figure 10, p 302, figure 12, p 306). 

 

2.2.4.2 Clotted Fabric 
 

Definition: Clotted texture is produced by fluffy, fine-grained microbial encrustations 

upon plants and sinter fragments in the geothermally influenced marsh, at ambient 

temperatures (Fig. 2.2.4.2A) (Weed 1889; Campbell et al. 2001). 

 

Description: Fine, discontinuous fluffy encrustations coat plant and other materials on 

the distal discharge apron and into marshy areas that are fed by tepid to cool spring 

discharge (Fig. 2.2.4.2). 

 

Formation Environment: Clotted fabric forms at low temperatures, tens to hundreds of 

metres from vent areas, often in marshy, ponded areas amongst reeds.  

 

Formation Temperature: <35 °C 

 

Fluid Volume: Low to moderate fluid volume, generally ponding water in 

topographically low areas at the most distal portions of geothermal fluid influence. 

 

Extent: Metres to tens of metres in lateral extent. 
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Figure 2.2.4.2 Examples of clotted sinter fabric. A) Actively forming clotted texture consisting of fluffy 

microbial encrustations upon plants and sedimentary materials, within the distal geothermal marsh 

setting; Yellowstone National Park, USA. B) Recently silicified, fluffy, clotted sinter encrusting plant 

material; Tokannu, Taupo Volcanic Zone, New Zealand. C) Cut slab, vertical cross-section of Miocene 

clotted sinter fabric consisting of fluffy microbial encrustations (white) upon plants and sedimentary 

materials; Silver Stream sinter, Coromandel Volcanic Zone, New Zealand. D) Cut slab, vertical cross-

section of Miocene clotted sinter fabric (white-brown) consisting of fluffy microbial encrustations upon 

plants and sedimentary materials; Gold Hill sinter, Nevada, USA. 

 

Reported Examples: Holocene, Taupo Volcanic Zone, New Zealand (Campbell et al. 

2001, figure 12, p 740; Hamilton et al. 2017, figure 6g, p 189; Hamilton et al. 2018, figure 

6n-o, p 10); Miocene, Coromandel Volcanic Zone, New Zealand (Hamilton et al. 2017, 

figure 6e-f, p 189; Hamilton et al. 2018, figure 6m, p 10); Jurassic, Deseado Massif, 

Argentina (Guido and Campbell 2011, figure 6g, p 44).  
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2.3 Sinter associated breccias 
 

Brecciation of sinter is commonly observed in the geologic record, in varied locations 

across the sinter apron, from vent to distal marsh areas. The brecciation can occur 

during or after hot spring silica deposition. 

 

2.3.1 Sinter Clast Breccia 
 

Definition: Sinter clast breccia (Jones and Renaut 2003) is composed of broken, 

silicified mats and other sinter fabrics as a consequence of intermittent drying out of the 

sinter apron owing to changes in position of the water table or channel switching, 

causing desiccation of sinter (Jones and Renaut 2003). It also may form from physical 

disruption, such as during erosion or joint/fracture development. This fabric can occur 

throughout the sinter apron, but is common in dried out mid-apron areas. 

 

Description: Angular, broken sinter clasts, typically <10 cm in diameter, within a 

siliceous sinter matrix. Sinter clasts may still contain identifiable primary lithofacies 

(Fig. 2.3.1). These breccias may be clast or matrix supported. Clasts are generally more 

angular than that of the packed fragmental sinter lithofacies, and also include other 

types of sinter besides microbial mats. Furthermore, sinter clast breccia fragments are 

loosely packed, unlike the densely stacked and oriented (imbricated), broken, microbial 

sheets of packed fragmental sinter fabric. 

 

Formation Environment: Drying out of the sinter apron may occur at any location on 

the sinter apron, with the desiccation due to waning spring fluid emissions, seasonal 

changes and/or shifts in discharge channel flow direction (Fig. 2.3.1A). Inactive aprons 
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begin to erode immediately and readily develop sinter talus debris fans, e.g. Subrecent 

Beowawe sinter, Nevada, USA (pers. obs). 

 

Formation Temperature: Ambient to intermittently hot.  

 

Fluid Volume: Intermittent flow, but mainly dry. 

 

Extent: Centimetres to metres. 

Figure 2.3.1 Examples of sinter clast breccia. A) Recent, dried actively forming sinter clast breccia, 

consisting of sinter clasts currently being silicified on the mid-apron; Orakei Korako, Taupo Volcanic 

Zone, New Zealand. B) Miocene outcrop of sinter clast breccia consisting of angular, broken sinter 

clasts within a siliceous sinter matrix; Atastra Creek, California, USA. C) Cut slab, vertical cross-

section of Miocene sinter clast breccia consisting of angular, broken sinter clasts within a siliceous 

sinter matrix; Onemana, Coromandel Volcanic Zone, New Zealand. D) Plan view of Jurassic sinter 
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clast breccia consisting of angular, broken sinter clasts within a siliceous sinter matrix; San Agustín, 

Deseado Massif, Argentina. 

 
Reported Examples: Modern, Yellowstone National Park, USA (Hinman and Walter 

2005, figure 6c, d, p 209); Holocene, Milos Island, Greece (Sillitoe 2015; figure 7b, p 

775); Holocene, Taupo Volcanic Zone, New Zealand (Campbell et al. 2001, figure 16, p 

743; Jones and Renaut 2012, figure 9d, p 1228; Hamilton et al. 2018, figure 7b-c, p 11); 

Miocene, Coromandel Volcanic Zone, New Zealand (Hamilton et al. 2018, figure 7a, p 

11); Jurassic, Deseado Massif, Argentina (Guido and Campbell 2009, figure 3o, p, p 620); 

Palaeozoic, Drummond Basin, Australia (Walter et al. 1996, figure 14b-d, p 510). 

 

2.3.2 Sinter Bearing Landslide Deposits 
 

Definition: This post-depositional breccia forms due to landslides, producing breccias 

with variable clast composition, including sinter, volcanics and sedimentary rocks that 

are embedded in a volcaniclastic sedimentary matrix, all of which may undergo intense 

post-depositional silicification (Martin et al. 2000; Campbell et al. 2003). 

 

Description: Sinter bearing landslide breccias are composed of poorly sorted, 

heterogeneous clasts of siliceous sinter and volcanic and sedimentary rock. The clasts 

are mostly angular, ranging in size from <1 cm to more than >1 m in diameter, within a 

fine-grained sedimentary matrix that itself may be silicified. The clasts are commonly 

sorted, showing grading in places. Sinter clasts may still exhibit identifiable primary 

lithofacies (Fig. 2.3.2). These breccias may be clast or matrix supported. 
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Formation Environment: Sinter bearing landslide breccias may contain sinter clasts, 

incorporated into landslides due to slope failure and localised debris flows (Fig. 2.3.2A).  

 

Extent: Deposits may be metres to tens of metres in extent. 

 

Figure 2.3.2 Examples of Sinter bearing landslide deposits containing sinter clasts. A) Subrecent 

landslide deposit within an active geothermal field, incorporating sinter clasts and volcanic material; Te 

Kopia, Taupo Volcanic Zone, New Zealand. B) Outcrop of a ~15 kyr landslide deposit containing large 

sinter boulders (dark grey) as well as volcanic clasts in sandy matrix; Tahunaatara, Taupo Volcanic 

Zone, New Zealand. C) Cut slab, vertical cross-section of Miocene landslide breccia, consisting of 

sinter and volcanic clasts within a siliceous sedimentary matrix; Onemana, Coromandel Volcanic 

Zone, New Zealand. D) Cut slab vertical cross-section of Miocene landslide breccia containing 

hydrothermally altered clasts, volcanic and organic material (fossilised wood; dark) within a 

sedimentary matrix; Ohui, Coromandel Volcanic Zone, New Zealand. 
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Reported Examples:  Holocene, Taupo Volcanic Zone, New Zealand (Hedenquist and 

Henley 1985. figure 10, p 1563; Campbell et al. 2003, figure 5c, d, p 490, figure 14c, p 

499; Hamilton et al. 2018, figure 17e, f, p 11); Miocene, Coromandel Volcanic Zone, New 

Zealand (Hamilton et al. 2018, figure 17d, p 11). 

 

2.3.3 Hydrothermal Eruption Breccia 
 

Definition: Hydrothermal eruption breccia comprises fragmented solid material 

abruptly ejected from the shallow subsurface within a geothermal system, which occurs 

because of heat loss and sudden phase changes of subterranean thermal fluids. The 

fragments within these matrix-supported hydrothermal eruption breccias constitute 

poorly sorted clasts of hydrothermally altered rocks, including volcanics and sinter, 

some of which are derived from depth within geothermal reservoirs (Browne and 

Lawless 2001). Hydrothermal eruption breccias also can form as vent infill, or at depth 

(hundreds of metres) within geothermal systems (Browne and Lawless 2001) where 

they are typically devoid of sinter clasts. 

 

Description: These fragmental deposits are composed of poorly sorted, heterogeneous 

clasts of sinter, volcanic and sedimentary host rock, as well as hydrothermally altered 

material expelled from depth. The clasts are sub-rounded to angular, ranging in size 

from <1 cm to >1 m in diameter, and may be silicified along with their fine-grained 

matrix (Fig. 2.3.3). Hydrothermal eruption breccia clasts are often aligned vertically 

during transport, especially near eruption source areas (Hedenquist and Henley 1985; 

Browne and Lawless 2001). Sinter clasts may retain identifiable primary textures. 

Hydrothermal eruption breccias are matrix supported. 
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Formation Environment: Hydrothermal eruption breccias form because of a change in 

pressure of geothermal fluids at depth, accompanied by pressurised liquid flashing to 

steam, causing a sudden, largely unpredictable and typically violent hydrothermal 

eruption, which hydraulically fractures the surrounding rocks (Hedenquist and Henley 

1985; Nelson and Giles 1985; Browne and Lawless 2001). Hydrothermal eruptions may 

occur prior to sinter formation, generating craters that fill with ambient-temperature 

meteoric waters to form lakes and ponds, or the craters may serve as conduits for 

thermal fluid outflow, initiating hot pool development (e.g. Champagne Pool, Waiotapu; 

Giggenbach et al. 1994). Hydrothermal eruptions may occur pre-, syn- or post-

depositionally with respect to sinter formation. 

 

Formation Temperature: >100°C 

 

Fluid Volume: A sudden influx of a high volume of thermal fluid is required to produce 

these features (e.g. steam expansion). 

 

Flow Direction: Hydrothermal breccia deposits are thicker proximal to vent areas and 

taper to zero thickness tens of metres to hundreds of metres away from the source of 

the hydrothermal eruption and its crater, depending on the energy of the eruption 

(Hedenquist and Henley 1985; Nelson and Giles 1985; Browne and Lawless 2001). 

Clasts within the hydrothermal eruption breccia are larger, and generally more angular 

with proximity to the hydrothermal eruption source, although milling of clasts can cause 

rounding due to upward transport (Browne and Lawless 2001).   
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Extent: Hydrothermal eruption breccia extent depends on the size of the hydrothermal 

eruption. These breccias can be widespread, over areas of hundreds of metres (Fig. 

2.3.3A), and in the shallow subsurface but where they incorporate sinter clasts they are 

generally localised surface manifestations located near crater vent areas (Fig. 2.3.3C). 

Figure 2.3.3 Examples of hydrothermal eruption breccias. A) Hydrothermal eruption breccia outcrop 

consisting of poorly sorted clasts of volcanic, sedimentary and geothermal origin, some of which are 

oriented with long axes in the vertical direction. The breccia covers an extensive lateral area; Galatos 

Road, Atiamuri, Taupo Volcanic Zone, New Zealand. B) Cut slab of Subrecent hydrothermal eruption 

breccia showing a mixture of clasts of volcanic, sedimentary and geothermal origins, within a siliceous 

matrix; Rotokawa, Taupo Volcanic Zone, New Zealand. C) Miocene outcrop of hydrothermal eruption 

breccia that is associated with a sinter, consisting of a mixture of volcanic, sedimentary and sinter 

clasts; Kohuamuri, Coromandel Volcanic Zone, New Zealand. D) Cut slab of Miocene hydrothermal 

eruption breccia showing mixture of clasts of volcanic, sedimentary and geothermally altered 

materials, within a siliceous matrix; Kohuamuri, Coromandel Volcanic Zone, New Zealand. 
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Reported Examples: Subrecent, Chile (Sillitoe 2015; figure 5b, p 773); Holocene, Taupo 

Volcanic Zone, New Zealand (Hedenquist and Henley 1985, figure 6, p 1651, Figure 8b, p 

1652, Figure 11, p 1654; Drake et al. 2014, figure 3c, p 23 and 4b, p 24; Hamilton et al. 

2017, figure 4a, p 187; Hamilton et al. 2018, figure 7h-i, p 11); Miocene, Coromandel 

Volcanic Zone, New Zealand (Hamilton et al. 2017, figure 4b-c, p 187; Hamilton et al. 

2018, figure 7g, p 11); Pliocene-Pleistocene, Japan (Sillitoe 2015; figure 5b, p 773); 

Jurassic, Deseado Massif, Argentina (Guido and Campbell 2014, figure 4j, p 66). 

 

2.4 Pseudosinter 
 

Siliceous sinters derived from near-neutral pH alkali chloride fluids are recognised by 

their unique lithofacies (section 2), which are primarily templated upon spring related 

microbes. Within hydrothermal systems, silicification may occur over extensive areas, 

hosted in a wide variety of sedimentary and volcanic lithologies (Sillitoe 1993). In the 

field, intensely silicified sediments and volcanics may display the same outcrop 

morphology as sinters, namely erosion-resistant mounds and sheet deposits, metres to 

tens of metres thick. Thus, some of these other types of silicified features may and have 

been misidentified as sinters, despite forming under different environmental conditions. 

In addition, other hot spring precipitates of different original mineralogy, specifically 

thermogene travertines, may undergo regional silicification (e.g. Guido and Campbell 

2012; 2017) and these too have been mistakenly assigned to sinters during exploration. 

Moreover, such silicified features can be interbedded with or cross cut siliceous sinter 

deposits due to changes in geothermal systems over time. Collectively these silicified 

features are known as pseudosinters (Guido and Campbell 2011). With detailed textural 

analysis and determination of the geologic context of these pseudosinters, they can be 

correctly identified and their formational processes accurately inferred. This section 
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describes some common pseudosinter textures, interprets their formational conditions, 

and outlines some key features to distinguish these silicified deposits from siliceous 

sinters. 

 

2.4.1 Silicified Thermogene Travertine 
 

Definition: Thermogene travertines are hot spring deposits (~100-30 °C) precipitated 

from CO2-rich fluids, forming constructional calcium carbonate deposits within mounds 

and terrances (Pentecost 2005). Pseudosinters derived from travertine may be 

overprinted by late stage hydrothermal silica (cf. Pentecost 2005; Guido and Campbell 

2011; 2017). 

 

Description: Thermogene travertines display microbially influenced textures that vary 

both vertically and laterally with respect to distance from spring source vent mounds 

and fissures. Some of these textures are similar to those of siliceous sinters, including 

mounds and conduits, bubble mats, and streamer, network, thin palisade and plant rich 

fabrics. Other textures are more commonly associated solely with thermogene 

travertines, such as crenulated concentric laminae forming relatively large subaqueous 

cones (stromatolites, Fig. 2.4.1B); large scale, wavy low-amplitude bedding found at the 

base of mounds and fissures; very thick palisade fabrics (Fig. 2.4.1A); spherulites; foam 

textures (Fig. 2.4.1D); and fenestral fabrics (Fig. 2.4.1C) (Guido and Campbell 2011). 

Generally, the lithofacies of thermogene travertines are more thickly stratified and more 

irregularly bedded than siliceous sinter lithofacies. 

 

Formation Environment: Thermogene travertines develop where CO2-rich thermal 

fluids are expelled at the Earth’s surface, with bicarbonate springs positioned in the 
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distal areas of hydrothermal systems (Henley and Ellis 1984; Renaut and Jones 2011), 

derived from magmatic sources (e.g. Andes; Gibert et al. 2009), or situated in areas with 

a buried, ancient carbonate stratigraphy (e.g. Mammoth hot springs; Chafetz and Guidry 

2003).  

 

Formation Temperature:  ~100 °C- ambient temperatures 

 

Distinguishing Features: Petrography distinguishes the carbonate mineral origin, 

including feathery microtextures and remnant calcite and aragonite (Fouke et al. 2000; 

Pentecost 2005: Guido and Campbell 2017). Moreover, outcrop and hand samples 

indicate generally thicker and more irregularly bedded textures in thermogene 

travertines, with some unique features evident such as foam textures and calcite 

spherules.  

 

Extent: Thermogene travertine deposits occur as mound and sheet deposits that have a 

similar areal extent and morphology to siliceous sinters, and in places may be 

interbedded with or occur in the same geothermal field as sinters. In some places, 

travertine mounds and terraces may reach large sizes owing to rapid carbonate 

precipitation rates (Fouke et al. 2000; Chafetz and Guidry. 2003). 
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Figure 2.4.1 Examples of distinctive thermogene travertine textures. A) Cut slab vertical cross section 

of Jurassic, partially silicified, very thick palisade lithofacies, with enhanced porosity caused by post-

depositional, steam-heated acid (condesate) alteration; El Macanudo, Deseado Massif, Argentina. B) 

Plan view in outcrop of crenulated concentric laminae, within large, conical, stromatolitic domes, 

formed in a Jurassic subaqueous thermal pool; El Macanudo, Deseado Massif, Argentina. C) Outcrop 

of Subrecent, tufted, layered feathery texture; Angel Terrace, Yellowstone National Park, USA. D) 

Pleistocene calcified bubbles in foam developed on pool surfaces; Gardiner Quarry, Montana, USA. 

 

Reported Examples: Holocene Yellowstone National Park, USA (Chafetz and Guidry 

2003, figure 2, p 1518, figure 4, p 1520, figure 6, p 1523); Pleistocene to Recent, Italy 

(Folk et al. 1985, figure 1, p 351, figure 2, p 353, figure 7, p 361; Gandin and Capezzuoli 

2013, figure 1a, p 269, figure 2, p 271, figure 3a, d, e, p 273, figure 4a-d, f, p 274, figure 

5a-e, p 277, figure 6, p 278, figure 7a-f, p 281, figure 8a, b, e-g, p 283, figure 9a, b, e-h, p 

284, figure 10b-i, p 285); Pleistocene to Recent, Turkey (Gandin and Capezzuoli 2013, 
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figures 1b-d, p 269, figure 3b, c, f-h, p 273, figure 4e, p274, figure 5f, g, p 277, figure 7g, h, 

p 281, figure 8c, d,h, p 283, figure 9c, d, p 284, figure 10a, p 285); Jurassic, Deseado 

Massif, Argentina (Guido and Campbell 2011, figure 3, p 42; Guido and Campbell 2012, 

figure 3, p 5, figure 5, p 7; Guido and Campbell 2014, figure 3e-I, p 65, figure 5 b-f, p 67). 

 

2.4.2 Silica Residue 
 

Definition: Silica residue accumulates at the land surface as a product of reactions 

between silicate country rock and steam condensate acidified by sulfuric acid, derived 

from oxidation of H2S (White et al. 1956). This dissolved silica reprecipitates as opal-A 

upon a change in pH, generally only a short distance from source. Silica residue 

undergoes the same silica phase diagenetic maturation as sinters, from amorphous opal-

A to microcrystalline quartz (Rodgers et al. 2002; 2004). 

 

Description: Thin, wavy to broken and contorted layers (<10 cm thick) of silica coating 

the land surface, with laminated or massive internal structure and no primary porosity 

(Fig. 2.4.2).  

 

Formation Environment: In geothermal fields, at the terestrial surface, silica reisdue 

accumulates in small volumes around steam-heated features of acidic alteration, 

typically at higher elevation and developing distally from sinter deposits. May overprint 

sinters in space but does not form at the same time. Often associated with acidic 

alteration minerals kaolin, alunite and anhydrite. 

 

Formation Temperature: 100 °C to tepid 
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Distinguishing Features: Silica residue is made up of relatively thin silica laminae to 

powdery silica that form localised, often broken sheets coating host rock material at the 

terrestrial land surface.   

 

Extent: Silica residue layers are often localised and patchy, with individual thin deposits 

only forming over a few metres of lateral extent or less. However, in some geothermal 

fields, silica residue may occur over extensive areas where acidic steam condensate is 

widely distributed and fumaroles are abundant at the land surface. Preservation of silica 

residue in the geologic record appears to be rare due to the generally thin, localised 

deposits, and because they form in destructional, acidic steam-heated zones, with 

dissolution of the surrounding host rock (Rodgers et al. 2004; Renaut and Jones, 2011). 

Figure 2.4.2 Examples of silica residue from acidic geothermal areas. A) Plan view of actively forming 

silica residue, consisting of irregular, thin silica sheets and coating surrounding, hydrothermally altered 

rocks, within steam heated alteration zone around an acidic hot pool (P); Orange Spring, Waiotapu, 

Taupo Volcanic Zone, New Zealand. B) Cut slab, vertical cross-section of Subrecent silica residue 
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consisting of thin layers of silica laminae in relatively thick crusts draping land surfaces; Tikitere, 

Taupo Volcanic Zone, New Zealand. C) Plan view of <3 kyr silica residue consisting of irregular silica 

laminae coating the sedimentary substrate; Mangatete, Taupo Volcanic Zone, New Zealand. D) Detail 

of Recent silica residue consisting of thin, irregular laminae of silica encrusting the present-day land 

surface; Te Kopia, Taupo Volcanic Zone, New Zealand. 

 

Reported Examples: Holocene, Taupo Volcanic Zone, New Zealand (Rodgers et al. 2002, 

figure 2, p 302, figure 3, p 304; Jones and Renaut 2012, figure 9c, p 1228; Watts-

Henwood et al. 2017, figure 5, p 100). 

 

 

2.4.3 Fumarole Related Deposits 
 

Definition: Fumaroles are dissolution features that form at the Earth’s surface where 

gases at high temperatures (>75 °C) from magmatic and meteoric water vapour 

(including SO2, HCl, CO2 and H2S) are discharged to form highly acidic conditions (White 

1956; Henley and Ellis 1983; Sillitoe 2015). 

 

Description: Irregular mounds and craters consisting of argillic altered vuggy material 

(Fig. 2.4.3D), containing sinuous conduits (centimetres to tens of centimetres in 

diameter) that are lined with silica residue or sulphur crystals (Fig. 2.4.3) (Drake et al. 

2014).   

 

Formation Environment: Above and within steam-heated areas of advanced acidic 

alteration.  Fumaroles can cut across sinters due to changes in fluid compositions or 
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plumbing of geothermal fields, e.g. drop in the water table (Martin et al. 2000; Jones and 

Renaut 2011). 

 

Formation Temperature: >75 °C 

 

Distinguishing Features: Acidic steam emitting from localised mounds or craters of 

irregular eroded country rock that has undergone dissolution and which shows 

advanced argillic alteration. Conduits may be lined with silica residue and sulphur. 

 

Extent: Fumaroles are often strongly localised, with individual deposits forming over 

tens of centimetres to less than a meter. However, in some geothermal fields acidic 

steam condensate may occur at the surface over extensive areas. The preservation of 

fumarole activity in the geologic record is rare due to development of localised deposits, 

as well as to the destructive nature of their formation, with common dissolution of the 

surrounding host rock (Rodgers et al. 2004; Renaut and Jones 2011; Drake et al. 2014). 
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Figure 2.4.3 Examples of fumaroles and fumarole associated deposits. A) Oblique plan view of active 

fumarole consisting of a low mound with an irregular open conduit in advanced argillic altered 

volcaniclastic material, with the vent area lined with silica residue and sulphur; Ngapouri, Taupo 

Volcanic Zone, New Zealand. B) Detail of internal conduit of a modern fumarole, consisting of 

advanced argillic material coated with silica residue (white) and sulphur (yellow); Ngapouri, Taupo 

Volcanic Zone, New Zealand. C) Cut slab, vertical cross-section of <3 kyr fumarolic deposits 

consisting of irregular orifice that is lined with silica residue (white) and sulphur (dark); Mangatete, 

Taupo Volcanic Zone, New Zealand. D) Cut slab, vertical cross-section of <36 kyr fumarolic deposits 

consisting of irregular, vuggy, advanced argillic altered material, lined with silica residue (white), with a 

matrix containing sulphur, silica and jarosite; Mangatete, Taupo Volcanic Zone, New Zealand.  

 

Reported Examples: Holocene, Taupo Volcanic Zone, New Zealand (Drake et al. 2014 

figure 8e,g, p 27, figure 9i, p 30; Guido and Campbell, 2017, figure 11i, p 1407); 

Holocene, Indonesia (Williams-Jones and Heinrich 2005, figure 3, p 1291). 
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2.4.4 Silcified Volcanic Rocks 
 

Definition: Volcanic material may become silicified in the shallow subsurface of 

geothermal fields, in particular within volcanic rocks with high primary porosity 

(Henneberger and Browne 1988; Rowland and Simmons 2012). This silicification occurs 

through thermal fluid infiltration of a pre-existing deposit in phreatic zones of 

geothermal fields, where condensation and remoilisation of silica below the vadose zone 

forms blankets of opal (Sillitoe 1993; 2015; Hedenquist et al. 2000). The ensuing 

deposits are sometimes termed ‘silicified water table’. Moreover, volcanic deposits may 

undergo hydrothermal alteration that replaces the original lithology with silica or other 

hydrothermal minerals. Volcanics also can be silicified where they are incorporated 

directly into actively forming sinters, such as in draping ash layers.  

 

Description: Silicified volcanics are generally intensely and pervasively silicified, fine-

grained, volcanic material observed as erosion-resistant outcrops. The volcanic textures 

include silicified tuffs (Fig. 2.4.4A-B) and silica-replaced spherulitic rhyolites (Fig. 

2.4.4D), in places co-occurring with chalcedonic veinlets. The volcanic textures are 

vertically and laterally continuous over metric scales and furthermore may show only 

minor primary porosity compared to microbial sinter. 

 

Formation Environment: Silicified volcanic rocks develop in the shallow subsurface of 

geothermal systems, in particular within volcanics that have high primary porosity 

(Henneberger and Browne 1988; Rowland and Simmons 2012). Silicified volcanic rocks 

also may occur as tuffaceous layers interbedded with actively forming sinter. 
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Distinguishing Features: Silicified volcanic outcrops generally have more uniform and 

regular textures that occur more continuously over a much greater lateral and vertical 

extent than sinter deposits. In particular, spherulitic rhyolite may be misidentified as 

oncoids or geyserite beads. However, in volcanic outcrops, spherulites in rhyolite do not 

show the same localised facies associations nor the abrupt facies changes of sinter. 

Moreover, volcanic spherules have a radiating growth pattern (McPhie 1993) rather 

than the wavy, concentric silica coatings that define sinter oncoids. Silicified tuffaceous 

layers within sinters are observed as distinctive fine- to coarse-grained horizons 

consisting of reworked volcanic ash. 

 

Extent: Silicified volcanic deposits may extend over metres to hundreds of metres and 

can be up to tens of metres thick. Ash layers (<10 cm thick) within sinters are generally 

laterally continuous across numerous sinter outcrops (Guido and Campbell 2009).  

Figure 2.4.4 Examples of silicified textures formed in volcanic rocks. A) Cut slab, vertical cross-section 
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of ~15 kyr, white, very fine-grained, silicified volcanic ash layers within plant-rich sinter; Tahunaatara, 

Taupo Volcanic Zone, New Zealand. B) Cut slab, vertical cross-section view of Jurassic, sand-sized 

grains of silicified volcanic ash in a ~2 cm thick layer (lower), within thinly laminated siliceous sinter 

(upper); La Marciana, Deseado Massif, Argentina. C) Cut slab, vertical cross-section of Miocene, 

silicified, flow-banded rhyolite with some volcanic spherulites; Huruhurutakimo, Coromandel Volcanic 

Zone, New Zealand. D) Cut slab, vertical cross-section of Miocene, silicified, spherulitic rhyolite, which 

exhibits a fibrous radiating texture; Kaitoke, Coromandel Volcanic Zone, New Zealand. 

 

Reported Examples: Holocene, Taupo Volcanic Zone, New Zealand (Campbell et al. 

2003, figure 10, p 499); Devonian, Rhynie, Scotland (Rice et al. 1995, figure 10, p 236)). 

 

2.4.5 Silicified Fluvial Sediments 
 

Definition: Silicified fluvial sediments consist of conglomerates containing 

heterogeneous clasts that are rounded to subrounded and commonly show grading 

within a fine-grained matrix (Fig. 2.4.5), which may be crudely cross-bedded. Silicified 

fluvial sediments also may be finer grained, comprising cross-bedded sandstones and 

gravels. 

 

Description: In fluvial conglomerates, clasts range in size from granules to pebbles (<2 

cm in diameter) to boulders (<1 m in diameter). The clasts are generally well-sorted, 

consisting of reworked volcanics, quartz clasts and silicified plant material incorporated 

into a fine-grained (<1 mm in diameter) siliceous matrix. Some finer grained deposits, 

particularly sandstones, exhibit cross-bedding and minor porosity (Fig. 2.4.5). 
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Formation Environment: Fluvial sediments develop in high-energy river settings. 

Geothermal outflow may occur in and interact with fluvial systems, or silicification can 

occur post-depositionally, in distal areas away from the geothermal upflow and outflow 

(Campbell et al. 2003; Guido and Campbell 2011; 2014).  

 

Formation Temperature: Ambient temperatures. 

 

Distinguishing Features: Fluvial sediments are generally clast supported and have 

mixed clast types that are commonly well rounded, which is different from breccias 

associated with sinter deposits. Furthermore, polymictic conglomerates of fluvial 

systems have significantly fewer sinter clasts showing hydrothermal alteration, as is 

present in hydrothermal eruption breccias, which also are poorly sorted and matrix 

supported, as compared to fluvial sediments.   

 

Extent: Fluvial sediments form lenticular channel deposits that can extend from metres 

to hundreds of metres. 
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Figure 2.4.5 Examples of silicified fluvial sediments. A) Outcrop of late Pleistocene to Holocene 

silicified fluvial sediments consisting of rounded to angular, pebble to sand sized clasts that are graded 

to sandy, cross-stratified, within a sandy sedimentary matrix; Mangatete, Taupo Volcanic Zone, New 

Zealand. B) Cut slab vertical cross-section of ~15 kyr, silicified fluvial sediments consisting of size 

sorted, rounded to angular clasts of various compositions within a cross-bedded sedimentary matrix; 

Tahunaatara, Taupo Volcanic Zone, New Zealand. C) Cut slab, vertical cross-section view of Miocene, 

silicified fluvial sediments consisting of rounded to subrounded siliceous clasts within a silicified 

sedimentary matrix; Whenuakite, Coromandel, New Zealand. D) Cut slab vertical cross-section view of 

Jurassic silicified fluvial sediments consisting of rounded to angular clasts within a silicified 

volcaniclastic sedimentary matrix; La Marciana, Deseado Massif, Argentina 

 

Reported Examples: Holocene, Taupo Volcanic Zone, New Zealand (Campbell et al. 

2003, figure 7, p 492); Jurassic, La Marciana, Deseado Massif, Argentina (Guido and 

Campbell, 2014, figure 5h-j, p 67); Jurassic, Ecuador (Leary et al. 2016, figure 14a, p 

1066). 
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2.4.6 Silicified Lake Sediments 
 

Definition: Silicified lacustrine sediments are fine- to coarse-grained, strongly bedded 

to massive sedimentary units that may have minor undulations (Fig. 2.4.6). 

 

Description: Finely laminated (<5 mm thick) to coarse beds of microcrystalline quartz 

rich sediments, from varved to showing minor low-amplitude undulation and minimal 

porosity (<1 mm in diameter).    

 

Formation Environment: Lacustrine sediments affiliated with geothermal areas 

accumulate in topographic lows, which include fault related depressions and volcanic or 

hydrothermal eruption craters, as well as in streams dammed by volcanic ejecta 

(Manville 2001; Manville and Wilson 2007; Manville et al. 2007; Sillitoe 2015). Sinter 

deposits may transition laterally to lacustrine settings where thermal spring outflow 

discharges into lakes (Jones and Renaut 2007). Moreover, geothermal discharge may 

occur from subaqueous hot springs feeding directly into the bottom of lakes (Jones et al. 

2007; Pittari et al. 2016). 

 

Formation Temperature: Ambient temperatures, with scattered spring hot spots on 

lake bottom vents. 

 

Distinguishing Features: Lacustrine sediments exhibit more laterally continuous 

bedding with considerably less primary porosity than sinter deposits. Silicified lake 

sediments may preserve plant material that could be misidentified as plant rich sinter; 

however, the amount of plant material preserved in lakes is generally less than that 

observed in sinter deposits. In addition, silicified, plant-rich lacustrine sediments 
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enclose the plant material within fine-grained, volcaniclastic sediments rather than 

entombing the plants in a sinter matrix that contains typical hot-spring related textures 

(e.g. palisade or clotted sinter coatings), and generally higher porosity. 

 

Extent: Lacustrine sediments can be very extensive, forming over tens of metres 

(ponds) to many square kilometres. 

Figure 2.4.6 Examples of silicified lacustrine sediments. A) Outcrop of Subrecent silicified lacustrine 

sediments consisting of thinly bedded, fine-grained, microcrystalline quartz rich sediments, and 

coarser grained volcaniclastic gravels forming a large thick sheet deposit; Alum Cliffs, Waiotapu, 

Taupo Volcanic Zone, New Zealand. B) Holocene silicified lacustrine siltstone containing plant 

material that is less dense than plant-rich sinter; Whirinaki, Taupo Volcanic Zone, New Zealand. C) 

Cut slab, vertical cross-section of Jurassic lacustrine sediments consisting of finely laminated, varved, 

microcrystalline quartz-rich, silicified sediments; San Agustín, Deseado Massif, Argentina. D) Cut slab, 

vertical cross-section of Jurassic lacustrine sediments constituting laminated, fine-grained, 

microcrystalline quartz rich sediments (lower) overlain by wavy crenulated microbial laminae and 

aquatic plants (upper horizons); San Agustín, Deseado Massif, Argentina. 
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Reported Examples: Holocene, Taupo Volcanic Zone, New Zealand (de Ronde et al. 

2002, figure 3, p 261; Jones and Renaut 2012, figure 9b, p 1228); Miocene, Coromandel 

Volcanic Zone, New Zealand (Hamilton et al. 2018, figure 3b-c, p 6); Pliocene-Pleistocene 

Japan (Sillitoe 2015; figure 5a, p 773); Jurassic, Deseado Massif, Argentina (Guido and 

Campbell 2012, figure 5e, p 7, figure 6c-g, p 8; Guido and Campbell, 2014, figure 3a, p 

65); Devonian, Rhynie, Scotland (Trewin 1994, figure 4b-d, p 437). 

 

2.4.7 Epithermal Veins 
 

Definition: Silica rich veins are produced in epithermal systems to paleo depths of ~1 

km by near-neutral pH alkali chloride fluids traversing country rock in focused veins and 

conduits (Lindgren 1933; Simmons et al. 2005). These aqueous fluids are the product of 

interaction between ground water and magmatic vapour at temperatures ~200-300 °C 

(Lindgren 1933; Heald et al. 1987). Epithermal deposits vary in mineralisation style and 

metal contents depending on their igneous, hydrological and tectonic settings (White 

and Hedenquist 1990). 

 

Description: Vein textures indicate episodic, focused fluid flow that may result in the 

multi-stage accumulation of ore minerals from various fluid processes, principally 

boiling (Simmons et al. 2005; Christie et al. 2007). Epithermal textural types depend on 

many factors, some of which in shallow dipping, low- and intermediate-sulphidation 

deposits appear superficially similar to sinter fabrics. These include crustiform (Fig. 

2.4.7B), colloform banded chalcedonic veins (Fig. 2.4.7A, D) and the texture resulting 

from quartz pseudomorphism of lamellar calcite (Fig. 2.4.7C).   
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Formation Environment: The veins occur in zones of epithermal fluid upflow within 

the shallow subsurface (<3 km depth), cross-cutting lithology. They may be found 

beneath or, uncommonly cutting sinter. 

 

Formation Temperature: ~200-300 °C 

 

Distinguishing Features: Epithermal veins cross-cut pre-existing lithologies, usually at 

high angles, and may follow structural weaknesses, typically faults and fractures, but can 

be shallow dipping and parallel to bedding. Epithermal veins are less laterally extensive 

than sinter deposits, with isolated blocks potentially misidentified as sinter clasts. The 

textures of epithermal veins depend partly on differences in fluid processes (e.g. 

colloform, bladed, etc), and are not microbially influenced, showing more geometrically 

regular textures that are due to mineral growth processes rather than the irregular 

layering and primary porosity induced by silica templating on microbial mats and 

biofilms. 

 

Extent: Epithermal veins are generally localised in fractures and faults. 
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Figure 2.4.7 Epithermal veins with somewhat similar textures to siliceous sinters. A) Outcrop (vertical 

section) of chalcedonic vein showing regular crystal growth that could be misidentified as sinter; it 

infills a fracture within the Miocene host rock; Pokohino Beach, Onemana, New Zealand. B) Cut slab 

of colloform banded epithermal quartz vein of Miocene age, which is similar to some sinter textures; 

however, it is regularly banded and non-porous; Favona, Coromandel Volcanic Zone, New Zealand. 

C) Outcrop of quartz pseudomorphs after bladed calcite of Miocene age, which might  be misidentified 

as network fabric in siliceous sinter. However, the blades are crystalline and not contorted as would be 

the case in sinters. Moreover, the features cross-cut country rock; Paramount, California, USA. (Photo 

credit: D. Rhys). D) Outcrop of Miocene chalcedonic vein showing quartz crystal growth that could be 

misidentified as sinter; however, the crystals infill fractures within the geometrically regular host rock; 

Pokohino Beach, Onemana, New Zealand.      
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2.5 Summary 
 

Siliceous sinters form as chemical precipitates of silica-bearing, near-neutral pH, alkali 

chloride thermal fluids that are expelled at the Earth’s surface to cool along spring 

discharge pathways from 100 °C to ambient temperatures. At depth (<3 km), these same 

fluids may produce Au-Ag ore deposits in adularia sericite epithermal systems. The 

unique lithofacies of ancient sinters are analogous to textures forming in active 

geothermal areas today. These lithofacies are generally porous and vary laterally and 

vertically, recording flow direction, temperature and relative volume of the thermal 

fluids, which allows delineation of geothermal upflow and outflow zones. Furthermore, 

sinter deposits also entomb extremophiles in a durable mineral deposit, therefore 

preserving life in extreme environments, with similarities to early life on Earth and 

potentially other planets like Mars. Within the surface and shallow subsurface of 

geothermal fields, many other silicified features develop that may not directly related to 

alkali chloride fluid outflow, and which can be distinguished from sinters based on 

textural, petrographic and geochemical analysis. 
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Understanding the geologic setting and distinguishing sinters from other 

silicified features has important implications for delineating potential zones of 

epithermal mineralisation. The 18 silicified features of the Miocene Whitianga 

Volcanic Centre, Hauraki Goldfield, Coromandel Volcanic Zone, North Island, 

New Zealand, are related to six different paleoenvironmental settings indicating 

different sedimentary and volcanic environments as well as thermal fluid–host 

rock interactions. By analysing the textures, distributions, structural setting, and 

trace elemental composition of these silicified deposits in a paragenetic 

framework, it is possible to reconstruct formation conditions, to differentiate 

hydrothermal discharge zones from more distal geothermal settings, to evaluate 

hydrothermal alteration influence and to determine the relative timing of ore 

emplacement. This has important implications for the exploration of mineralised 

epithermal ore deposits at local and regional scales. The paper “Fossilised 
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Geothermal Surface Features of the Miocene Whitianga Volcanic Centre, 

Coromandel Volcanic Zone, New Zealand: Controls and Characteristics,” was 

submitted and accepted for publication (2019) in the Journal of Volcanology and 

Geothermal Research on the 15th June 2019. 

 

Hamilton AR, Campbell KA, Rowland JV, Barker S, Guido DM. 2019. Fossilised 
geothermal surface features of the Whitianga Volcanic Centre (Miocene), 
Coromandel Volcanic Zone, New Zealand: Controls and Characteristics. 
Journal of Volcanology and Geothermal Research, 381, 209-226.  

 

3.1 Introduction 
 

Adularia-sericite epithermal systems form in extensional regimes, typically in 

subaerial volcanic terrains, at shallow depths (<3 km) within the Earth's crust 

and at temperatures <350 °C, where meteoric waters are heated and 

convectively circulate above magma to interact with surrounding host rocks 

(Simmons et al., 2005). The resultant near-neutral pH alkali-chloride fluids have 

both meteoric and minor magmatic constituents, and they carry and deposit 

precious metals (Heald et al., 1987). The upper portions of epithermal systems 

yield a wide variety of siliceous and silicified surface manifestations and shallow 

subsurface features (Sillitoe, 2015), including sometimes extensive, even 

regional, haloes of hydrothermal alteration (Sillitoe, 1993; Hedenquist et al., 

2000). In active geothermal fields, siliceous and silicified deposits occur at the 

terrestrial surface or in the very shallow subsurface (<50 m depth), reflecting 

different fluid-rock interactions, varying porosities and permeabilities of the 

host rocks, and diverse paleo-thermal fluids that may produce spatially 

overlapping mineralisation, and commonly with some silicification unrelated to 
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primary mineralisation events (Henley and Ellis, 1983). 

 

Siliceous hot spring deposits, or sinters, are largely produced from near-neutral 

pH alkali-chloride fluids debouching at the Earth's surface in geothermal fields 

above upflow tapping deep reservoirs, and/or from outflow of thermal fluids 

discharged more distally and laterally away from upflow areas (Hamilton et al., 

2018, their fig. 9, p. 16). Sinter deposits entomb and silicify various prokaryotes 

and eukaryotes adapted to particular spring temperatures and alkalinity (Renaut 

and Jones, 2003) within the cooling discharge channels and pools, producing a 

distinctive sedimentary facies spectrum (Cady and Farmer, 1996; Walter et al., 

1996; Guido and Campbell, 2011; Hamilton et al., 2018, their fig. 2, p. 5). Spatial 

links between epithermal deposits and surficial siliceous sinters have been noted 

for over a century, in regions where the paleosurface is preserved (Becker, 1888; 

Spurr, 1905; Lindgren, 1933; White, 1955). Some reported occurrences include 

the McLaughlin Mine in California, USA, where an exposed Quaternary sinter was 

the only surface expression of a bonanza deposit (Sherlock et al., 1995); the 

Miocene Red Butte deposit, Oregon (Zimmerman and Larson, 1994); the Jurassic 

Fruta del Norte deposit, Ecuador (Leary et al., 2016); and the Jurassic Deseado 

Massif Au-Au province of Patagonia, Argentina (Guido and Campbell, 2011, 

2019a, b). Siliceous sinter deposits are of broad interest owing to this spatial 

relationship with some epithermal ore deposits, and thus sinters may be a useful 

tool in exploration (Sillitoe, 2015; Hamilton et al., 2018; Guido and Campbell, 

2019a, b). Furthermore, during sinter formation, extremophile microbes are 

entombed in situ in a durable mineral deposit, thus preserving life in extreme 

environments within the fossil record, which has implications for recognising 
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early signs of life on Earth (Djokic et al., 2017), and for narrowing the search for 

possible life on Mars (Ruff and Farmer, 2016; Cady et al., 2018). 

 

Broadly, silicified features of geothermal systems, such as fluvial and lacustrine 

sediments, as well as volcanic deposits, may or may not be related to geothermal 

discharge of near-neutral pH alkali-chloride fluids, and potentially associated 

epithermal mineralisation. These silicified surface and near surface deposits 

have somewhat similar features compared to siliceous sinters and thus, in some 

cases, they have been misinterpreted as sinter. These so-called pseudosinters 

can form proximal or distal to epithermal mineralisation and do not contain the 

typically abundant and distinctive microbial textures typical of alkali chloride 

hot springs (e.g., Renaut and Jones, 2011; Guido and Campbell, 2011). Therefore, 

distinguishing amongst siliceous sinters, silicic veins and silicified features in the 

geologic record can potentially help delineate thermal upflow relevant to 

determining spatial associations with respect to epithermal mineralisation.  

 

The Late Miocene Whitianga Volcanic Centre (WVC, ~40 km2) (Fig. 3.2), 

Coromandel Volcanic Zone, North Island, New Zealand, occurs within the 

Hauraki Goldfield, and is typified by adularia-sericite epithermal mineralisation 

(Christie et al., 2007). The volcanic centre contains several reported sinter 

deposits (Mckay, 1897; Bell and Fraser, 1912; Skinner, 1995; Harvey, 1967, 

1997; Hamilton et al., 2017, 2018), as well as intensely silicified areas 

overprinting host rocks (Skinner, 1995), with limited previous exploration 

(Skinner, 1995; Hamilton et al., 2017). This study is an in-depth evaluation of the 

preserved textures of 18 siliceous and silicified outcrops within the WVC 
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undertaken in order to reconstruct their formation environments, including 

sinters as initially described in Hamilton et al. (2018), as well as 12 other 

silicified features, some of which have been misidentified as sinters (Bell and 

Fraser, 1912; Moore, 1983; Harvey, 1997; Hamilton et al., 2017). The aim is to 

delineate areas of near-neutral pH alkali chloride thermal fluid upflow/discharge 

from other silicified features that form at the surface and in the shallow 

subsurface in this particular geothermal system, as a guide for exploration in the 

CVZ and elsewhere. Furthermore, study of these siliceous and silicified WVC 

outcrops using petrography, mineralogy and trace elemental analysis within a 

paragenetic framework allows differentiation of the fluid mineral sequence of 

the deposits and enables assessment of possible relative timing of subsurface ore 

mineralisation. The spatial distribution of these deposits is also examined to 

evaluate structural controls and distinguish thermal spring discharge zones from 

regional silicification, which may help pinpoint potential locations of epithermal 

mineralisation. 

 

 

 

 

 

 

 

 

3.2 Geological setting 
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The Whitianga Volcanic Centre is situated in the Coromandel Volcanic Zone 

(CVZ), North Island, New Zealand. It is a product of Cenozoic calc-alkaline arc 

volcanism, and consists of three subaerial Miocene and Pliocene volcanic phases 

overlying Jurassic metasedimentary basement (Christie et al., 2007; Booden et 

al., 2011). The first volcanic phase is recorded by the widespread Coromandel 

Group (18–3.8Ma) and constitutes andesite and dacite that formed massive lava 

flows, breccias, lahars, tuffs, dykes and tonalite plutons. The second phase is 

encompassed by the Whitianga Group volcanics (9.1–2 Ma), consisting of 

rhyolites produced by lava flows, ignimbrite sheets, dome volcanoes and large 

silicic calderas (Fig. 3.1B). The third phase comprises the localised Mercury Bay 

basalts (6.0–4.2 Ma), which represent restricted, mostly strombolian volcanoes 

and dykes (Skinner, 1986; Adams et al., 1994). Volcanism within the CVZ was 

driven by subduction of the Pacific Plate beneath North Island (Australian Plate) 

over the period of ~20–4 Ma, relating to rotation of the locus of arc magmatism 

from Northland to Coromandel by ca. 16 Ma, and southeastward migration from 

Coromandel to the Taupo Volcanic Zone (TVZ) by 2 Ma (Fig. 3.1A) (Christie et al., 

2007; Mauk et al., 2011; Rowland and Simmons, 2012; Seebeck et al., 2014). 

 

The Hauraki Goldfield comprises a 200 × 40 km region of 50 gold-silver bearing, 

adularia-sericite type epithermal deposits and several porphyry copper 

prospects that are located within the CVZ. These ore deposits and prospects 

developed in hydrothermal systems active from 16 to 3 Ma (Fig. 3.1) (Christie et 

al., 2007; Mauk et al., 2011). Most epithermal deposits of the Hauraki Goldfield 

are hosted in phase I Coromandel Group andesite, but gold-producing 

epithermal veins also occur in phase II Whitianga Group rhyolite and meta-
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sedimentary greywacke (Christie et al., 2007) (Fig. 3.1B). Two siliceous sinters of 

the CVZ are positioned directly above epithermal ore deposits at Favona and 

Broken Hills, while 16 other sinters also have been identified (Fig. 3.1B) 

(Hamilton et al., 2018). Some epithermal deposits of the Hauraki Goldfield are 

associated with lake sediments and breccia pipes (Brathwaite et al., 2001). 

 

Structurally the Au-Ag epithermal deposits of the Hauraki Goldfield are 

controlled by steeply dipping extensional fault arrays (Brathwaite et al., 2001). 

These Au-Ag ore producing deposits formed in association with faults that are 

inferred to be partly inherited from structures within the Mesozoic 

metasedimentary basement (Skinner, 1986). Three structural corridors, which 

correspond to regions of low magnetic intensity and intense hydrothermal 

alteration, extend across the CVZ (Christie et al., 2007; Morrell et al., 2011). 

These are the Tapu-Whitianga fault zone (Skinner, 1986), the Tairua-Hikuai-

Hihi-Kaueranga lineament (Malengreau et al., 2000) and the Karangahake- Ohui 

structural trend (KOST: Irvine and Smith, 1990; Rabone, 1991) (Fig. 3.1B). The 

structural corridors strike NNE to NE and are, in part, mirrored by NNE-trending 

groups of ore deposits (Christie et al., 2007). 
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Figure 3.1 Geological setting of the Whitianga Volcanic Centre, Coromandel Peninsula, a 

portion of the Coromandel Volcanic Zone, New Zealand. A) Map of North Island, showing 

location of the Coromandel, Northland and Taupo volcanic zones. B) Geological map of the 

Coromandel Peninsula showing the three major volcanic rock groups overlying 

metasedimentary basement, mapped major faults, inferred large silicic calderas based on 

structural and geophysical evidence, and known sinter deposits, epithermal veins, the 

Whitianga Volcanic Centre and Waihi Vein System, as well as the three major structural 

corridors: TWFZ=Tapu-Whitianga Fault Zone, THHK=Tairua-Hikuai-Hihi-Kaueranga liniment 

and KOST=Karangahake-Ohui structural trend. The epithermal veins at Martha and 

Wharekirauponga also are shown. The Favona, Gladstone and Broken Hills deposits that are 

associated with siliceous sinters also are indicated. Modified from Skinner (1986); Adams et 
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al. (1994); Rattenbury and Partington (2003); Christie et al. (2007); and Hamilton et al. 

(2018). 

 

The Whitianga Volcanic Centre (WVC, Fig. 3.2) constitutes a portion of the 

Whitianga Group volcanic rocks that include Late Miocene (8.2–7.6) rhyolite 

domes and flows as well as ignimbrites affiliated with a large caldera (Adams, 

1992; Adams et al., 1994; Skinner, 1995; Briggs and Krippner, 2006). The 15 km 

wide, 1–1.5 km deep Whitianga Caldera is the major geologic feature of the WVC; 

it has no surface expression but is inferred from volcanic facies mapping (Fig. 

3.1B) (Adams, 1992; Briggs et al., 2005). Several rhyolitic domes of 200 m height 

are present in the study area (Fig. 3.2), and are internally differentiated into 

three different volcanic units based on textures and mineralogy (Skinner, 1995). 

The Rangihau Rhyolite is a minor unit within the Whitianga Volcanic Centre, 

comprising the small Grange Dome, which consists of glassy hypersthene-

plagioclase rhyolite (Skinner, 1986). The Ruahine rhyolite, a glassy, largely 

devitrified, porphyritic biotite-quartz-plagioclase crystal deposit, makes up the 

Flaxmill (8.2–8.0 Ma by K-Ar), Lilley's (7.7 Ma by K-Ar) and Hahei (7.7–7.6 K-Ar) 

domes and the Wigmore Dome (8.2–7.9 Ma by K-Ar) Complex (Skinner, 1986; 

Adams 1994; Skinner, 1995). The Motutapere, Dalmeny and Purangi domes and 

the Bluff Centre consist of the Purangi Rhyolite, a banded and spherulitic rhyolite 

that is glassy and mainly devitrified (Skinner, 1995).  

 

Two ignimbrite units, Pumpkin Rock and Wharepapa, also occur within the WVC, 

with the latter overlain by rhyolitic domes. The Pumpkin Rock Ignimbrite forms 

residual sheets lapping onto some of the rhyolitic domes (Skinner, 1995). All 
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volcanic units show varying degrees of hydrothermal alteration, with the 

ignimbrites exhibiting particularly intense silicification in localised areas. 

Moreover, the WVC has long been known to host active hot springs at Hot Water 

Beach and Hahei (Fig. 3.2) (Bell and Fraser, 1912; Skinner, 1995; Moore, 1983; 

Hochstein et al., 1996), as well as hydrothermal alteration, sinters (Mckay, 1897; 

Hamilton et al., 2017), and some silicified deposits misinterpreted as sinters (e.g. 

Bell and Fraser, 1912; Harvey, 1997), as described further in the results section, 

below. The hydrothermal alteration occurs as varying intensities of silicification 

of volcanic and sedimentary rocks, and as kaolinite and halloysitic deposits 

associated with some of the silicified volcanic deposits, as discovered in shallow 

drill holes exploring for ceramic clays (Harvey, 1967, 1997). Herein, 18 siliceous 

and silicified deposits, including sinters, as well as sedimentary, volcanic and 

other geothermal materials are identified, and the paleoenvironments 

reconstructed to determine different formation and diagenetic processes. This 

analysis of the varied WVC paleosurface and sub-surface siliceous and silicified 

deposits reveals the origin of these features, their preservation mechanisms, and 

relations to geothermal upflow zones. 

 

3.3 Methods 
 

For this study, detailed geological field mapping of the ~40 km2 WVC delineated 

18 siliceous and silicified deposits (Fig. 3.2). Field mapping was undertaken in 

conjunction with analysis of Lidar data with a resolution of 1 m (Waikato 

Regional Council, 2007-2008). These data, in combination, were used to 

distinguish lithological boundaries, to determine the extent and geometries of 
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siliceous and silicified outcrops, and to identify potential structural features 

within the WVC.  

 

Lithological characterisation at the macro- and micro-scale was carried out on 

over 50 samples through hand sample study and thin section analysis. 

Mineralogical and textural identification was used to determine the likely 

conditions of formation and to aid interpretation of the samples with respect to 

their paleo-hydrothermal setting and paragenetic history.  

 

Representative samples from all 18 siliceous deposits were analysed for 75 

different elements (Appendix 1). Due to the large variation in trace element 

distributions within single individual locations (Hamilton et al., 2017), further 

chemical analysis of the six sinter deposits within the WVC was primarily carried 

out on the vent related geyserite lithofacies (cf. Campbell et al., 2015a), so that 

deposits were broadly comparable with respect to presence of pathfinder 

elements (i.e. Au, Ag, Hg, and As). Where geyserite was not observed/preserved, 

plant-rich sinter from distal apron areas was sampled. Where both geyserite and 

plant rich lithofacies were identified at a given site, both were analysed for trace 

elements. For the other 12 siliceous and silicified deposits encountered in the 

WVC (Fig. 3.2, Table 3.1), representative samples of paleoenvironmentally 

significant textures were analysed for comparison with the sinter deposits. For 

each sample, 10 g were pulverised in a tungsten-carbide ring mill crusher and 

analysed at ALS Canada using the ‘Super Trace 4-acid’ procedure (4 acid digest) 

with Inductively Coupled Plasma Mass Spectrometry (ICP-MS) method (ME-

MS61L-REE) for 61 separate elements, including pathfinder, immobile and rare 
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earth elements. ICP-AES was used to detect Au (Au-ICP21) and low temperature 

aqua regia with ICP-MS was used to determine Hg (Hg-MS42). 

 

3.4 Results 
 

3.4.1 Distribution and morphology of the siliceous and silicified features  
 

Field mapping revealed that the 18 siliceous and silicified deposits of the WVC 

are hosted within several rhyolitic domes as well as the Pumpkin Rock 

Ignimbrite (Table 3.1). Twelve of the siliceous and silicified deposits occur 

within the Purangi Rhyolite. Seven silicified deposits are hosted in the 

Motutapare Dome, including the Kaitoke Lake, Kaitoke Sinter, Kaitoke deposit, 

Airstrip, Diggers Sinter, Diggers Vein and Diggers Hill. A further two siliceous 

and silicified deposits were distinguished within the Dalmeny Dome: the 

Dalmeny Sinter and the Huruhurutakimo deposits. Affiliated with the Purangi 

rhyolite is the Purangi Dome hosting the Purangi Hill deposit, and the Bluff 

Centre hosting the Lee's Road silicified deposit (Fig. 3.2). The other five siliceous 

and silicified deposits of Big Kaitoke Lake, Big Kaitoke Sinter, Whenuakite River, 

Rangitoto and the Purangi silicic vein are hosted in the Pumpkin Rock 

Ignimbrite, and typically occur at the base of this volcanic unit (Fig. 3.2). 

 

 

 

Table 3.1 Silicified depositional unit types, outcrop type, host rocks and elevation above sea 

level of the 18 silicified units within the Whitianga Volcanic Centre. Abbreviations for the 

siliceous and silicified deposits: BKL=Big Kaitoke Lake, BK=Big Kaitoke Sinter, KL=Kaitoke 
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Lake, KS=Kaitoke sinter, KA=Kaitoke, KO=Kohuamuri sinter, DI=Diggers sinter, DV=Diggers 

vein, DH= Diggers Hill, LE =Lee's Road, WR=Whenuakite river, RA=Rangitoto, AI=Airstrip, 

PV=Purangi vein, PH= Purangi Hill, DA=Dalmeny sinter, HE= Hepburn sinter, HU = 

Huruhurutakimo. 

Inferred 
deposit type 

Deposit 
name 

Outcrop type Elevation Host rock 

Sinter deposit BK In situ sheet 30-40m Flaxmill Dome 
Ruahine Rhyolite 

 KS In situ sheet 30m Flaxmill Dome 
Ruahine Rhyolite 

 KO In situ mound 30-90m Motutapere Dome 
Purangi Rhyolite 

 DI Boulder field 100m Motutapere Dome 
Purangi Rhyolite 

 DA Boulder field 80m Dalmeny Dome 
Purangi Rhyolite 

 HE Boulder field 25m Dalmeny Dome 
Purangi Rhyolite 

Silicified 
volcanics 

KA Boulder field 70m Flaxmill Dome 
Ruahine Rhyolite 

 DH In situ mound 0-50m Motutapere Dome 
Purangi Rhyolite 

 LE In situ sheet 20-40m Bluff Centre 
Purangi Rhyolite 

 RA In situ mound 180-200m Pumpkin Rock 
Ignimbrite 

 PH In situ sheet 100-115m Purangi Dome 
Purangi Rhyolite 

 HU In situ mound 10-40m Dalmeny Dome 
Purangi Rhyolite 

Lacustrine 
sediments 

BKL In situ sheet 20-30m Flaxmill Dome 
Ruahine Rhyolite 

 KL In situ mound 10-20m Flaxmill Dome 
Ruahine Rhyolite 

Silicic veins PV In situ vein 50m Pumpkin Rock 
Ignimbrite 

 DV In situ vein 80m Motutapere Dome 
Purangi Rhyolite 

Fluvial 
sediments 

WR In situ mound 20-30m Pumpkin Rock 
Ignimbrite 

Mud pool 
deposits 

AI Boulder field  140m Motutapere Dome 
Purangi Rhyolite 

 DI Boulder field 100m Motutapere Dome 
Purangi Rhyolite 
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The varied geometries of the siliceous and silicified deposits within the WVC 

include erosion resistant sheets, mounds and erosional (remnant) boulder fields 

(Table 3.1). Five of the deposits form topographic highs in the present-day 

landscape, with in situ deposits often exhibiting flat upper surfaces (Fig. 3.2). The 

erosion resistant sheet and mound like geometries are distinct in comparison to 

the surrounding volcanic domes and ignimbrites, as these volcanic features are 

more variable in relief and morphology. Many of the rhyolitic domes, and the 

geographically widespread Pumpkin Rock ignimbrite, show extensive post-

depositional deformation (slumps and slides), particularly on southern facing 

slopes (Fig. 3.2). 

 

Mapping revealed that many of these siliceous and silicified units are 

geographically constrained along a northeasterly trend. Twelve are located 

parallel to two major normal faults, including the Purangi Fault and a parallel 

fault that is inferred herein to cross cut the entire field area, based on field 

mapping and Lidar analysis (Fig. 3.2). In particular, the Kaitoke Sinter, Kaitoke 

Lake and Kaitoke siliceous and silicified deposits occur in the foot and hanging 

walls of a fault scarp with a ~1 km long surface expression parallel to the 

Purangi Fault (Fig. 3.2). 
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Figure 3.2 Geological map of the Whitianga Volcanic Centre incorporating Lidar data, 

showing location of lithological units, rhyolite domes, major faults, the 18 silicified deposits of 

this study and the 23 trace elemental sample locations analysed herein. Abbreviations of the 

siliceous and silicified deposits: BKL=Big Kaitoke Lake, BK=Big Kaitoke sinter, KL, Kaitoke 

sinter, KS= Kaitoke sinter, KA=Kaitoke, KO=Kohuamuri sinter, DI=Diggers sinter, DV=Diggers 

vein, DH=Diggers Hill, LE=Lee's Road,WR=Whenuakite river, RA=Rangitoto, AI=Airstrip, PV 

= Purangi vein, PH = Purangi Hill, DA = Dalmeny sinter, HE = Hepburn sinter, HU = 

Huruhurutakimo. See Table 3.4 for trace element sample data. Modified from Skinner, 1995; 

Waikato Regional Council, 2007-2008. 
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3.4.2 Textures of the siliceous and silicified features 
 

The macro- and micro-textures of the 18 siliceous and silicified deposits revealed 

six different deposit types. They have distinctive primary textures utilised here 

to interpret different paleoenvironmental settings of silicified lacustrine, fluvial, 

volcanic, and inferred paleo mud pool strata, as well as siliceous sinters and 

silicic veins (Table 3.1).  

 

Six siliceous deposits of the WVC have textures analogous to reported lithofacies 

of actively forming sinter deposits. They show distinctive textures representing 

the temperature gradient (~100 °C to ambient) typical of discharging alkali 

chloride hot springs, from vent to distal marsh areas, which allows identification 

of position – proximal, middle, distal – on the sinter apron (Table 3.2) (Hamilton 

et al., 2018 and references therein). Only the Kohuamuri deposit exhibits the 

entire range of textures within this gradient (Hamilton et al., 2017), whereas the 

other deposits have limited outcrop areas and fewer preserved textures. The 

Diggers, Dalmeny (Fig. 3.3A) and Hepburn sinters contain geyserite, a dense, 

finely laminated sinter that is restricted to vent related geysers, spouters and 

spring source areas splashed or submerged by (near-) boiling waters (>~75–100 

°C) (Walter, 1976; Braunstein and Lowe, 2001; Renaut and Jones, 2011b; 

Campbell et al., 2015a). The sinters at Kaitoke, Big Kaitoke and Hepburn (Fig. 

3.3B) are predominantly composed of the plant-rich lithofacies. Plants and other 

eukaryotes become silicified at the cooler margins of the distal apron and in 

adjacent geothermally influenced marsh areas, where the tepid temperatures 
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(<35 °C) are tolerable for plants to grow in relatively high densities, over 

extensive areas (Channing et al., 2004; Guido et al., 2010).  

 

Table 3.2 Diverse paleoenvironmentally significant textures of the six sinter deposits in the 

Whitianga Volcanic Centre, grouped into facies (vent to marsh) and facies associations 

(proximal, middle and distal apron). Microbial fossil associations also are shown. Data derived 

from Cady and Farmer (1996), Farmer (2000), Braunstein and Lowe (2001), Guido et al. 

(2010), Guido and Campbell (2011, 2012), Drake et al. (2014) and Hamilton et al. (2018). 

Facies 
Assemblage 

Facies Texture Sinter Deposit 

Proximal Vent Hydrothermal breccia Kohuamuri 
Spicular geyserite Diggers, 

Hepburn, 
Kohuamuri 

Nodular geyserite Diggers, 
Kohuamuri, 
Delmany,  

Macrobotriodial 
geyserite 

Diggers 

Middle Discharge 
channel 

Bubble mat Big Kaitoke 
Kohuamuri, 
Dalmeny,  

Mid apron 
pools 

 Conical tufted Kaitoke, 
Kohuamuri 

Network Big Kaitoke,  
Kohuamuri 

Distal Distal apron Thin palisade Big Kaitoke, 
Kaitoke,  
Kokuamuri,  
Dalmeny  

Oncoids Kaitoke, 
Kohuamuri 

Marsh Clotted  Big Kaitoke,  
Kohuamuri,  
Hepburn 

Plant-rich Big Kaitoke,  
Kaitoke,  
Kohuamuri,  
Hepburn 
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Finely laminated (<5 mm thick), microcrystalline quartzose strata, with minor, 

low-amplitude undulation and minimal porosity (<1 mm in diameter), were 

observed in the Big Kaitoke Lake and Kaitoke Lake deposits. This texture is 

inferred as lacustrine due to similarity with hydrothermally altered lacustrine 

sediments forming in the active TVZ (Jones et al., 2007; Pittari et al., 2016). The 

Big Kaitoke Lake and Kaitoke Lake silicified outcrops contain well-preserved 

plant material and organic detritus (Fig. 3.3C). The presence of fossilised organic 

material within this silicified unit can make it difficult to distinguish lacustrine 

facies from plant-rich sinter. Generally, lake sediments contain volumetrically 

fewer plants, are less porous, contain fewer microbially derived primary features 

(e.g. compare to Guido and Campbell, 2011) and commonly are intercalated with 

coarser grained horizons compared to sinter deposits. The latter may host 

occasional thin (up to a few cm's), coarse, volcanic ash layers (e.g. Campbell et al., 

2003; Guido and Campbell, 2009). 

 

The Whenuakite River deposit consists of a silicified conglomerate containing 

heterogeneous, subrounded clasts (Fig. 3.3D). The clasts are pebble sized (<2 cm 

in diameter), well-sorted and contain reworked volcanic clasts, quartz clasts and 

silicified plant material incorporated within a fine-grained (<1 mm in diameter) 

siliceous matrix with low porosity. The well-rounded silicic clasts rarely exhibit 

internal textures but some lamination of pyrite within a quartz clast is observed, 

potentially originating from quartz veins. This deposit is inferred to have formed 

in a fluvial setting similar to Jurassic deposits of the Deseado Massif, Patagonia, 

Argentina (Guido and Campbell, 2009, 2011, 2014) and late Quaternary deposits 

of the TVZ (Campbell et al., 2003). The Whenuakite River conglomerate is 
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distinct from breccia deposits associated with sinters, such as hydrothermal 

eruption breccias, fragmented (intraclast) sinter and post-depositional landslide 

breccias (Hamilton et al., 2018), as it is composed of clasts of varied composition 

that are partially rounded, but with no sinter clasts. Furthermore, the 

Whenuakite River deposit is distinct from hydrothermal eruption breccia 

deposits that also may lack sinter fragments (Browne and Lawless, 2001), as it 

contains well-sorted clasts within a fine-grained sedimentary matrix. 

 

The six silicified deposits from Kaitoke, Rangitoto, Diggers Hill, Purangi Hill, 

Huruhurutakimo and Lee's Road all contain volcanic textures that are 

identifiable at the micro-scale. These silicified deposits occur as fine-grained, 

erosion resistant outcrops with intense and pervasive hydrothermal 

silicification. At the micro-scale, these textures include silicified tuff and silica-

replaced spherulitic rhyolites, as well as siliceous veinlets (<1 cm in diameter). 

The four deposits at Purangi Hill, Lee's Road and Kaitoke have all been 

misidentified previously as siliceous sinters, due to their broad textural 

similarity (Bell and Fraser, 1912; Harvey, 1997; Hamilton et al., 2017). For 

instance, silicified spherulitic rhyolite was misidentified as geyserite beads 

within the Kaitoke silicified volcanic deposit (Fig. 3.3E) (Hamilton et al., 2017). 

Where preserved, the dense, concentric, very fine siliceous laminae of beaded 

geyserite (Campbell et al., 2015a) are distinguishable at the microscale from the 

volcanic texture of spherulitic rhyolite, which has a radiating growth pattern 

(McPhie, 1993). The silicified deposits at Kaitoke, Lee's Road and Diggers Hill all 

contain silicified spherulites (<1 cm in diameter) that are recognisable at the 

micro-scale. The silicified volcanic tuff deposits of the Purangi and Rangitoto 
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deposits contain siliceous veins cross-cutting the microcrystalline and 

hydrothermally altered grains of the tuffaceous units, with the Rangitoto veinlets 

being iron rich. The Huruhurutakimo deposit is part of the Dalmeny Dome and 

consists of vesicular flow-banded rhyolite with spherulites and voids that have 

been partially infilled by late silicification (Fig. 3.3F). The textures of the silicified 

volcanic deposits show no lateral or vertical variation, a distinguishing feature of 

typically stratiform and porous sinter deposits (cf. Campbell et al., 2015a, their 

fig. 10, p. 56). 

 

All boulders of the Airstrip deposit and some boulders of the Diggers deposit 

consist of dense, strongly iron stained, very fine grained (<1 μm) 

microcrystalline quartz with thin continuous laminae (<1 mm thick) and low 

porosity. The material shows no undulation nor sedimentary grading that would 

otherwise be associated with lacustrine sediments. The Airstrip boulder field 

and parts of the Diggers deposit are interpreted as fossilised mud pools (Fig. 

3.3G) based on their similarity to the dense, fine lamination of iron-rich mud 

pools of the TVZ (Rodgers et al., 2002, their fig. 3c–f, p. 304; Jones and Renaut, 

2012, their fig. 9, p. 1228). 
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Two steeply dipping silicic veins from the Purangi and Diggers vein localities 

(30–50 cm in width) were found in areally limited outcrop exposures of the WVC 

(Fig. 3.3H). These veins consist of texturally massive to glassy chalcedony that 

incorporates small clasts of the surrounding host rock altered to clay minerals. 

The veins cross-cut the volcanic host rocks, with the Diggers vein transecting 

spherulitic rhyolite of the Purangi Rhyolite, while the Purangi vein cross-cuts the 

Pumpkin Rock ignimbrite. These siliceous veins have low porosity, with voids < 

1 mm in diameter, similar to the veins observed at Ohakuri, TVZ, that cross-cut 

the 290 ka Ohakuri ignimbrite (Henneberger and Browne, 1988; Gravley et al., 

2006). 
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Figure 3.3 Textures of representative samples of the varied types of silicified deposits within 

the Whitianga Volcanic Centre. A) Spicular to nodular geyserite from the Dalmeny sinter 

showing dense, finely laminated, spicular (arrows) to columnar to knobby silica. B) Plant-rich 



Chapter 3: Fossilised Geothermal Features, Whitianga Volcanic Centre 

 
114 

sinter from the Hepburn sinter showing well preserved plant material (arrow) in porous silica. 

C) Fossiliferous plant material from the Kaitoke Lake deposit showing a predominance of 

silicified, laminated, volcaniclastic sandstone and siltstone material with limited to no primary 

porosity. Silicified reed (arrows) incorporated parallel to bedding D) Inferred fluvial sediment 

from the Whenuakite River deposit consisting of a conglomerate containing volcanic, silicic 

(red arrow) and organic (white arrow) material. E) Silicified spherulitic rhyolite from the 

Kaitoke deposit, showing radial crystal growth. F) Silicified flow banded rhyolite from the 

Huruhurutakimo deposit, showing quartz partially infilling vesicles. G) Fossilised, inferred mud 

pool deposit from the Airstrip locality, showing very fine lamination with very minor undulation 

and low porosity. H) Silicic vein from the Purangi vein deposit, consisting of botryoidal 

textures (black arrows) and clay infill (white arrow).  

3.4.3 Mineralogy and paragenesis 
 

The 18 siliceous and silicified deposits of the WVC are primarily composed of 

microcrystalline quartz, although their original mineralogy would have been 

amorphous opaline silica (cf. Rodgers et al., 2002, 2004). Detailed petrographic 

analysis identified several siliceous phases as well as other minor phases (Table 

3.3). They range from early (syndepositional) to late (post-depositional) 

diagenetic in the paragenesis of the Whitianga siliceous materials, the latter 

phases of which infilled primary porosity and cross-cut earlier formed textures. 

Four early diagenetic phases were observed within the 18 siliceous and silicified 

deposits. These are microcrystalline quartz (originally deposited as opal-A), 

organic material, pyrite crystals and volcanic spherulites. The presence or 

absence of these early-stage (depositional) phases within each siliceous and 

silicified deposit depended on paleoenvironmental formation conditions. 
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Table 3.3 Paragenesis of the silicified deposits of the Whitianga Volcanic Centre showing 

early and late stagemineralisation and other events. Abbreviations for the siliceous and 

silicified deposits: BKL=Big Kaitoke Lake, BK=Big Kaitoke Sinter, KL=Kaitoke Lake, 

KS=Kaitoke sinter, KA=Kaitoke, KO=Kohuamuri sinter, DI=Diggers sinter, DV=Diggers vein, 

DH=Diggers Hill, LE = Lee's Road, WR= Whenuakite river, RA= Rangitoto, AI= Airstrip, PV= 

Purangi vein, PH= Purangi Hill, DA= Dalmeny sinter, HE= Hepburn sinter, HU = 

Huruhurutakimo. 
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The early digenetic phase of microcrystalline quartz (< 1 μm in diameter) is 

observed in all 18 siliceous and silicified deposits (Table 3.3). In the sinter and 

inferred mud pool sediments, these laminated, primary siliceous deposits 

precipitated or accumulated as opal-A as a direct result of thermal fluid 

discharge (Rimstidt and Cole, 1983; Fournier, 1985). Diagenetic maturation 

subsequently occurred with time and/or burial to produce a sequence of silica 

mineral phases, from amorphous opal-A to paracrystalline opal-CT/C to 

microcrystalline quartz (Herdianita et al., 2000; Rodgers et al., 2004). The two 

silicic veins are now composed of microcrystalline quartz and chalcedony, and 

are inferred to have undergone diagenetic maturation from the original opal-A. 

In contrast, the silicified volcanics, lacustrine sediments and fluvial conglomerate 

developed by secondary silicification of primary host rocks or sediments. The 

microtexture of the microcrystalline quartz in these materials is laminated, as 

observed in the sinter, inferred mud pools deposits and silica-replaced lacustrine 

sediments (Fig. 3.4A), or it irregularly coats other primary materials, such as 

around plants (Fig. 3.4B). 

 

The minor organic detritus phase consists of well-preserved, contorted strands 

of black to brown material, up to 100 μm in length and < 10 μm in width, such as 

stems (Fig. 3.4D) and reeds, in which cell structure is evident and, in some cases, 

partially replaced by silica. Organic detritus also occurs as irregular, fine-grained, 

dark (black to brown) amorphous material (< 1 μm in diameter). In the sinter 

deposits, organic material also includes preserved microbial filaments and clots, 

such as observed at Kohuamuri (Hamilton et al., 2017). Organic material is 

embedded in the early-stage microcrystalline silica groundmass of the six 
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studied sinters, as well as in the two inferred lacustrine deposits, the silicified 

volcanic Purangi deposit (Fig. 3.4C) and in some of the clasts within the fluvial 

deposit. 

 

The pyritic phase occurs as scattered, opaque euhedral (cubic) crystals (up to 10 

μm in diameter) within the early-stage microcrystalline quartz groundmass. 

Pyrite crystals were identified in the sinter deposits at Kohuamuri, Diggers, and 

Dalmeny sites, and in the inferred mud pool deposit at the Diggers locality (Fig. 

3.4F) and Airstrip sites, all of which were produced by thermal fluids. Pyrite was 

also present within a small siliceous clast of the Whenuakite fluvial 

conglomerate. 

 

A final early-stage diagenetic phase is represented by the volcanic spherulites, 

which contain quartz and interlocking orthoclase crystals radiating outwards 

from a central nucleating point (McPhie, 1993). Spherulites are found in siliceous 

volcanic rocks, including rhyolites that have undergone rapid cooling. The 

silicified volcanic deposits of Lee's Road (Fig. 3.4E), Diggers Hill, 

Huruhurutakimo and Kaitoke consist of primary spherulites ranging from 100 

μm to up to 2 cm in diameter, most of which have been replaced by 

microcrystalline quartz. The silicified tuffs of Purangi Hill and Rangitoto also 

contain spherulites. 
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Figure 3.4 Primary (early) diagenetic phases of the silicified deposits within the Whitianga 

Volcanic Centre. A) Microcrystalline quartz (qtz) replacing finely laminated lacustrine 

sediments; Kaitoke Lake deposit. B) Patchy microcrystalline quartz (qtz) within plant rich 

lithofacies (pm, plant mould); Kaitoke sinter deposit. C) Irregularly shaped, fine-grained 

organic material (om), some of which has been replaced by microcrystalline quartz (qtz); 

Purangi Hill deposit. D) Organic material (om) within a plant stem that is partially replaced by 

microcrystalline quartz (qtz), within lacustrine sediments; Kaitoke Lake deposit. E) Spherulites 

(sph) partially replaced by microcrystalline quartz (qtz); Lee's Road deposit. F) Pyrite crystals 

(py) embedded within iron stained microcrystalline quartz (qtz); Diggers Creek deposit. 
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In the 18 studied siliceous and silicified deposits, seven late-stage paragenetic 

phases were identified, all of which infill primary porosity or cross-cut earlier 

formed textures. These include three siliceous phases (microcrystalline quartz 

veins, chalcedonic infill, euhedral quartz veins), as well as extensive iron staining 

and sediment infilling phases. Some of the siliceous and silicified deposits show 

comparable late-stage paragenetic sequences, despite forming under different 

primary paleoenvironmental conditions (Table 3.3). 

 

The late-stage, red to brown iron staining phase extensively colours most of the 

early-stage microcrystalline quartz in three deposits. Localised jarosite also 

infills primary porosity. These Fe-rich occurrences include the two inferred mud 

pool deposits at the Airstrip (Fig. 3.5A) and Diggers sites, and parts of the 

Diggers sinter. 

 

Microcrystalline quartz veins constitute continuous veinlets < 10 μm in diameter 

that cross-cut primary textures and the iron staining, and thus are a late-stage 

feature. These veinlets occur within fractures and areas of structural weaknesses 

in the rocks and are composed of microcrystalline quartz crystals < 1 μm in 

diameter. They are present in the Big Kaitoke, Kaitoke (Fig. 3.5B), Kohuamuri 

and Hepburn sinter deposits, as well as in all six silicified volcanic deposits, the 

two lacustrine deposits, the Airstrip mudstone and the Whenuakite fluvial 

conglomerate, where the veins cross-cut both clasts and sedimentary matrix.  
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A late-stage chalcedonic infill phase was identified in several deposits. 

Chalcedony is a fibrous silica composed of quartz intergrowths with moganite 

(Rodgers et al., 2004). In the study area, this common silica phase infills primary 

porosity or occurs as continuous rims, < 100 μm in diameter, within voids. Late-

stage chalcedony is evident in the Kohuamuri and Hepburn sinter deposits, the 

Diggers Hill (Fig. 3.5C), Rangitoto, Purangi and Huruhurutakimo silicified 

volcanic deposits, the Diggers inferred mud pool deposit and the Whenuakite 

fluvial conglomerate, and as veins at Purangi Creek and Diggers Creek. 

 

In addition, euhedral quartz crystals up to 50 μm in length infill voids of primary 

porosity within the siliceous and silicified features. Late-stage euhedral quartz 

infill of primary porosity is common in the deposits of the WVC, occurring after 

the chalcedonic infilling event in some voids. Euhedral quartz veins (>20 μm in 

diameter) also occur, comprising well-formed crystals < 10 μm in length. The 

veins crosscut fractures and structural weaknesses in the rocks and, in places, 

link voids of primary porosity, as well as cross-cut microcrystalline veinlets. The 

euhedral quartz crystal phase was observed in all six sinter deposits, the 

silicified deposits of Kaitoke Lake, the Big Kaitoke Lake, Kaitoke (Fig. 3.5E), 

Huruhurutakimo and Purangi, as well as the Whenuakite River fluvial 

conglomerate, where euhedral veins crosscut microcrystalline veins (Fig. 3.5D). 

 

The late-stage sediment infill phase, primarily comprising microcrystalline 

quartz with minor clays, consists of grey to brown, very fine-grained sediment 

(<1 μm diameter) that partially infills primary porosity. The sediment infill 

occurs as geopetals with no internal texture. Sediment infill was observed within 
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the silicic veins at the Purangi and Diggers sites (Fig. 3.5F) and occludes primary 

porosity in some sinter deposits (Table 3.3). In some deposits, this late sediment 

infill forms geopetals partially filling primary pore space, which at a later stage 

was then completely infilled by late euhedral quartz. 

 

Figure 3.5 Late-stage diagenetic phases of the silicified deposits within the Whitianga 

Volcanic Centre. A) Extensive iron staining of microcrystalline quartz; Airstrip deposits. B) 

Microcrystalline vein (qtz) cross-cutting primary microcrystalline quartz and plant rich siliceous 

sinter; Kaitoke sinter deposit. C) Chalcedonic infilling (chc) of primary porosity vug between 
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spherulites (sph); Diggers Hill deposit. D) Euhedral quartz vein (eu) cross cutting primary 

texture and microcrystalline quartz vein (qtz); Whenuakite River deposit. E) Euhedral quartz 

(eu) filling primary porosity between spherulites (sph); Kaitoke silicified volcanic deposit. F) 

Sediment geopetals (gp) infilling primary porosity between broken clasts of chalcedony (chc); 

Diggers Vein deposit. 

3.4.4 Trace element analysis 
 

The 75 different elements analysed in this study (Appendix 1) showed various 

enrichments and depletions in the 18 siliceous and silicified deposits relative to 

one another and the host rocks of the Whitianga Volcanic Centre. They include 

rare earth elements, immobile elements (niobium, titanium, zirconium, 

strontium and rubidium), transition metals (chromium,molybdenum, nickel, and 

copper), aluminum, phosphorous, as well as the pathfinder elements arsenic, 

mercury, gold and silver. The range in concentrations of these elements was 

examined to further aid determination of formation conditions and later 

alteration processes of the different siliceous and silicified deposit types (sinter, 

lake sediments, fluvial sediments, silicified volcanics, silicic veins, inferred mud 

pools), which were primarily determined by textural analysis. These element 

concentrations alsowere used to assess potential for epithermal mineralisation. 
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All 18 siliceous and silicified features show a depletion in rare earth elements 

(REE), which is the same pattern of REE as the surrounding Whitianga Group 

volcanics of the Rangihau, Ruahine and Purangi rhyolites (Fig. 3.6) (Booden et al., 

2011), suggesting that the silicified rocks, as well as the siliceous sinters and 

veins, record the REE signature of the parent material that is incorporated within 

them. This is consistent with the very low solubility of REE measured in low-

salinity geothermal fluids such as those of the modern-day TVZ geothermal 

systems (Hannigan, 2005). Moreover, chondrite-normalised (Sun and 

McDonough, 1989) REE measurements for the 18 siliceous and silicified deposits 

of the WVC show different patterns of enrichment that appear to depend on 

deposit type (Fig. 3.6). In general, surface deposits of sinter, lake sediments and 

inferred mud pool deposits have a lower concentration of REEs than the shallow 

subsurface silicified features and siliceous veins. In particular, the subsurface 

features (i.e. volcanics, siliceous veins) as well as the fluvial conglomerate have 

positive Eu signatures, with the exception of the Diggers Hill deposit. In contrast, 

the surface features (i.e. lacustrine, sinter and inferred mud pools) all have lower 

Eu concentrations, at or below detection limits (0.03 ppm),with the exception of 

the Dalmeny geyserite sample (0.06 ppm) (Fig. 3.6). 
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Figure 3.6 Chondrite normalisation of rare earth elements (REE) (Sun and McDonough, 

1989). Plot showing geyserite and plant-rich sinters, lake sediments, silicified volcanics, 

inferred mud pool sediments, silicic veins, fluvial sediments, Whitianga Volcanic Centre 

rhyolites and the Tapuaetahi Andesite. See key for deposit type. 

The immobile elements of niobium, titanium, and zirconium are higher in their 

concentrations in the shallow subsurface deposits—volcanics (Nb = 2.4–9.2 ppm, 

Ti = 0.043–0.088 wt%, Zr = 56.6–177 ppm) and silicic veins (Nb = 4.8–6.8 ppm, 

Ti = 0.049–0.345 wt%, Zr = 77.7–113 ppm), which are at least an order of 

magnitude higher than the surface deposits of sinters (Nb = 0.1–0.4 ppm, Ti = 

b0.009 wt%, Zr = 1.3–4.5 ppm), lake sediments (Nb = b0.3 ppm, Ti = b0.008 wt%, 

Zr = 0.5–3.3 ppm) and inferred mud pools (Nb = 0.1–0.4 ppm, Ti = b0.01 wt%, Zr 
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= 1.3–5.5 ppm) (Fig. 3.7). The fluvial deposit has lower concentrations of these 

elements compared to the subsurface features, but the values are higher than 

other surface features (Nb=2.2 ppm, Ti=0.044 wt%, Zr=34.6 ppm). The silicified 

volcanics (Rb = 2–123 ppm, Sr = 4.2–69.5 ppm), siliceous veins (Rb=10–164 

ppm, Sr=22.3–44.5 ppm) and fluvial sediments (Rb = 53.4 ppm, Sr = 8.1 ppm) 

have higher concentrations of rubidium and strontium than sinter deposits (Rb = 

0.4–6.3 ppm, Sr = 0.7–11.3 ppm), lake sediments (Rb = 0.5–2.3, Sr = 2–2.4) and 

the interpreted mud pool deposits (Rb = 0.6 ppm, Sr = 2.2–6.1 ppm) (Fig. 3.7). 

The silicified spherulitic and vesicular rhyolites had the greatest range in 

strontium (0.9–69.5 ppm) and rubidium (5.1–123.5 ppm) concentrations. 

Siliceous veins and fluvial sediment measurements were also within this range. 

The silicified, highly porous, tuffaceous units at the Purangi and Diggers Hill 

locations yielded lower Rb (2–3.7 ppm) and Sr (4.2–4.8 ppm) concentrations 

than the other silicified volcanics. Sinter deposits generally show a lower range 

in concentration of these immobile elements (0.7–11.3 ppm Sr, 0.4–6.3 ppm Rb) 

as compared to the silicified volcanics, with the exception of the plant-rich 

sinters at Kohuamuri and Hepburn, and the Dalmeny geyserite samples. The 

lacustrine strata (0.53–2.32 ppm Rb, 1.92–2.31 ppm Sr) and inferred mud pool 

deposits (0.36–0.59 ppm and 2.06–3 ppm Sr) are also within the same range of 

Rb and Sr concentrations as the sinter deposits. 

 

The siliceous and silicified deposits of the WVC show a depletion in Ca and Na, as 

well as K metasomatism consistent with that of hydrothermal alteration 

associated with epithermal deposits (Warren et al., 2007), in particular that of 

clay formation. A molar element ratio plot of (2Ca + Na+ K)/Al vs. K/Al for whole 
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rock samples of the siliceous and silicified features shows a large range (Fig. 3.8), 

with some having ratios typical of hydrothermal clays of various compositions. 

Silicified volcanics show the greatest range, with the Rangitoto deposits 

containing kaolinite (Fig. 3.8), which was confirmed by XRD analysis. The two 

silicic veins have a (2Ca+Na+K)/Al vs. K/Al molar element ratio plot consistent 

with different types of hydrothermal clays. The Diggers silicic vein, yielded a 

(2Ca+Na+K)/Al vs. K/Al molar element ratio plot indicative of kaolinite, and the 

Purangi Vein contains a relatively higher concentration of aluminum and 

potassium, consistent with K-mica (Warren et al., 2007), with XRD analysis 

confirming the presence of K-mica in the Purangi vein and goethite within the 

Diggers vein. Some of the surface features (sinters, inferred mud pools, 

lacustrine sediments and fluvial sediments) also show (2Ca + Na + K)/Al vs. K/Al 

ratios associated with clays (Fig. 3.8). The presence of these clays could not be 

confirmed by XRD, likely due to trace amounts within these siliceous and 

silicified deposits. 

 

Phosphorus shows the greatest range of concentrations in the subsurface 

features of silicic veins and silicified volcanics (10–310 ppm) as compared to the 

siliceous and silicified surface features (b10–230 ppm) (Table 3.4). Of the surface 

features, the inferred mud pools (50–230 ppm) have a significantly higher 

concentration of P than the other siliceous and silicified surface features (b30 

ppm), with the exception of the plant rich Kaitoke Sinter (50 ppm). 
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Table 3.4 Comparative trace element concentrations (ppm) of the elements in 23 different 

samples - Au, Ag, Hg, As, Sb, Cu, P and Fe (wt%) - in the 18 silicified deposits of the 

Whitianga Volcanic Centre. See Figure 2 for sample locations. 

Sample No. Deposit Au Ag Hg As Sb Cu Fe P 

 

Sinter deposits         
1 

Big Kaitoke plant-rich 
B.D 0.02 0.012 8.4 236 3.3 0.38 20 

2 
Kaitoke plant-rich  

0.009 0.1 0.074 0.9 5.82 1.3 0.04 50 

3 
Kohuamuri  geyserite 

0.001 1.76 0.093 4.9 112.5 5.9 0.57 10 

4 
Kohuamuri plant-rich  

0.003 1.2 0.049 3.4 352 1.3 0.03 20 

5 
Dalmeny geyserite 

B.D 0.15 0.233 64.9 21.4 5.1 3.18 100 

6 
Hepburn plant-rich 

B.D 0.17 0.133 1.6 24.1 0.5 0.13 10 

7 Diggers sinter geyserite 1 B.D 0.07 0.016 1.7 0.42 8.1 0.65 10 

8 Diggers sinter geyserite 2 B.D 0.03 0.01 4 4.93 10.5 0.94 10 
 Silicic veins         

9 Purangi vein 0.001 0.48 0.082 233 41.2 3.6 0.97 50 
10 Diggers vein 0.004 0.13 1.81 89.4 8.23 0.8 0.29 50 

 Mud pool sediments         
11 Air strip B.D 0.09 4.68 40.5 66.4 0.9 0.99 50 
12 Diggers mud  B.D 1.28 0.759 10.2 3.16 1.6 3.87 230 

 Fluvial sediments         
13 Whenuakite river 0.022 1.24 0.083 18.2 24.6 2.5 1.02 30 

 Lake sediments         
14 Big Kaitoke lake B.D 0.04 0.282 3.7 31.9 1.2 0.64 20 
15 Kaitoke lake B.D 0.11 0.257 2.9 14.7 1.4 0.01 B.D 

 Silicified volcanics         
16 Kaitoke volcanics 0.001 1.06 1.67 50.7 29 7 0.72 40 
17 Rangitoto 1 0.013 0.09 0.157 221 163.5 8.1 6.27 310 
18 Rangitoto 2 B.D 0.06 0.158 0.6 0.44 2.2 0.03 100 
19 Huruhurutakimo B.D 0.03 0.805 41 5.4 2.2 0.48 70 
20 Purangi Hill B.D 0.03 0.61 22 199 5 0.38 50 
21 Digger Hill B.D 0.03 0.274 0.6 0.64 0.2 0.01 10 
22 Lee's Road 1 B.D 0.07 1.06 2 0.43 0.9 0.07 30 
23 Lee's Road 2 B.D 0.03 0.168 2.2 0.32 0.8 0.16 100 
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The transition metals of chromium, molybdenum, nickel, and copper (Fig. 3.7) all 

show their highest concentrations in the sinter geyserite lithofacies. In 

comparison to other silicified surface features of this study, geyserite has higher 

metal concentrations (Cr = 281–894 ppm, Mo = 14.85–50 ppm, Ni = 12.6–37.1 

ppm, Cu = 5–10.5 ppm) than plant-rich sinter (Cr = 12–159 ppm, Mo = 0.57–7.49 

ppm, Ni = 0.6–7.5 ppm, Cu = 0.5–3.3 ppm), lake sediments (Cr = 11–13 ppm, Mo 

= 0.39–0.72 ppm, Ni = 0.5–0.7 ppm, Cu = 1.2–1.4 ppm), mud pools (Cr = 17–23 

ppm, Mo = 1.47–1.92 ppm, Ni = 1.4–1.5 ppm, Cu = 0.9–1.6 ppm) or fluvial 

sediments (Cr = 95 ppm, Mo = 6.29 ppm, Ni = 4.8 ppm, Cu= 2.5 ppm). 

 

Arsenic concentration is variable in the shallow subsurface features (Table 3.4, 

Fig. 3.7) (0.6–233 ppm) and surface silicified features (0.9–40.5 ppm). Silicic 

veins, including the Rangitoto deposit containing siliceous veinlets, have a higher 

concentration of arsenic (89.4–233 ppm) than the other silicified volcanic 

materials (0.6–50.7 ppm). Of the studied surface features, the inferred mud pools 

(10.2–40.5 ppm) and fluvial sediments (18.2 ppm) had a higher concentration of 

As compared to other surface manifestations of sinters (0.9–8.4 ppm) and lake 

sediments (2.9–3.7 ppm). 

 

Mercury shows a greater range in concentration in surface features (Table 3.4, 

Fig. 3.7) (0.1–4.68 ppm) than subsurface features (0.082–1.81 ppm). Of the 

surface features, the inferred mud pool deposits contain the highest 

concentration of Hg (0.759–4.68 ppm), while the silicified lake sediments have 

higher amounts of Hg (0.257–0.282 ppm) than other surface features, such as 

sinters (0.01–0.133 ppm) and the fluvial deposit (0.083 ppm). 
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Gold was detected at very low concentrations in the two silicic veins (0.001–

0.004 ppm), the silicified volcanic deposits of Rangitoto (0.013 ppm) and Kaitoke 

(0.001 ppm), the fluvial deposit at Whenuakite River (0.022 ppm), as well as in 

two sinter deposits at Kohuamuri (0.003 ppm) and Kaitoke sinter (0.009 ppm) 

(Table 3.4), as reported in Hamilton et al., 2018. Furthermore in this study, 

anomalous concentrations of silver (>1 ppm) were detected in both geyserite 

(1.76 ppm) and plant-rich lithofacies (1.2 ppm) at Kohuamuri, the Kaitoke 

silicified volcanics (1.06 ppm), the Whenuakite fluvial deposit (1.24 ppm) and 

the Digger mud pool deposit (1.28 ppm). 
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Figure 3.7 Graphs showing the concentration of elements in ppm (except Fe, Al and Ti in 

wt%) within; A) sinters (geyserite – light green, plant-rich – dark green), B) mud pool 

sediments (grey), C) fluvial sediments (blue), D) Lake sediments (yellow), E) chalcedonic 

veins (orange), F) silicified volcanics (red) and G) combines all siliceous and silicified 

features. See Figure 3.6 key for deposit type. Data points on the x-axis are below detection 

limits.  

3.5 Discussion 
 

3.5.1 Paleoenvironment formation conditions of the siliceous and 
silicified deposits 
 

The 18 locations of siliceous and silicified deposits within the WVC (Fig. 3.2) 

represent six different rock types (Table 3.1) that are products of geothermal 

activity and hydrothermal alteration in a volcanic terrestrial and sedimentary 

setting, occurring at the Earth's surface and within the very shallow subsurface. 

The interpreted paleo-thermal fluid interactions include direct mineral or 

cement precipitation, as well as hydrothermal alteration of pre-existing units. All 

siliceous and silicified units of the WVC exhibit similar present-day geomorphic 

expression – that of sheet mounds and boulder fields − which are nearly 

indistinguishable from one another in the field, despite their different 

paleoenvironmental origins. By applying a more detailed analysis of their 

textures, trace elemental compositions and paragenetic phases (primary and 

secondary), and comparing this suite of information to active geothermal fields 

and other areas of known epithermal alteration, it is possible to infer formation 

processes of the six identified lithology types and to interpret how they relate to 

geothermal discharge and timing of silicification. 



Chapter 3: Fossilised Geothermal Features, Whitianga Volcanic Centre 

 
132 

 

The REE compositions of 17 out of 18 siliceous and silicified features display the 

same distributions as observed in the surrounding Whitianga Group volcanics 

(i.e. Rangihau, Ruahine and Purangi rhyolites) (Fig. 3.6) (Booden et al., 2011), 

which suggests that these siliceous and silicified rocks are primarily composed of 

locally derived material. The Whenuakite River fluvial deposit differs in REE 

composition from the other siliceous and silicified features of the WVC, with a 

composition more similar to that of the Coromandel Group Tapuaetahi Andesite 

(Booden et al., 2011) underlying the southern portion of the WVC (Fig. 3.2) 

(Skinner, 1995). This suggests that a portion of the material in this fluvial deposit 

is derived from locations outside the WVC.  

 

The nine paleosurface siliceous and silicified features observed within the WVC, 

include remnants of sinter, mud pool, lacustrine and fluvial sediments, all of 

which showed diagenetic silica infill and veining (Table 3.3), potentially related 

to later hydrothermal alteration or burial fluids percolating through the deposit 

(cf. Campbell et al., 2003; Westall et al., 2015, 2018). Siliceous sinters and mud 

pool sediments are direct products of thermal fluid manifestations, but of 

different fluid compositions (Renaut and Jones, 2011). In contrast the lacustrine 

and fluvial sediments were silicified post-depositionally and thus have a more 

ambiguous relationship to local geothermal discharge zones. 
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3.5.1.1 Siliceous and silicified geothermal surface features 
 

Most siliceous sinter deposits precipitate directly as non-crystalline opal-A from 

silica infused, near-neutral pH, alkali chloride geothermal fluids debouching 

from hot springs at the Earth's surface (Fournier and Rowe, 1966; Fournier, 

1985; Lynne et al., 2008; Guido and Campbell, 2011; Lynne, 2012). Some sinters 

also form from acid sulphate-chloride fluids (Rodgers et al., 2004; Schinteie et al., 

2007; Renaut and Jones, 2011). Sinters reflect the chemical composition of 

protolith materials, as well as the hydrothermal input that is carried with the 

spring discharge fluids. The six sinters of the WVC are primarily recognised by 

their unique and irregularly porous, largely microbial primary textures that vary 

both vertically and laterally over relatively small spatial scales (centimeters to 

meters) depending on the original geothermal discharge gradient (~100 °C to 

ambient) that produced facies assemblages from vent to distal apron areas (cf. 

Jones et al., 1997; Guido and Campbell, 2011; Campbell et al., 2015a, b). Sinters 

also may contain pathfinder elements (Au, Ag, As, Sb), which may be 

concentrated in the fluids and deposits of geothermal systems (Henley and Ellis, 

1983). In the WVC, the sinters at the Kohuamuri, Diggers, and Dalmeny sites all 

contain geyseritic textures, indicating source locations that directly discharged 

thermal fluids from spring vents at the Earth's surface (Campbell et al., 2015a). 

In this study, sinter geyserite lithofacies show the highest concentrations in 

transition metals (chromium, molybdenum, nickel, copper) of the analysed 

surface siliceous and silicified features, suggesting that these elements were 

transported within the upflow areas of geothermal fields. These metals are also 

transported in modern geothermal brines and may become insoluble at the fluid 
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discharge point (Maimoni, 1982; Simmons et al., 2016). Hence, the WVC 

examples are interpreted to have mineralised within sinter immediately around 

the hot source-vent area. In contrast, the Big Kaitoke and Kaitoke sinters 

preserve only middle and distal apron lithofacies (i.e. conical tufted, oncoids, 

bubble mat, network, clotted and plant-rich fabrics) and they do not contain high 

concentrations of chromium, molybdenum, nickel, and copper. Thus, we suggest 

the lithofacies of the six sinters of the WVC pinpoint particular locations along 

thermal discharge gradients and therefore may help vector towards vent areas 

linked to upflow zones (Table 3.2). 

 

Mud pools are geothermal features that form in acidic steam-heated areas, often 

associated with perched water tables, such as observed in the active geothermal 

field at Orakei Korako (LLoyd, 1972), or at Wai-O-Tapu, TVZ, New Zealand, 

where they have developed distally from the Champagne Pool vent outflow area 

(Hedenquist and Browne, 1989). In this study, early stage pyrite crystals were 

observed within the groundmass of the deposits, probably formed under anoxic 

conditions, which occur in subaqueous environments of some geothermal 

systems (Alsina et al., 2014). Mercury is in its highest concentrations within the 

two inferred mud pool deposits of the WVC. It is transported in the vapour phase 

of modern geothermal systems (Nicholson, 1993; Barnes and Seward, 1997), 

particularly through steam-heated zones, accumulating in highly reduced and 

organic sediments (Davey and van Moort, 1986; Christenson and Mroczek, 2003; 

Williams-Jones and Heinrich, 2005). In addition, arsenic is also in higher 

concentrations in the inferred mud pool deposits. This association of elevated 

mercury and arsenic is common in active geothermal systems, particularly in 
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acidic zones (Nicholson, 1993).Moreover, phosphorous is in anomalous 

concentrations within the inferred mud pools of the WVC, which also has been 

found in high concentrations in actively forming mud pools, possibly due to 

dissolution from surrounding host rock (Bortnikova et al., 2009), or potentially 

from incorporation of organic material. The Diggers sinter deposit in the WVC 

contains boulders of mudstone and sinter, including geyserite within the same 

boulder field, suggesting a geothermal upflow area. In contrast, the Airstrip 

deposit contains only inferred mud pool deposits, which potentially could have 

formed more distally from geothermal upflow. Dense (non-porous) clasts of 

mudstone from the Airstrip and Diggers deposits indicate late-stage silicification 

from microcrystalline veins that cross-cut the mudstone laminae, which could 

have enhanced their silicification and thus their long-term preservation 

potential. 

 

3.5.1.2 Silicified sedimentary surface features 
 

In geothermal areas, fluviolacustrine sediments can become silicified 

syndepositionally in locations where hydrothermal fluids may discharge into 

lake and river bottoms or along shoreline areas (Jones and Renaut, 2003; Vitale 

et al., 2008; Gibson and Hinman, 2013; Pittari et al., 2016). Post-depositional 

silicification of sedimentary material also may occur owing to infiltration of this 

permeable material by heated subsurface fluids, such as in the Huka Falls 

Formation, TVZ, which constitutes a volumetrically large, Quaternary basin infill 

of lacustrine sediments that are silicified or zeolitised in places where spatially 

overprinting, once-active geothermal systems altered the lithology after burial 
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(Brathwaite, 2003; Cattell et al., 2014: Drake et al., 2014). 

 

Lakes are common features in the extensional regimes of volcanic back arc 

basins, with lacustrine sediments accumulating in various settings to form 

sedimentary deposits that incorporate fine-grained sediments and organic 

detritus. Lacustrine sediments can infill topographic lows, fault-related 

depressions, volcanic or hydrothermal eruption craters, or accumulate where 

streams are dammed by volcanic ejecta (Manville, 2001; Manville and Wilson, 

2003; Manville et al., 2007; Sillitoe, 2015). The two silicified lacustrine deposits 

in the WVC, at the Big Kaitoke Lake and Kaitoke Lake sites, are spatially adjacent 

to sinters, along the strike of mapped faults. Because of limited outcrop extent 

and vegetative cover, it is not clear whether these lacustrine sediments infill 

hydrothermal eruption craters or topographic lows, nor whether the 

silicification occurred post-depositionally. The elements incorporated within 

these Miocene lacustrine sediments are similar to those preserved within the 

sinters affiliated with them, suggesting similar host source materials. The two 

silicified lake sediment samples of this study also contain higher concentrations 

of mercury than the sinters and fluvial deposit. Lacustrine sediments that are 

influenced by lake-bottom geothermal venting or thermal fluid inflow from 

nearby geothermal fields have been reported to accumulate mercury (Davey and 

van Moort, 1986; de Ronde et al., 2002; Balane et al., 2015). 

 

In geothermal fields, silicified fluvial deposits may occur as conglomerates of 

rounded and well-sorted clasts formed within high energy environments 

transporting eroded volcanics, quartz fragments, sediments and organic matter, 
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altogether supported within a fine-grained siliceous matrix (e.g. Campbell et al., 

2003; Guido and Campbell, 2019a). These materials may be localised or 

transported significant distances away from the source areas. The Whenuakite 

fluvial deposit contains anomalous concentrations of REE and immobile 

elements in comparison to other silicified surface deposits of the WVC, perhaps 

due to the incorporation of volcanic clasts within the conglomerate. This fluvial 

deposit also yields anomalous concentrations of precious metals (Au, Ag) and the 

pathfinder element arsenic, in comparison to the other surface deposits, which 

may have been derived from hydrothermal clasts and/or infusion of matrix 

sediments with a hydrothermal fluid overprint following primary deposition. 

The sediments of the Whenuakite River deposit are silicified, with late diagenetic 

partial replacement of clasts and matrix by silica. Sinters also may develop in 

fluvial settings (e.g. Campbell et al., 2003; Guido and Campbell, 2009, 2011, 

2014); however, the fluvial conglomerate at the Whenuakite River locality is 

devoid of sinter clasts, suggesting the deposits formed distally from geothermal 

fluid upflow. 
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3.5.1.3 Siliceous and silicified shallow subsurface features 
 

Eight shallow subsurface siliceous and silicification features were identified 

within the Whitianga Volcanic Centre, including six silicified volcanic deposits 

and two silicic veins. These deposits became silicified in the shallow subsurface 

where percolating hydrothermal fluids altered the surrounding host rock, which 

may commonly occur in volcanic deposits with high porosity and in zones of 

structural weakness (Henneberger and Browne, 1988; Brathwaite et al., 2001; 

Rowland and Simmons, 2012). In the WVC, the subsurface siliceous and silicified 

deposits contain a higher concentration of immobile elements and REE than the 

siliceous and silicified surface features, which could be attributed to the 

subterranean deposits having had more interaction with the volcanic host rock, 

as has also been observed in the Devonian Drummond Basin (Uysal et al., 2011). 

 

Silicic veins in the upper parts of epithermal regions represent focused upflow of 

thermal fluids in the shallow subsurface (Henneberger and Browne, 1988; 

Morrison et al., 1990), as observed in chalcedonic veins in the Ohakuri 

epithermal project, TVZ (Henneberger and Browne, 1988). In the WVC, the 

Purangi and Diggers silicic veins, as well as iron-rich ones in the Rangitoto 

silicified volcanic deposit, all contain detectable low levels of gold and anomalous 

concentrations of silver and arsenic (Table 3.4) in comparison with the 

associated silicified volcanic units, providing further evidence of epithermal fluid 

upflow at these locations. Additionally, these silicic veins also showed higher 

concentrations of aluminum, with a lack of potassium, suggestive of kaolinitic 

clays, which are abundantly associated with acid-sulphate alteration of 
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epithermal deposits (Hedenquist et al., 2000; Simmons et al., 2005). Kaolinite 

detected in the Diggers silicic vein. Furthermore, the Purangi vein has a 

(2Ca+Na+K)/Al vs. K/Al element molar ratio consistent with K-mica (Fig. 3.8), 

confirmed by XRD. K-mica is also associated with acidic conditions in epithermal 

systems, but at a relatively higher pH (Warren et al., 2007). The presence of a 

clay typically associated with acidic conditions may relate to late-stage alteration 

of sediments within geopetals or incorporation of host rock materials within the 

silicic veins, potentially associated with waning activity of the geothermal 

system, as observed elsewhere (Watts-Henwood et al., 2017; Campbell et al., 

2019). 

 

Figure 3.8 Molar element ratio plot of (2Ca+Na+K)/Al vs. K/Al for the silicified features of the 

Whitianga Volcanic Centre (geyserite – light green; plant-rich – dark green), lake sediments 

(yellow), silicified volcanics (red), inferred mud pool sediments (grey), chalcedonic veins 

(orange) and fluvial sediments (blue). See Figure 3.6 key for deposit type.  
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Volcanic material can become silicified by infiltration of hydrothermal fluids in 

phreatic zones of geothermal fields, where condensation of silica-infused vapour 

beneath the vadose zone can mobilise silica to form blankets of 

opal/chalcedony/tridymite and/or quartz, sometimes over extensive lateral 

areas (Sillitoe, 1993; Hedenquist et al., 2000). The six silicified volcanic deposits 

of the WVC are hydrothermally altered, but originally would have had high 

permeability and porosity through which pore fluids could migrate, such as the 

spherulitic rhyolite, tuffaceous ‘blanket’ deposits and flow banded vesicular 

rhyolite. The more intensely silicified units of the Purangi Hill and Diggers Hill 

areas are also relatively more tuffaceous. Moreover, these units have lower 

concentrations of some immobile elements such as Sr, Rb and the light rare earth 

elements (La, Ce, Pr, Nd and Sm), which are in the upper range of concentrations 

of the silicified surface features, consistent with more intense silicification. The 

concentration of pathfinder elements of the silicified volcanics is highly variable 

within and between individual deposits (Table 3.4), potentially relating to 

variable thermal fluid interactions (e.g. duration, spatial extent) at a local scale. 

Moreover, the silicified volcanics of the WVC have higher concentrations of 

mercury and arsenic than siliceous sinters. These elements may be associated 

with the acid-sulphate fluids that form silicified water tables in the geologic 

record (Barnes and Seward, 1997; Sillitoe and Lorson, 1994; Sillitoe, 2015). 
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3.5.2. Spatial associations of the siliceous and silicified features 
 

The preserved siliceous and silicified features of the WVC, both surface and 

shallow subsurface, often developed adjacent to one another, as is evident in 

many active rhyolite and ignimbrite hosted geothermal systems in volcanic back 

arc basins (Hedenquist et al., 2000; Sillitoe, 2015). For example, in the TVZ, New 

Zealand, modern hot springs, mud pools and geothermally influenced lakes and 

rivers are commonly located side-by-side at topographical lows, where the water 

table intersects the Earth's surface, with the thermal fluid discharge from hot 

springs draining into or feeding lakes and rivers (Campbell et al., 2003; Drake et 

al., 2014; Wilson and Rowland, 2016). In the WVC, these erosion resistant 

deposits form topographic highs, with some deposits displaying close spatial 

associations, such as lacustrine and sinter deposits at the in situ Kaitoke site (Fig. 

3.2). This inverted topography and spatial association of siliceous and silicified 

features is common in epithermal regions (Guido and Campbell, 2011; Sillitoe, 

2015; Campbell et al., 2019). Moreover, silica-filled veins and silica-lined voids 

occur in ignimbrite up to 10 m beneath a 4–6 ka sinter deposit at Umukuri, TVZ 

(Herdianita et al., 2000), potentially indicating a similar spatial association as 

that observed for surface and shallow subsurface features of the Late Miocene 

WVC. 

 

Spatially the distribution of siliceous and silicified surface and shallow 

subsurface features in geothermal fields depend on the position of the paleo-

water table(s). Sinter deposits generally form where the water table intersects 

the Earth's surface to expel near-neutral pH alkali-chloride fluids and form 
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spring discharge aprons. Within the WVC, the sinter deposits of Big Kaitoke, 

Kaitoke, Kohuamuri and Hepburn sites are all observed to be exposed at the 

same elevation of ~20 m above sea level (Table 3.1), with the Kohuamuri sinter 

up to 90 m thick, suggesting a large hydraulic head (Hamilton et al., 2017). The 

Dalmeny and Diggers sinter deposits are at elevations above 80 m, which may 

relate to paleo-topographical controls on the water table, potentially causing 

lateral outflow from dilute thermal fluids (such as at Wai-O-Tapu in the TVZ; 

Giggenbach et al., 1994). The lacustrine and fluvial silicified sedimentary 

deposits are seen to be level with or at lower elevations than the Big Kaitoke, 

Kaitoke, Kohuamuri and Hepburn sinter deposits, with the two lacustrine 

deposits gradationally transitioning laterally from sinter deposits, suggesting 

syndepositional conditions. The two inferred mud pool deposits of the WVC 

formed at higher elevations (above 100 m) than the other siliceous and silicified 

surface deposits of the WVC. Mud pools may form within or adjacent to hot 

springs precipitating siliceous sinter, such as observed at Lake Roto-a-

Tamaheke, TVZ, New Zealand (Jones and Renaut, 2012). This topographical 

relationship between sinters and mud pools is consistent with modern 

geothermal systems, where mud pools are commonly associated with perched 

water tables, such as Wai-O-Tapu and Orakei Korako, TVZ, New Zealand (LLoyd, 

1972; Hedenquist and Browne, 1989). The silicified volcanics of theWVCmost 

likely were formed by silicification of the water table beneath the vadose zone in 

the shallow subsurface (Sillitoe, 1993; Hedenquist et al., 2000). In addition, the 

silicified volcanics of the WVC showed the largest variation in elevation of the 

studied siliceous and silicified deposit types, potentially related to their more 

rugged paleo-topography and/or changes in the water table over time, which 
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also has been observed in modern geothermal systems such as at Te Kopia 

(Bignall and Browne, 1994). Finally, the two silicic veins of the WVC formed 

within the shallow subsurface in areas of localised upflow of thermal fluids. The 

veins were found at higher elevations than the sinter deposits, potentially 

related to localised upflow in paleo-highs in the water table. 

 

Post-depositional deformation and disruption of some deposits of the WVC have 

obscured the geothermal source areas and spatial associations. The lack of vent 

sinter at Big Kaitoke and Kaitoke precludes the delineation of upflow zones. Both 

these sinter deposits are proximal to fault scarps that, if active during the 

Miocene, may have caused a change in water table elevation with tectonic uplift, 

such as observed at Te Kopia, TVZ (Bignall et al., 2004; Rowland and Simmons, 

2012). Alternatively, geyser mound areas at these locations could have 

undergone post-depositional erosion, deformation or burial (cf. Campbell et al., 

2015a). The fluvial deposit at Whenuakite River is surrounded by more recent 

landslides and slumping (Fig. 3.2), which confounds determination of the 

transport direction of this material, thus obscuring ability to vector towards the 

potential source of the siliceous clasts. 

 

Several of the siliceous and silicified deposits of the WVC, including sinters, lake 

sediments and silicified volcanics, are associated with faults or inferred 

lineaments (Fig. 3.2). Structural controls on surface expressions of geothermal 

systems also has been recorded within some active analogues in the TVZ 

(Rowland and Sibson, 2004; Rowland and Simmons, 2012), including at Te Kopia 

and Orakei Korako, which are associated with the 25 km long Paeroa fault, with a 
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throw of up to 420 m in some areas (Bignall and Browne, 1994; Rowland and 

Simmons, 2012). Moreover, structural controls have been noted for many 

preserved sinter deposits including the Late Quaternary Mangatete sinter, TVZ, 

New Zealand (Drake et al., 2014), the Miocene Atastra Creek deposit, USA 

(Campbell et al., 2019), numerous paleosurface deposits in the Jurassic Deseado 

Massif, Argentina (Guido and Campbell, 2011, 2014), and the Devonian Rhynie 

Chert, Scotland (Rice et al., 2002). Such faults within geothermal/epithermal 

regions may increase zones of permeability and act as conduits for geothermal 

fluids which may, in turn, increase silicification of host volcanics and 

volcaniclastic sediments around these fault zones (Rowland and Simmons, 

2012). 

 

3.5.3 Temporal associations of siliceous and silicified features 
 

Owing to erosion, present day vegetative cover and lack of datable material 

within the 18 siliceous and silicified deposits studied in the WVC, it is unclear 

whether they are part of a single geothermal field or if they represent different 

discharge areas active at the same or different times. Late-stage silicification has 

preserved these geothermal features, including inferred mud pool deposits, 

which would otherwise rarely be observed in the geological record, owing to 

their formation in acidic steam-heated zones, with accompanying dissolution of 

the surrounding host rock (Rodgers et al., 2004; Renaut and Jones, 2011). 

 

In the active geothermal fields of the TVZ, such as at Wai-O-Tapu (Hedenquist 

and Browne, 1989), Te Kopia (Bignall and Browne, 1994), Rotokawa (Rodgers et 
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al., 2002) and Te Puia (formerly Whakarewarewa; Jones and Renaut, 2012), 

numerous types of surface features, which are products of different fluid 

compositions and interactions, form contemporaneously and in adjacent local 

settings (e.g. sinter deposits, mud pools, geothermally influenced lakes). In 

contrast, the preserved Quaternary Mangatete system (~36–3 ka) consists of 

sinter, with local hydrothermal alteration, representing a geothermal field likely 

controlled by episodic fault activity (Brathwaite, 2003; Drake et al., 2014). In the 

WVC, overprinting phases of different compositions are not evident, and trace 

elemental distributions suggest the mineralisation was syn-depositional with 

formation of sinters, lake sediments and silicic veins. Thus, all the identified WVC 

surface and shallow subsurface siliceous and silicified features are inferred to 

have formed at relatively the same time in the Late-Miocene. The active and 

recently active hot springs in the WVC are believed to be superimposed on old 

geothermal systems (Hochstein et al., 1996), with epithermal and geothermal 

systems seen to be episodic over time (<500 Ka) (Rowland and Simmons, 2012; 

Fernanda Soto et al., 2019). 

 

3.5.4 Implications for exploration 
 

Broadly in epithermal regions, limited post-depositional tectonic uplift and 

erosion is needed in order to preserve subsurface epithermal ore deposits at 

depths < 1.5 km below the genetically-related surface (Simmons et al., 2005; 

Guido and Campbell, 2011). The Miocene WVC, CVZ, consists of several well-

preserved paleosurface and shallow subsurface geothermal, volcanic and 

sedimentary deposits, which have undergone relatively minor post-depositional 



Chapter 3: Fossilised Geothermal Features, Whitianga Volcanic Centre 

 
146 

uplift and deformation, with many of the in situ deposits showing no tilting in 

bedding. This spatial relationship of surface manifestations and epithermal 

deposits is present elsewhere in the Hauraki Goldfield, such as within the Waihi 

vein field (Fig. 3.1B), where the Favona sinter is located directly above the 

Favona epithermal ore deposit and other silicified paleosurface and near surface 

deposits, including lake sediments, and water table, have also been recorded 

(Simpson and Mauk, 2007; Hamilton et al., 2018). Silicified epithermal 

paleosurfaces also have been observed elsewhere, such as in the Late Jurassic 

Deseado Massif geological province, Patagonia, Argentina. There, many surface 

features occur, including sinters, thermogene travertines and fluviolacustrine 

sediments, preserved due to: pervasive, late-stage regional silicification, followed 

by Cretaceous- Cenozoic burial/exhumation, and little structural disturbance 

(Guido and Campbell, 2011, 2014). There sinters are the most common 

paleosurface deposits located proximal to epithermal ore deposits (Guido and 

Campbell, 2019b). 

 

Within the WVC low concentrations of gold were detected within some surface 

and near surface siliceous and silicified features (Table 3.4). Gold was detected in 

siliceous features associated with upflow of near-neutral pH alkali chloride fluids 

primarily hosted in the Purangi rhyolite, and particularly in association with 

Motutapare Dome, including the Kohuamuri and Kaitoke sinters, as well as the 

Diggers vein and the Kaitoke silicified volcanic deposit (Fig. 3.2). Gold is also 

associated with silicified volcanic deposits of the Rangitoto deposit, hosted in the 

Pumpkin Hill ignimbrite and containing silicic veinlets. Low concentrations of 

gold in surface manifestations associated with upflow have been found in some 
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sinters with spatially associated ore deposits at depth (Sherlock et al., 1995; 

Leary et al., 2016; Guido and Campbell, 2019a, b). Such deposits within the 

Hauraki Goldfield are the Broken Hills, Favona and Gladstone epithermal 

deposits (Fig. 3.1B) (Hamilton et al., 2017). The Whenuakite River silicified 

fluvial deposit has the highest concentration of gold (0.022 ppm) within the 

WVC, which is attributed to silicic, sulphide-rich clasts in the conglomerate that 

were potentially transported some distance from an original source outside of 

the WVC, and perhaps unrelated to the other silicified and siliceous features of 

this study. 

 

Based on a paragenetic analysis, precipitation of ore forming metals (Au, Ag) in 

the WVC is inferred to have been syndepositional with formation of primary 

geothermal deposits. In contrast, in other rhyolitic hosted mineralisation in the 

CVZ, silicification predates ore mineralisation, such as at Wharekirauponga (Fig. 

3.1B) (Rabone et al., 1989) and Broken Hills (Moore, 1979), where mineralised 

veinlets cross-cut sinter (Hamilton et al., 2018). 

 

The sinters with detectable concentrations of gold at Kaitoke and Kohuamuri, as 

well as the silicified Kaitoke volcanic deposit, which also contains a low 

concentration of gold, are located on mapped and inferred NNE to NE trending 

faults that are steeply dipping where exposed (Fig. 3.2). Within the Hauraki 

Goldfield, the majority of epithermal veins also are hosted on steeply dipping 

NNE to NE trending structures (Skinner, 1986; Christie et al., 2007). This 

suggests that these paleosurface features of the WVC have the same structural 

controls as those of epithermal ore deposits across the region. Furthermore, the 
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siliceous and silicified features of the WVC are surrounded by a hydrothermal 

alteration zone with a NNE to NE trend parallel to the structural corridors of the 

Hauraki Goldfield (Fig. 3.1; Christie et al., 2007). The other sinters with very low 

levels of gold (below detection) may have formed by lateral outflow from dilute 

thermal fluids (e.g. Wai-O-Tapu in the TVZ; Giggenbach et al., 1994). For 

instance, the Diggers sinter, which is at a higher elevation than the other sinters, 

and which is associated with silicified inferred mud pool deposits, may have 

formed from more dilute thermal fluids. Furthermore, the Dalmeny and Hepburn 

sinters are affiliated with different rhyolitic domes that may not have had the 

same mineralizing conditions as the Motutapere dome. 

 

By comparing the spatial and structural setting, as well as the trace element 

composition of the 18 siliceous and silicified deposits of the WVC to active and 

other preserved hydrothermal systems, and to schematic models of epithermal 

deposits (Buchanan, 1981; Hedenquist et al., 2000; Sillitoe, 2015), an improved 

understanding may be obtained for the formation processes and spatial 

relationships amongst these surface and shallow subsurface deposits. The 

ultimate goal is to delineate sites of potential epithermal upflow and 

mineralisation (Fig. 3.9). In this study, trace amounts of gold were detected in 

siliceous features associated with upflow of near-neutral alkali chloride fluids, 

including the two sinters at Kohuamuri and Kaitoke, as well as in both silicic 

veins. Gold was also affiliated with the silicified volcanics of the Rangitoto 

deposit, which contains silicic veinlets, and the Kaitoke deposits, which are 

located on a fault scarp (Fig. 3.2). Moreover, the two lacustrine deposits in the 

WVC indicate a geothermal influence, with a lateral spatial transition to sinters 
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with elevated mercury contents, potentially representing geothermal discharge 

infilling fault related depressions. However, this scenario cannot be confirmed 

owing to limited outcrop exposures in the WVC.  Silicified deposits associated 

with acidic conditions like mud pools, as well as silicified volcanics, were found 

at higher elevations than sinter deposits, and all show an association with Hg and 

As indicative of distal to epithermal alteration (Fig. 3.9). The two silicic veins also 

formed at higher elevations than the sinter deposits and contain precious metals 

(Au, Ag), arsenic and clays. 
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Figure 3.9 Schematic diagram showing the spatial and relative elevated element 

concentration relationships amongst the six silicified surface and shallow subsurface deposit 

types of the Whitianga Volcanic Centre, including sinter deposits (green), lake sediments 

(yellow), silicified volcanics (red), inferred mud pool sediments (grey), chalcedonic veins 

(orange) and fluvial sediments (dark blue) in relation to potential zones of epithermal 

mineralisation. Mineralisation is associated with focused geothermal upflow (blue arrows) and 

paleo-water tables. Modified from Sillitoe, 2015; Hamilton 2018. 

 

3.6 Conclusions 
 

The WVC hosts 18 siliceous and silicified deposits that represent remnants of 

Late Miocene geothermal activity at the surface and in the near sub-surface of 

adularia-sericite epithermal systems of the Hauraki Goldfield, Coromandel 

Volcanic Zone, New Zealand. Detailed mapping as well as textural and trace 

element analysis distinguished siliceous upflow features of hot-spring sinters 

and silicic veins from silicified paleosurface features of fluvial, lacustrine and 

shallow subsurface volcanic sediments through comparison with modern day 

analogues and other epithermal systems. In an area of limited outcrop exposure 

and previous exploration, new study of structural and spatial associations of 

these siliceous features revealed paleoenvironmental controls on deposition and 

fluid flow. Moreover, trace element analysis within a paragenetic framework 

determined locations of precious metals in deposits associated with upflow and 

primary deposition, with the potential to help delineate zones of epithermal 

mineralisation at depth. 
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Chapter 4  

Characteristics and variations of sinters in the Coromandel Volcanic 

Zone: application to epithermal exploration 

Ayrton R. Hamiltona, Kathleen A. Campbella, Julie V. Rowlanda, Shaun Barkerb and Diego Guidoc 

aSchool of Environment, The University of Auckland, Auckland, New Zealand 
bEarth Sciences, University of Waikato, Hamilton, New Zealand 
cCONICET-UNLP, Instituto de Recursos Minerales, La Plata, Argentina 

 

This regional study identifies 18 siliceous sinters and one newly identified thermogene 

travertine within New Zealand’s premier epithermal region, the Miocene-Pliocene 

Hauraki Goldfield of the Coromandel Volcanic Zone, New Zealand. The geologic setting, 

lithofacies, mineralogy and trace elements of all 18 sinter deposits is examined, 

including two sinter deposits known to be directly associated with epithermal ore 

mineralisation, in order to better asses how sinters can be utilised as an exploration 

tool. This examination and characterisation of the sinter deposits within the Hauraki 

Goldfield demonstrates that these features can be utilised as tools for epithermal 

exploration. This paper “Characteristics and variations of sinters in the Coromandel 

Volcanic Zone: application to epithermal exploration” was submitted and accepted for 

publication (2018) in the New Zealand Journal of Geology and Geophysics special issue 

on “Exploration models for New Zealand gold deposits”. 

 

Hamilton AR, Campbell KA, Rowland JV, Barker S, Guido DM. 2018. Characteristics and 
variations of sinters in the Coromandel Volcanic Zone: application to epithermal 
exploration. New Zealand Journal of Geology and Geophysics, Special Issue: Gold 
Exploration, 1-19.  
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4.1 Introduction 
 

Siliceous hot spring deposits, or sinters, are chemically precipitated, laminated mound 

and sheet silica deposits that form from hot spring discharge at the land surface. They 

may be up to metres to tens of metres thick, and exhibit a variety of sedimentary 

textures that indicate their depositional environment (i.e. lithofacies), largely produced 

from the interaction of the thermal fluid discharge with the hot spring adapted biota, as 

well as from variations in fluid discharge volumes over time (e.g. Fournier and Rowe 

1966; Fournier 1985; Cady and Farmer 1996; Handley et al. 2005; Lynne et al. 2008; 

Guido and Campbell 2011; Lynne 2012). Sinter deposits typically form in subaerial 

volcanic terrains where the heat input of subsurface magmas causes advection of 

magmatic fluid and convection of heated meteoric water to as deep as ∼7 km in the 

crust (Henley and Ellis 1983; Sillitoe 1993; Guido and Campbell 2011). Rising magmatic 

fluids diluted with groundwater may undergo boiling, water-rock interactions and 

condensation of vapour in the shallow subsurface (Simmons et al. 2005). They also 

become oversaturated in amorphous silica, which precipitates in hot spring 

environments on biotic and abiotic materials due to cooling and evaporation across the 

discharge apron. Sinter deposits are primarily composed of non-crystalline opal-A, 

which recrystallises to microcrystalline quartz over time (White et al. 1956; Fournier 

and Rowe, 1966; Herdianita et al. 2000; Rodgers et al. 2004). The subterranean boiling 

and local fluid mixing that occurs in the shallow epithermal zone may cause deposition 

of precious metals to form ore deposits (Simmons et al. 2005). Links between 

epithermal deposits and surficial geothermal manifestations have been noted for over a 

century (Becker 1888; Spurr 1905; Lindgren 1933; White 1955). Recent reports include 

occurrences at the McLaughlin Mine in California, USA, where an exposed Quaternary 

sinter was the only surface expression of a bonanza deposit (Sherlock et al. 1995); the 
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Miocene Red Butte deposit, Oregon (Zimmerman and Larson 1994); the Jurassic Fruta 

del Norte deposit, Ecuador (Leary et al. 2016); and the Jurassic Deseado Massif Ag-Au 

province of Patagonia, Argentina (Guido and Campbell 2011, 2012). Such spatial 

relationships suggest that sinter deposits could potentially be used to target subsurface 

veins that may host precious metals. An understanding of sinter lithofacies, Coupled 

with low detection-limit geochemical analysis to illuminate metal anomalies, may allow 

discrimination of ore body proximity to paleo-hot springs. 

 

The presence of preserved siliceous sinters and their broad spatial association with gold 

mineralisation has long been known within New Zealand’s principal epithermal region, 

the Miocene-Pliocene Hauraki Goldfield of the Coromandel Volcanic Zone (CVZ) (McKay 

1897). For example, this association has been demonstrated at Favona (Simpson and 

Mauk 2007) and Broken Hills (Cocker et al. 2013). Nonetheless, not every mapped sinter 

is necessarily related to epithermal veins, and mis-identification of silicified surficial 

deposits is common. For instance, many laminated volcaniclastic deposits in the CVZ 

that have become silicified have been suggested as possible siliceous sinters (Brathwaite 

et al. 2001; Pirajno 1993), probably because of gross textural similarities of sinter 

lithofacies and some volcaniclastic deposits. However, the latter are generally affiliated 

with extensive regional silicification that is not related to localised surface hot spring 

discharge. 

 

This study across the Hauraki Goldfield has identified and evaluated the economic 

potential of 18 siliceous sinter deposits, plus one deposit reclassified herein as silicified 

travertine. We analysed the textures and geochemical compositions of these deposits to 

infer the paleoenvironments in which they formed, including estimated paleo-fluid 

temperature, volume, pH, proximity to epithermal upflow and relative fluid flux over 
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time. Our results show that CVZ sinter deposits spatially associated with known 

epithermal ore deposits have textures similar to paleohydrothermal systems elsewhere 

which formed under conditions of relatively high geothermal fluid throughput (flux) 

and/or discharges of relatively long duration. These deposits also contain anomalously 

high concentrations of pathfinder elements. Moreover, within the CVZ, several poorly 

explored sinters have similar characteristics to these known ore-related hot-spring 

deposits, and thus may be considered as future exploration targets. 

 

4.2 Geological setting 
 
 
The CVZ (Fig. 4.1) is a Cenozoic calc-alkaline volcanic arc, produced by subduction of the 

Pacific Plate beneath North Island (Australian Plate) (Kear 2004; Stratford and Stern 

2008; Wilson and Rowland 2016). Over time (∼25 Ma–Recent) volcanic arc activity 

migrated southward and eastward due to rotation of the locus of arc magmatism from 

Northland to Coromandel until about 16 Ma, and which then migrated from Coromandel 

to the Taupo Volcanic Zone (TVZ) where volcanism began about 2 Ma (King 2000; 

Christie et al. 2007; Mauk et al. 2011; Rowland and Simmons 2012; Seebeck et al. 2014). 

All three volcanic arcs contain fossil sinter deposits, and in the TVZ there are numerous 

actively forming sinters (Rodgers et al. 2004), as well as fossil deposits there at least as 

old as 36 ka (Drake et al. 2014). 
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The Coromandel Volcanic Zone is a 200 × 40 km region comprising Miocene and 

Pliocene sub-aerial, calc-alkaline volcanism overlying Jurassic metasedimentary 

basement (Fig. 4.1B). Volcanism of the CVZ is divided into three phases (Skinner 1986; 

Adams et al. 1994). The widespread Coromandel Group (18–3.8 Ma) consists of 

andesites, dacites and tonalite igneous units. The second phase is composed of rhyolites 

and ignimbrites of the Whitianga Group (9.1–6 Ma). The third phase includes the local 

Mercury Bay Basalts (6.0–4.2 Ma). 

 

Within the CVZ, the Hauraki Goldfield encompasses more than 50 adularia-sericite vein-

style Au-Ag epithermal deposits, and several porphyry copper- style deposits (Fig. 4.1C) 

(Christie et al. 2007), ranging in age from 16 to 5 Ma (Mauk et al. 2011). Adularia-

sericite epithermal systems develop from near-neutral alkali-chloride waters that have 

meteoric and magmatic components (Heald et al. 1987). They form in extensional 

regimes and produce veins, sinters and alteration zones that are heterogeneous due to 

physical and chemical changes within the systems over time (Hedenquist 1991). 

Numerous hydrothermal features associated with adularia-sericite epithermal systems 

are present within the Hauraki Goldfield, including epithermal veins, hydrothermal 

eruption breccias, regional propylitic alteration, regional and localised silicification, and 

silica sinter deposits (Christie et al. 2007). Au-Ag epithermal veins in the CVZ are 

controlled by steeply dipping extensional fault arrays (Brathwaite et al. 2001). At 

regional to local scales, these faults are inferred to be partially inherited from structures 

within the Mesozoic metasedimentary basement (Skinner 1986; Rowland et al. 2016). 
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Figure 4.1 Geological setting and distribution of siliceous sinters in the Coromandel Volcanic Zone 

(CVZ). (A) Map of North Island, New Zealand, showing location of the CVZ, Northland and Taupo 

volcanic zones (modified from Skinner 1986; Adams et al. 1994; Rattenbury and Partington 2003; 

Christie et al. 2007). (B) Geological map of the Coromandel Peninsula showing the three major 

volcanic rock groups, mapped major faults, inferred large silicic calderas based on structural and 

geophysical evidence, and known sinter deposits. Sinter abbreviations; BJ = Black Jack, BK = Big 

Kaitoke, KA = Kaitoke, KO = Kohuamuri, DI, Diggers, DA = Dalmeny, HE = Hepburn, NE = Newton, 

SS = Silver Stream, AL = Alderman, PI = Pine, PU = Puketui, BH = Broken Hills, SK = Sky Farm, OH 

= Ohui, ON = Onemana, PA = Parihaka, AS = Ascot, FA = Favona, GL = Gladstone. (C) 

Aeromagnetic map of the CVZ showing the total magnetic intensity, siliceous sinter deposits, 
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epithermal veins, extent of surface hydrothermal alteration and structural corridors: TWFZ = Tapu-

Whitianga Fault Zone, THHK = Tairua-Hikuai-Hihi-Kaueranga liniment and KOST = Karangahake-

Ohui structural trend. Modified from Rowland et al. (2016). 

 

4.3 Overview of methods of study of Coromandel sinters 
 

4.3.1 Sinter mapping and characterisation 
 

Geological mapping and lithological characterisation of the sinters was conducted, including 

the study of hand samples, drill core material and thin sections. Textural comparisons of CVZ 

samples were made with Quaternary to Recent examples from the TVZ and Yellowstone 

National Park (YNP), USA, to assist interpretation of formation conditions and 

paleoenvironment (Cady and Farmer 1996; Guido and Campbell 2011; Lynne 2012, Hamilton 

et al. 2017). The thicknesses of certain textures within sinter lithofacies may be used to infer 

the relative volume and/or duration of geothermal fluid being discharged (Cady and Farmer 

1996; Guido and Campbell 2014). For example, ubiquitous, thick (tall) microbial stromatolite 

horizons and thickly bedded sinter sequences require sustained high volumes of geothermal 

fluid discharge in order to form. Extinct sinters also record the formation fluid type, with most 

preserved deposits generated by near-neutral pH alkali chloride fluids, that over time may 

build up sequences that are metres to tens of metres thick. Hot spring deposits also may 

develop in association with CO2-rich fluids, forming calcium carbonate deposits termed 

thermogene travertines (Pentecost, 2005), while mixed acid-sulphate–chloride fluids may 

develop thin sinters (a few centimetres thick), with localised biotic signatures (Fournier and 

Rowe 1966; Fournier 1985; Schinteie et al. 2007; Renaut and Jones 2011a, 2011b; Guido and 

Campbell 2012). 
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4.3.2 Sinter facies associations 
 

More than 100 samples were analysed from the 19 potential siliceous sinters of this 

study. Extinct siliceous sinters may be recognised by their unique primary porosity and 

particular textures produced by thermophilic microbes and other diagnostic taxa that 

can become rapidly silicified due to amorphous silica oversaturation of the cooling and 

discharging thermal fluids (White et al. 1956; Fournier and Rowe 1966; Rice et al. 1995; 

Cady and Farmer 1996; Campbell et al. 2001; Watts-Henwood et al. 2017). These 

distinctive textures are used to recognise sinter deposits in the geologic record (e.g. 

Trewin 1996; Walter et al. 1996; Djokic et al. 2017), which extend both vertically as well 

as laterally, reflecting Walther’s Law of facies (Walther 1894), in the build-up of sinter 

aprons over time. The decrease in temperature with distance from the vent (∼100°C to 

ambient) produces a predictable bio- and litho-facies gradient that is recorded by sinter 

growth, and which can be interpreted from the geologic record (Fig. 4.2) (e.g. Cady and 

Farmer 1996; Guido and Campbell 2011; Lynne 2012; Campbell, Guido, et al. 2015). 

 

Figure 4.2 Schematic cross-section of a siliceous sinter deposit showing the transition of textures 

associated with a hot-spring discharge temperature gradient (100°C to ambient) and approximate 

lateral extent of the facies assemblages, based on facies identified in the Deseado Massif, Argentina, 

as compared with their analogues in Quaternary to Recent geothermal systems in the Taupo Volcanic 
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Zone (New Zealand) and Yellowstone National Park (Wyoming, USA). Modified from Campbell et al. 

(2015). 

4.3.3 Geochemical composition of Coromandel Volcanic Zone sinters 
 

Analysis of trace elements of Hauraki Goldfield sinters was primarily carried out on 

geyserite, a sinter lithofacies which forms within the splash zone of a high temperature 

spring-vent source (Campbell, Guido, et al. 2015) Thus, the studied sinter deposits were 

broadly comparable and could be evaluated with respect to their variable 

concentrations of pathfinder elements. Where geyserite was not preserved within a 

particular extinct sinter deposit, plant-rich sinter was sampled. Ten grams from each 

sinter deposit was pulverized in a tungsten-carbide ring mill crusher and analysed at 

ALS Canada using the ‘Super Trace 4-acid’ procedure (four acid digestion) by Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS) (ME-MS61L) for 47 elements that included 

Ag, As and Sb. ICP-AES was used to detect Au (Au-ICP21). Low temperature aqua regia 

with ICP-MS was used to determine Hg (Hg- MS42). 

 

4.4 Results 
 

4.4.1 Host rocks of Coromandel Volcanic Zone sinters 
 

Detailed mapping of the 19 inferred CVZ sinters of this study revealed similar volcanic 

settings and sedimentary characteristics across localities (Table 4.1), with the Whitianga 

Group rhyolites being the dominant host rock. Exceptions include the Black Jack sinter, 

which is hosted by meta-sedimentary basement greywacke, and the Gladstone and 

Favona deposits of the Waihi area, which are hosted by Coromandel Group andesites 

(Fig. 4.1B)(Table 4.1). Mapping revealed that most sinter deposits occur adjacent to 

rhyolitic domes (Fig. 4.3A), in particular those containing spherulitic rhyolite textures. 
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Table 4.1 Host rock, deposit type (boulder field, or in situ), thickness and associated sedimentary 

environment of the siliceous sinters of the CVZ. 

 
Deposit Host Rock Outcrop Type Outcrop / Clast 

Thickness 
Associate Lake 

Sediments 
Black Jack Meta-sedimentary 

Greywacke 
Boulder Field < 0.5 m 

boulders 
Yes 

Kohuamuri Spherulitic Rhyolite In situ > 90 m thick Yes 
Diggers Creek Spherulitic Rhyolite Boulder Field < 0.5 m 

boulders 
No 

Kaitoke Spherulitic Rhyolite In situ < 1 m thick No 
Big Kaitoke Spherulitic Rhyolite In situ < 2 m thick Yes 

Pine Rhyolite In situ < 2 m thick No 
Parihaka Spherulitic Rhyolite In situ < 2 m thick Yes 

Ascot Flow Banded 
Rhyolite 

In situ < 2 m thick No 

Onemana Lake sediments breccia < 3 m clasts Yes 
Newton Tuffaceous 

Rhyolite 
In situ < 2 m thick No 

Delmany Flow Banded 
Rhyolite 

Boulder Field < 0.5 m 
boulders 

No 

Hepburn Flow Banded 
Rhyolite 

Boulder Field < 0.5 m 
boulders 

No 

Puketui Spherulitic Rhyolite Boulder Field < 1 m boulders No 
Broken Hills Tuffaceous 

Rhyolite 
In situ < 2 m thick No 

Sky Farm Tuffaceous 
Rhyolite 

In situ < 2 m thick No 

Silver stream Flow banded 
Rhyolite 

Boulder Field < 0.5 m 
boulders 

No 

Favona Andesite In situ < 7 m thick Yes 
Gladstone Andesite In situ < 2 m thick Yes 
Alderman 

Islands 
Flow Banded 

Rhyolite 
Boulder Field < 0.5 m 

boulders 
No 

 
 
 

Mapping of the Coromandel sinters showed that seven deposits were spatially 

associated with silicified lake sediments (Table 4.1). Lacustrine deposits are finely 

laminated, with minor, low amplitude undulation and little to no porosity, as observed 

at Black Jack (Fig. 4.3C). These textural features distinguish silicified lake sediments 

from sinter, which is also commonly laminated but which contains much primary 

porosity that particularly exhibits diverse morphologically distinctive fabrics related to 
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silica templating upon recurring microbial communities along a decreasing temperature 

gradient from vent to marsh environments (Cady and Farmer 1996; Campbell et al. 

2001; Guido and Campbell 2011; Lynne 2012). Some sinter deposits of the CVZ are 

interfingered with or show a transition into lake sediments, such as at the Big Kaitoke 

deposit (Fig. 4.3B). This suggests that the siliceous sinter deposits of the CVZ formed in 

paleo-topographic lows, where ponds or lakes were present at times. 

 

 

Figure 4.3 Images showing siliceous sinter associations with CVZ volcanics and volcaniclastic 

sediments. (A) Kohuamuri siliceous sinter (outlined in blue) delineating its proximity to a rhyolitic dome 

comprising the Motutapere spherulitic rhyolite (outlined in red). (B) Cut slab of the Big Kaitoke 

siliceous sinter, with plant rich lithofacies gradationally overlying silicified volcaniclastic sediments. (C) 

Silicified lake sediments associated with the Black Jack sinter deposit. 
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4.4.2 Coromandel Volcanic Zone sinter lithofacies 
 

The preserved siliceous sinters of the CVZ occur as in situ sheet mounds, or most 

commonly as boulder fields. Where sinter deposits were observed in situ, thicknesses 

were measured, whereas thicknesses of boulder horizons were measured perpendicular 

to bedding (Table 4.1). The lithofacies preserved in the CVZ deposits are analogous to 

actively forming and recently extinct sinter deposits elsewhere. In this section, the CVZ 

sinter lithofacies are described in reference to an inferred paleotemperature-

environmental gradient of proximal, middle and distal apron sinter facies associations 

(Table 4.2), in comparison with modern analogues of the TVZ and YNP. 
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Table 4.2 Diversity of textures characteristic of (paleo)environment within siliceous sinter of the CVZ, 

grouped into facies (vent to marsh) and facies associations (proximal, middle and distal apron) 

Facies 
Assemblage 

Facies Texture Stromatolitic 
Association 

Sinter Deposit 

Proximal Vent Hydrothermal 
Breccia 

 KO, PU, FA 

Spicular Geyserite Subsurface Biofilms DI, PU, BH, OH, 
HE, KO 

Nodular Geyserite Subsurface Biofilms DI, KO, DE, PI, 
BH, PU 

Macrobotriodial 
Geyserite 

Subsurface Biofilms DI 

Middle Discharge 
Channel 

Packed 
Fragmental 

Warm Stream-
bottom mats 

PI, ON 

Bubble Mat Primary Microbial 
Fabric 

BK, KO, DA, PI, 
SK, ON, AS, FA 

Mid Apron 
Pools 

Ropy Pool Mats Primary Microbial 
Fabric 

SS, PI, PA 

Domal 
Stromatolites 

Primary Microbial 
Fabric 

PI 

 Conical Tufted Primary Microbial 
Fabric 

ON, KA, KO, SK, 
FA 

Network Primary Microbial 
Fabric 

BK, KO, PI, SK, 
ON AS, FA, GL 

Distal Distal 
Apron 

Thin Palisade Primary Microbial 
Fabric 

BK, KA, KO, DA, 
PI, SK, ON, AS, 

FA, GL 
Oncoids Primary Microbial 

Fabric 
KA, KO, SK, ON, 

AS 
Marsh Clotted Coated with 

Microbialite 
BJ, BK, KO, HE, 
SS, PI, BH, SK, 

AS 
 Plant Rich  BK, KA, KO, HE, 

NE, SS, PU, BH, 
SK, PI, AL, ON, 

PA, AS, FA 
Breccia  Fragmented   FA, ON, AS, SK, 

GL, PI, KO 
Slope Failure  ON 

 
Note: Microbial fossil associations are also shown. Data derived from Cady and Farmer (1996), 

Farmer (2000), Braunstein and Lowe (2001), Guido et al. (2010), Guido and Campbell (2011, 2012), 

and Drake et al. (2014). Sinter abbreviations; BJ = Black Jack, BK = Big Kaitoke, KA = Kaitoke, KO = 

Kohuamuri, DI, Diggers, DA = Dalmeny, HE = Hepburn, NE = Newton, SS = Silver Stream, AL = 

Alderman, PI = Pine, PU = Puketui, BH = Broken Hills, SK = Sky Farm, OH = Ohui, ON = Onemana, 

PA = Parihaka, AS = Ascot, FA = Favona, GL = Gladstone. 
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4.4.3 Proximal sinter lithofacies 
 

Proximal sinter lithofacies represent areas near the spring-vent source and are 

predominately observed as geyserite, a dense, finely laminated, commonly 

concentrically layered sinter that forms nodules, spicules, radiating macrobotryoids or 

geyserite eggs. Eight siliceous sinters in the CVZ were observed to contain geyserite of 

spicular, nodular and radiating macrobotryoidal fabrics. For example, the Puketui 

deposit contains both nodular and spicular geyserite (Fig. 4.4A, D). Geyserite forms 

today around the rims of geysers, spouters and spring vent areas splashed or 

submerged by near-boiling waters, forming at >∼75–100°C (Fig. 4.4B, C, E, F)) (Walter 

1976; Renaut and Jones 2011b; Campbell, Guido, et al. 2015). During this process, thin 

microbial biofilms may develop (Cady and Farmer 1996), which are occasionally 

preserved within the geyserite matrix (e.g. Campbell, Guido, et al. 2015; Watts-Henwood 

et al. 2017). 
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Figure 4.4 Proximal sinter lithofacies from the CVZ compared to actively forming examples. (A) 

Spicular geyserite from the Puketui sinter deposit, showing dense, finely laminated silica. (B) Thin 

section photomicrograph of spicular geyserite from the subrecent sinter at Northern Waiotapu, TVZ, 

showing similar size and morphology of columns compared to those in A. (C) Spicular geyserite 

forming around the rim of a small, high temperature (>90°C) vent, Waimangu, TVZ. (D) Photograph of 

a cut slab of nodular geyserite from the Puketui Sinter. (E) Thin section image of Subrecent nodular 

geyserite from Geyser Valley, TVZ, showing similar morphology and density of fine siliceous laminae 

compared to D. (F) Nodular geyserite forming around the edge of a boiling pool at Twin Geysers, 

Yellowstone, USA. 

4.4.4 Middle apron lithofacies 
 

Middle apron deposits are highly diverse in their textures, derived from thick 

cynobacterial mats, and forming in pools, sheet flows and discharge channels that 

precipitate sinter at moderate temperatures (∼45°C to 60°C). In particular, within the 

extinct sinters of the CVZ, the distinctive mid-apron lithofacies of low amplitude domal 

stromatolites, packed fragmental textures, ropy pool mat fabrics, and conical tufted 

textures are preserved. The thickness/height of the microbial growths of some of these 

lithofacies may be related to the relative volume of geothermal fluids discharged at the 

surface and/or relative flow duration, which may build tall stromatolites (several cm’s 

to a few m’s in height) (cf. Guido and Campbell 2014; pers. obs.). 

 

Low-amplitude, wavy (i.e. swaley) stromatolites of long wavelength (>5 cm) are broadly 

convex-upwards (∼5 cm high), domed, porous (i.e. with microbially derived bubbles and 

fenestrae), siliceous layers. In the CVZ, this low amplitude, domal stromatolitic 

lithofacies was observed at the Pine Sinter (Fig. 4.5A). It forms today where thick 

microbial mats grow over the surfaces of deep (>1.5 m), calm pools of moderate 

temperatures. The broad domal areas form when thick (∼1–3 cm) mats growing over 
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the pool surface bulge upwards as they trap gasses emitting from the thermal springs. 

For example, over a large, mid-temperature, thermal pool surface at Kuirau Park, 

Rotorua, low-amplitude wavy stromatolites occur (Fig. 4.5C). They also are preserved in 

the Holocene Whirinaki sinter, TVZ (Fig. 4.5B). 

 

Packed fragmental lithofacies are syn-depositional sinter breccias of stacked, thin, 

broken sheets of silicified microbial mats (< 5 mm thick) displaying clusters of similarly 

oriented clasts (Drake et al. 2014). The Pine and Onemana (Fig. 4.5D) sinters of the CVZ 

exhibit this texture. Packed fragmental sinter forms today as point bars along spring-fed 

hot water creek areas, at moderate temperatures, developing as a result of 

transportation of broken cyanobacterial sheets in relatively high-energy conditions (i.e. 

during storm-flood intervals)(Fig. 4.5F) (Drake et al. 2014). These features occur in 

sinters in the TVZ, including present-day Hot Water Creek, Waimangu, and in 9.4 ka 

sinter at Mangatete (Fig. 4.5 (E))(Drake et al. 2014). This lithofacies also has been 

reported in the Jurassic (∼150 Ma) of Patagonia, Argentina (Guido and Campbell 2011). 

 

Ropy pool mat fabrics are preserved in siliceous sinter beds (<30 mm thick) that change 

from minor contortions to twisted and torn morphologies. This lithofacies of ropy pool 

mats is observed in the Silver Stream, Pine, and Parihaka sinters of the CVZ. Ropy pool 

mats form today as irregularly contorted to torn, thick, green and orange layers of 

rubbery (soft) microbial mats growing along the margins of and across the surfaces of 

deep (>1 m), moderate-temperature pools, as observed around the Map of Africa pool, 

Orakei Korako, TVZ and in the Jurassic San Agustín sinter in the Deseado Massif (Guido 

et al. 2010). The thick mats are disturbed and contorted by high flow rates during 

stormy intervals. 
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Conical tufts constitute irregularly laminated, cone shaped features formed 

perpendicular to bedding. Conical tufted fabrics were observed in five sinter deposits of 

the CVZ (Table 4.2), with those at Sky Farm (Fig. 4.5G), Kohuamuri (Hamilton et al. 

2017) and Favona containing relatively tall conical tufts (>5 cm). Tufts may range up to 

10 cm in height, varying in height with respect to depth of the pools. For instance, tall 

conical tuffs (>8 cm) were observed to form in active spring pools at Whakarewarewa 

geothermal area, TVZ (Fig. 4.5H), in pools that are >1 m deep. In general, conical tufted 

textures form subaqueously in relatively calm, moderate temperature pools (< 2 cm to 

up to 1 m deep) (Fig. 4.5I), through the silicification of finely filamentous cyanobacteria 

that exhibit a phototaxis response (e.g. Phormidium) (Walter 1976; Cady and Farmer 

1996; Walter et al. 1996; Guido and Campbell 2011; Lynne 2012). 

 

The morphology of the bubble mat lithofacies ranges from spherical to elongated voids 

(up to 5 cm in diameter), which stack up vertically in parallel to the laminated to wavy 

layered bedding of the sinter. Bubble mats are common in eight siliceous sinter deposits 

of the CVZ (Table 4.2), including elongated voids within the Dalmeny sinter (Fig. 4.5J). In 

active middle apron terrace areas, higher flow rates in mid apron channels cause the 

bubbles to become elongated, producing lenticular voids surrounded by silica (Cady and 

Farmer 1996). In contrast, spherical voids occur within mats in quiet, shallow pools. 

Bubbles form and become trapped within the exopolymeric substance (EPS) of the 

matrix of the cyanobacterial mat, during photosynthesis (Fig. 4.5L) (Hinman and 

Lindstrom 1996). In preserved sinter deposits, the bubbles leave void spaces that may 

remain empty (Fig. 4.5K)(i.e. display primary porosity) or they may be filled with later 

mineral phases (e.g. Hamilton et al. 2017, their fig. 5C, p, 188). 

 

Another mid-apron lithofacies is network fabric, consisting of discontinuous, irregular 



Chapter 4: Characteristics of Coromandel Volcanic Zone Sinters 

 
169 

threads of silica (<1 mm) in a webbed pattern. Within CVZ sinter deposits, network 

fabric is common in eight deposits (Table 4.2), including at Kohuamuri (Fig. 4.5M). 

Network fabric is inferred to represent relatively low thermal fluid-flow rates and 

shallow water depths, with wetting and drying of mats occurring around pool margins 

(Fig. 4.5N) of moderately warm pools (Fig. 4.5O), where EPS exuded by cyanobacteria 

becomes dried out and web-like as it silicifies (Guido and Campbell 2011; Handley and 

Campbell 2011). 
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Figure 4.5 Middle apron sinter lithofacies from the CVZ compared to actively forming examples (TVZ, 

YNP). (A) Low-amplitude domal stromatolite from the Pine sinter. (B) Example of Holocene domal 

stromatolite showing domed siliceous layers, with small pores between the layers, from Whirinaki 

sinter, TVZ, with similar dimensions to A. (C) Low-amplitude doming of thick microbial mat growth 

across hot-water spring-pond at Kuirau Park, Rotorua, TVZ. (D) Syn-depositional breccia of packed 

fragmental lithofacies composed of thin clasts of silicified microbial mats, from Onemana sinter. (E) 
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Recent syn depositional breccia of packed fragmental lithofacies, from Mangatete sinter. (F) Point bar 

at Hot Water Creek, Waimangu, TVZ, where the packed fragmental lithofacies forms. (G) Cut slab of 

tall conical tufted lithofacies from Sky Farm sinter. (H) Dried, recently formed, tall, conical tufted 

lithofacies from Whakarewarewa, TVZ. (I) Short conical tufted lithofacies now forming in a shallow 

pool, Waimangu, TVZ. (J) Dalmeny Sinter sample showing lenticular voids formed from trapped gas 

bubbles within mats. (K) Silicified bubble mat forming in a channel of the mid-apron at Orakei Korako, 

TVZ. (L) Bubble mat forming in the mid-apron of the Orakei Korako sinter, TVZ, where discharge flow 

is continuous at moderate temperatures. (M) Network lithofacies from the Kohuamuri deposit. (N) 

Modern network fabric showing the same webbed morphology as N, from Whangapaoa Spring, 

Atiamuri, TVZ. (O) Silicified network lithofacies forming around the rim of a moderate-temperature 

(∼50°C) pool at Whangapaoa Spring, Atiamuri, TVZ. 

4.4.5 Distal apron lithofacies 
 

The distal apron area of siliceous hot springs develops at warm to tepid temperatures 

(30°C to 45°C) and is dominated by palisade sinter textures, which consist of thin 

laminae and beds (mm to 1 cm thick) of coarsely filamentous microbes aligned 

perpendicular to the laminations (Fig. 4.6B), in which the cyanobacterial mats become 

silicified and build up layers to produce overlapping terracettes (Fig. 4.6C). Palisade 

fabric was observed in 10 CVZ sinters (Table 4.2), including the Sky Farm deposit (Fig. 

4.6A). These palisades are typically produced by silicification of the cyanobacterium 

Calothrix (Cady and Farmer, 1996; Lynne 2012; Campbell, Lynne, et al. 2015), and 

commonly form large terraces over laterally extensive areas (10s to 100s of m2) 

(Campbell et al. 2001; Campbell, Lynne, et al. 2015). 

 

A middle to distal apron texture that also occurs in CVZ sinter deposits is oncoidal fabric 

(Fig. 4.6E). Oncoids are irregular to flattened, solid sinter spheroids, consisting of 

concentric layers of silica that are microbially influenced (Renaut et al. 1996). Oncoids 

were observed within five deposits of the CVZ (Table 4.2), including the Kohuamuri 
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sinter (Fig. 4.6D). Oncoids form in areas of intermittent, thin sheet flow, where microbes 

coat organic and inorganic particles that accumulate laminae of silica as they roll around 

on the surface during wetting and drying intervals atop the dynamically shifting spring 

discharge apron (Fig. 4.6E). For instance, this texture forms today in episodic sheet flow 

at Champagne Pool, Waiotapu, TVZ (Fig. 4.6F). 

 
Plant-rich fabric is common in distal apron hot spring settings and consists of silicified 

branches, twigs, reeds and leaves (Fig. 4.6G), which locally show a preferential 

orientation (Channing et al. 2004), and are known in Phanerozoic sinters with opal-A, -

CT and –C mineralogy, as well as in very fine-grained quartz (e.g. Trewin 1996; Walter et 

al. 1996; Campbell et al. 2001). Plant-rich sinter was the most commonly observed 

lithofacies preserved in the CVZ, found in 15 of the siliceous deposits (Table 4.2), 

including the Sky Farm sinter (Fig. 4.6G). Plants become silicified (Fig. 4.6H) in apron 

interfluves and at the cooler margins of the distal apron, including geothermal-

influenced marsh areas, where the ambient temperatures (<35°C) are tolerable for 

reeds to grow in relatively high densities, over extensive areas (Fig. 4.6I). Gastropods 

also may occur in these settings, and in the CVZ were observed once within the Black 

Jack sinter (Fig. 4.6J). Gastropods can be incorporated into the geothermal-influenced 

marsh facies during active sinter deposition, such as in Healy’s Borehole 2 sinter at 

Tokaanu, TVZ (Fig. 4.6K), and in a recently inactive pool at Warbrick terrace, Waimangu, 

TVZ (Fig. 4.6L). 

 

Commonly associated with plant-rich sinter is clotted fabric, a fluffy microbial 

encrustation on plants and sinter fragments (Fig. 4.6M, O) (Campbell et al. 2001). 

Clotted textures were recorded in nine of the CVZ sinters (Table 4.2), including the 

Silver Stream sinter (Fig. 4.6M). Clotted fabric forms in the distal marshy areas of active 
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geothermal areas at low temperatures (∼ambient), commonly over extensive areas 

(100s m2) (Weed 1889). 

 

Figure 4.6 Distal sinter apron lithofacies from the CVZ compared to modern examples and their 

environmental settings. (A) Palisade fabric from Sky Farm sinter showing perpendicular, aligned, 

coarse filaments with respect to thin bedding, and preserving primary porosity between filaments. (B) 
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Holocene palisade fabric from fossil distal apron facies, Umukuri sinter, TVZ, with filaments and 

porosity similar to A. (C) Palisade terracettes actively forming over an extensive area of the distal 

apron of Fountain Paint Pots, Yellowstone. (D) Layered, irregular, spheroidal oncoids from the 

Kohuamuri sinter deposit. (E) Cut slab of Holocene oncoids, Umukuri, TVZ, showing similarly layered, 

irregular, spheroidal shapes as in D. (F) Modern oncoids forming in an intermittent overflow channel of 

Champagne Pool, Waiotapu, TVZ. (G) Plant-rich lithofacies showing silicified reeds from Sky Farm 

sinter. (H) Modern plants, including reeds, being encrusted by fluffy, silicifying microbial clots within 

the distal marsh, Tokaanu, TVZ. (I) Photograph of extensive distal marsh showing plants becoming 

silicified to form plant rich lithofacies, and light-toned, fluffy, clotted microbial fabric, Yellowstone. (J) 

Fossilised gastropods surrounded by plant rich lithofacies from the Black Jack sinter. (K) Thin section 

image of gastropods incorporated into the HB-2 sinter at Tokaanu, TVZ. (L) Tadpoles and gastropods 

occupied ambient temperature (<25°C) pool after thermal discharge ceased, Warbrick terrace, 

Waimangu, TVZ. (M) Clotted fabric (white) forming around fossilised plant twigs from the Silver 

Stream sinter. (N) Clotted fabric now forming around plant material within the distal marsh, Tokaanu, 

TVZ. (O) Photograph of modern clotted fabric forming around plant material within the distal marsh, 

Yellowstone. 

 

4.4.6 Sinter breccia types 
 

Brecciated sinter is commonly affiliated with siliceous sinter deposits of the CVZ (Table 

4.1), produced by various processes during or after sinter formation. These include: 1) 

fragmentation, 2) slope failure, and 3) hydrothermal eruption. The varied breccia types 

may be identified through clast and matrix characteristics. 

 

Fragmentation sinter breccias are distinctive because the broken sinter clasts have a 

siliceous sinter matrix. They occur in the Hauraki Goldfield deposits at Favona (Fig. 

4.8F), Onemana, Ascot, Sky Farm, Gladstone and Pine sinters, with desiccation cracks 

observed in the breccia at Kohuamuri (Fig. 4.7A). These sinter breccias develop syn-

depositionally due to (1) break up of silicified mats as a consequence of high-energy 
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water flow (packed fragmental lithofacies, as described above), and also by (2) 

intermittent drying out of the sinter apron caused by either change in the position of the 

water table or by discharge apron channel switching. This fabric is also known as sinter 

clast breccia (Jones et al. 2003). The sinter matrix in these breccias develops as 

geothermal fluids reinvade the dry apron to infill dessication cracks and cement the 

dried out and shattered sinter fragments (Fig. 4.7A–C). As a result of this formation 

mechanism, sinter clast breccias exhibit a general lack of orientation of clasts, and lower 

clast-tomatrix ratios compared to the packed fragmental sinter lithofacies (Fig. 4.5D–F). 

 

Another mechanism that can generate sinter breccas is slope failure, which may occur 

during or after sinter formation. The top portion of the CVZ Onemana deposit appears to 

be a landslide breccia where petrogenetically variable clasts of sinter, volcanics and 

sedimentary rocks occur together within a volcaniclastic sedimentary matrix, all of 

which have undergone intense post-depositional silicification (Fig. 4.7D). In the TVZ, 

slope failure breccias containing sinter clasts are known from the Te Kopia geothermal 

system (Fig. 4.7F) (Martin et al. 2000), and the Tahunaatara deposit (Fig. 4.7E). At 

Tahunaatara, an older silicified breccia cementing clasts from a 26.5 ka pyroclastic 

eruption is incorporated into a 15 ka landslide deposit (Campbell et al. 2003). 

 

Finally, hydrothermal breccias contain clasts of hydrothermally altered material derived 

from depth within geothermal reservoirs, and are characterised as poorly sorted and 

matrix supported (Browne and Lawless 2001). In the CVZ, breccias that contain 

alteration minerals and sinter clasts in a siliceous matrix are inferred as paleo-

hydrothermal eruption breccias, and include those associated with the Kohuamuri, Pine 

and Puketui deposits of the Hauraki Goldfield (Table 4.2) (Fig. 4.7G). These types of 

breccias form due to hydraulic fracturing at depth and release of fluid pressure 
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(Hedenquist and Henley 1985; Nelson and Giles 1985; Browne and Lawless 2001). The 

presence of hydrothermal eruption breccias indicates transient and episodic departures 

from a quasi-steady state in the paleo-hydrothermal system, e.g. changes such as rapid 

boiling that may be conducive to mineralisation (Hedenquist and Henley 1985; Browne 

and Lawless 2001). This type of breccia is well known in the TVZ, where recent 

eruptions have produced distinctive deposits, such as at Ngatamariki (Fig. 4.7H,I). 

 

Figure 4.7 Photographs of breccias containing sinter clasts. (A) Incipient sinter clasts inferred to have 

formed on the desiccated sinter apron, Kohuamuri sinter. (B) Desiccation cracks now forming with 

uniform clast size composed only of sinter clasts, Orakei Korako, TVZ. (C) Dried out sinter terrace 

producing desiccation cracks, Orakei Korako, TVZ. (D) Post-depositional breccia containing sinter 
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clasts as well as volcanic clasts from Onemana, showing sedimentary grading. (E) Sinter and volcanic 

clasts incorporated into a landslide breccia, 15 ka Tahunaatara deposit, TVZ. (F) Recent landslide 

deposit that incorporated sinter clasts, Te Kopia, TVZ. (G) Hydrothermal eruption breccia with sinter, 

volcaniclastic clasts and hydrothermal minerals from Puketui sinter. (H) Recent hydrothermal eruption 

breccia from Ngatamariki, TVZ. (I) Hydrothermal eruption breccia deposit around an eruption crater at 

Ngatamariki, TVZ. 

 

4.4.7 Sinter mineralogy 
 
All sinters of the Hauraki Goldfield are predominantly composed of microcrystalline 

quartz (< 1 μm in diameter). The quartz matured from amorphous opal (opal-A) via 

silica phase mineral diagenesis, following deposition of the silica from discharging alkali 

chloride fluids (White et al. 1964, 1988; Herdianita et al. 2000; Rodgers et al. 2004). 

Over time, this maturation process may obliterate fine-scale detail of primary textures, 

as documented for many siliceous deposits (Walter et al. 1996; Rodgers et al. 2004). In 

other cases, exceptional preservation in quartz is known (e.g. Trewin 1996; Guido et al. 

2010). Many of the CVZ sinters exhibit a late siliceous infill of their biotically templated 

primary porosity, by chalcedony and euhedral quartz crystals (e.g. infill of a plant mould, 

Fig. 4.8B). Only the Parihaka sinter contains a microcrystalline quartz texture that 

replaces and overprints a rhombohedral structure of possible calcite (Fig. 4.8E). 

Furthermore, at the Kohuamuri sinter deposit, and in the post-depositional breccia of 

the Onemana deposit, there are local, late-stage pseudomorphs of bladed quartz after 

calcite (Fig. 4.8A). 

 

Within the CVZ sinters, the most common minor mineral is pyrite (Fig. 4.8C,D), with 

some deposits containing local cinnabar (Fig. 4.6F). Based on paragenetic analysis, the 

relative timing of pyrite development in relation to sinter formation in the CVZ ranges 
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from early diagenetic, incorporated during hot spring activity, to late stage, formed 

under burial conditions. Some deposits display late diagenetic iron staining that may be 

associated with the weathering of sulphides. Only the Parihaka sinter deposit shows 

abundant late stage manganese oxides as veins and vug infill (Fig. 4.8E). 

 

 

Figure 4.8 Quartz and other minerals within siliceous sinter deposits of the CVZ. (A) Quartz 

pseudomorphs after bladed calcite within plant-rich siliceous sinter from the Kohuamuri deposit. (B) 

Thin section image of post-depositional chalcedony (Chc) and euhedral quartz (Eu Qtz) crystal infill of 

a reed cast within the microcrystalline quartzose (Qtz) Ascot sinter. (C) Thin section image of pyrite 

(Py) incorporated into and surrounding a silicified quartzose (Qtz) stromatolite from the Black Jack 

sinter. (D) Thin section image of a late stage pyrite (Py) vein cross-cutting microcrystalline quartz (Qtz) 

of the Broken Hills sinter. (E) Microcrystalline quartz (Qtz) overprint of rhombic-shaped calcite crystals 

and manganese oxide (MnO) infill of the Parihaka deposit. (F) Cut core of syn-depositional sinter 

breccia comprising microcrystalline quartz (Qtz) with late stage cinnabar (Cin) infill; Favona deposit. 
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4.4.8 Trace elements 
 
All of the CVZ sinter deposits contain anomalous Ag, As, Sb and Hg, as measured from 

the sampled geyserite or plant-rich lithofacies, with gold above detectable levels in 9 of 

the 18 sinter deposits (Table 4.3). Overall, variations between gold and silver 

concentrations indicate a spread over three orders of magnitude, and arsenic, antimony 

and mercury vary by four orders of magnitude (Table 4.3). In particular, gold, silver, 

arsenic and antimony in the Kohuamuri sinter vary by over three orders of magnitude 

(Hamilton et al. 2017). The Broken Hills and Favona sinters, which are spatially 

associated with epithermal ore deposits, are comparatively elevated in all these 

elements, particularly gold (Table 4.3). 

 

The alkali metals lithium, rubidium and caesium are typically conservative with respect 

to silicate minerals in geothermal systems (Reyes and Trompetter 2012; Pope and 

Brown 2014). Amongst the CVZ sinters, these elements vary over three orders of 

magnitude (Table 4.3), with Li ranging from 1 to 151.5 ppm, Rb ranging from 0.13 to 

15.5 ppm and Cs ranging from 0.1 to 14.9 ppm. 

 

Manganese had the greatest variation of all the elements (2.6 to 20,600 ppm) (Table 

4.3). The highest amount of Mn measured was in the Parihaka deposit, which is three 

orders of magnitude greater than any other sinter deposits analysed in the CVZ, as 

discussed further below. 
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Table 4.3 Trace element concentrations (ppm) of Au, Ag, Hg, As and Sb (pathfinder elements), alkali 

metals (Li, Cs, Rb) and manganese (Mn) in the Miocene siliceous sinter deposits of the CVZ. 

 
Deposit Au Ag As Sb Hg Li Cs Rb Mn 

Black Jack  0.007 0.024 14.7 28.6 1.08 19 0.37 0.31 13.3 
Kohuamuri     0.003 1.335 4.59 86 0.093 151.5 10.45 6.43 35.3 
Diggers Creek  <0.001 0.075 3.93 4.66 0.016 2.9 0.1 0.44 67.8 
Kaitoke     0.001 0.109 0.88 5.49 0.074 22.5 0.79 0.72 18.8 
Big Kaitoke  0.009 0.012 8.37 216 0.012 30.6 1.31 0.65 57.2 
Pine      0.023 0.133 8.43 75.2 0.178 139 8.18 5.94 31.5 
Parihaka     <0.001 0.013 109.5 2.47 0.016 1.2 0.24 0.89 20,600 
Ascot    <0.001 0.878 14.6 129 0.198 4.6 1.1 1.32 18.8 
Onemana*    0.204 2.07 14.75 49.1 0.322 15 14.9 13.6 92.4 
Newton     <0.001 0.021 5.39 1.04 0.079 8 0.8 0.67 84 
Delmany     <0.001 0.124 71.8 29.4 0.233 106 17.1 8.02 291 
Hepburn      <0.001 0.451 1.68 24.7 0.133 4.4 1.01 0.64 11.5 
Puketui     <0.001 0.061 94.7 54.9 0.431 121 7.6 8.04 54.4 
Broken Hills  0.595 12.1 4.89 76.6 0.36 80.9 8.18 15.5 16.8 
Sky Farm  0.002 0.095 110.5 50 0.06 78.7 8.79 7.51 30.4 
Silver Stream  <0.001 0.668 5.6 15.95 2.4 2.3 0.16 0.55 17 
Favona      0.335 0.988 3.59 135 >100 55.8 3.87 3.16 4.3 
Alderman Islands  <0.001 0.415 5.51 52 2.21 85 2.79 1.6 9.1 
 

aSinter samples are clasts within a breccia. 
 

4.5 Discussion 
 

4.5.1 Variability of paleoenvironments within CVZ sinter deposits 
 
 
The majority of the CVZ sinters are interpreted to have formed from near-neutral pH, 

alkali chloride thermal fluids, derived from magmatically heated fluids with a 

component of convecting meteoric water (Simmons et al. 2005). This inference is based 

on the similarity of preserved sinter textures, including biotically influenced lithofacies, 

with sinters of the active TVZ geothermal systems. In addition, the interpreted fluid 

compositions and alteration mineralogy of the CVZ epithermal deposits are similar to 

geothermal discharges in active active TVZ systems (Christie et al. 2007; Henley and 

Ellis 1983; Cady and Farmer 1996; Campbell et al. 2001; Campbell, Guido, et al. 2015; 

Guido and Campbell 2011; Lynne 2012; Drake et al. 2014). Near-neutral pH alkali 
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chloride waters deposit abundant silica as sinters (dm’s to tens of m’s thick); by 

contrast, silica residue and/or quite thin sinters (few cm) are associated with acid 

sulphate or mixed acid-sulphate–chloride fluids, respectively (Rodgers et al. 2004; 

Schinteie et al. 2007; Renaut and Jones 2011a). 

 

The enrichment of Au, Ag, As, Sb and Hg (Table 4.3) in the majority of the sinter deposits 

of the CVZ was also contributed by fluids of alkali chloride composition and near neutral 

pH, based on comparisons with fluid compositions in active geothermal systems (Henley 

and Ellis 1983; McKenzie et al. 2001; Pope et al. 2005). An exception is the unusual 

Parihaka deposit, which has no detected Au and small amounts of Ag, Sb and Hg 

compared to the other CVZ deposits, while also containing the highest concentration of 

manganese (Table 4.3). This deposit may be a type of pseudosinter, which has broadly 

similar textural characteristics compared to siliceous sinters but formed as thermogene 

travertine (calcium carbonate) from CO2-rich fluids, which was later overprinted by 

hydrothermal silica (cf. Pentecost 2005; Guido and Campbell 2011, 2017). Petrographic 

analysis of the Parihaka deposit revealed a microtexture of microcrystalline quartz that 

has replaced calcite crystals. Furthermore the presence of large amounts of manganese 

oxides (Fig. 4.7E) in the Parihaka deposit may also be associated with CO2-rich thermal 

fluids, as observed in several thermogene travertines elsewhere (White 1955; Renaut 

and Jones 2011a; Sillitoe 2015). 
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Eighteen of the 19 potential CVZ sinters show the expected range of textures formed by 

alkali chloride hot-spring discharges over a temperature gradient (100°C vent to 

ambient marsh), although only rarely is the full suite of textures observed in any given 

sinter deposit (Table 4.1). The presence of geyserite, a high temperature, proximal vent 

related lithofacies, in eight of the CVZ deposits indicates the locations of geothermal 

discharge to the surface (Campbell, Guido, et al. 2015). Geyser vent mounds are 

uncommon in the geological record, whereas distal sinter lithofacies can build up and 

out over extensive areas. The latter appear to be more readily preserved than the 

aerially limited and erosion-prone vent mounds (Campbell, Guido, et al. 2015; Campbell, 

Lynne et al. 2015). At sites where only distal lithofacies are preserved in the CVZ sinters, 

location of paleo-discharge zones is difficult to reconstruct owing to potential lateral 

outflow of thermal fluids of unknown distance from non-preserved (likely eroded) 

source areas (e.g. Giggenbach et al. 1994). 

 

Variations in thicknesses of some textures within CVZ sinter deposits suggest 

differences in relative thermal fluid flow rates and/or volume. For example, conical 

tufted textures range in height within different CVZ sinters from 1 to 7 cm (Fig. 4.4C) 

and imply different depths of pools at a temperature of ∼50°C. Moreover, the presence 

of packed fragmental textures within the Pine and Onemana deposits suggests they 

formed in fast-flowing channels, of relatively high discharge volumes of thermal fluids 

(e.g. Guido et al. 2010; Guido and Campbell 2014). Specifically, the presence of ropy pool 

mats, low amplitude domal stromatolites and tall conical tufted lithofaces within seven 

siliceous sinters of the CVZ suggest relatively deep pools (i.e. high fluid volume and/or 

relatively long duration of hot-spring discharge) within the moderate temperature mid-

apron areas. Other sinters lacking these features may have formed in lower discharge 
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volume springs, or possibly the higher volume/ flow rate portions of these other paleo-

geothermal fields may not have been preserved. Based on the overall low precipitation 

rates of actively forming sinter deposits (Mountain et al. 2003), occurrences of thick 

sinters (m’s) in the CVZ (Table 4.2) suggest that these deposits formed from relatively 

long-lived geothermal systems (Guido and Campbell 2014) that would have had areas of 

focused and/or long duration discharge. 

 

4.5.2 Comparisons to other epithermal and geothermal regions 
 

At a regional scale, the preserved Miocene-Pliocene sinters of the CVZ are associated 

with magnetic lows surrounded by hydrothermal alteration haloes within an 

extensional back-arc region, which consists of andesites, rhyolites and localised basalts 

overlying metasedimentary sediments (Fig. 4.1B,C). Three structural corridors exist 

within the CVZ (Fig. 4.1B), where normal, sub-parallel and high density faulting 

produced zones of high permeability, allowing thermal fluid flow to have reached the 

surface to produce epithermal ore deposits (Christie et al. 2007). These corridors also 

appear to have a spatial association with the sinter deposits identified in this study (Fig. 

4.1B). Moreover, these lithological, tectonic and structural associations have many 

similarities with the Taupo Volcanic Zone, where active geothermal systems occur in 

magnetic lows and the surface expressions of hot springs are observed to be associated 

with structural features (Rowland and Sibson 2004; Wilson and Rowland 2016). The 

actively forming siliceous sinter deposits of the TVZ also mainly occur in topographic 

low areas proximal to lacustrine and fluvial settings (von Hochestetter 1864; Campbell 

et al. 2003; Drake et al. 2014; Wilson and Rowland 2016), and are predominately hosted 

in silicic rhyolites, including rhyolitic domes, which dominate the central TVZ (Wilson 

and Rowland 2016). This affiliation is comparable to the majority of the preserved 
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sinters in the CVZ, which are hosted in the Whitianga Group rhyolites and were mapped 

in association with lake and river sediments. 

 

The active TVZ hosts hot springs of near neutral pH, alkali chloride fluid compositions 

that precipitate silica sinter. Many extinct TVZ hot spring deposits are also inferred to 

have formed from the same type of fluids (Rodgers et al. 2004). Only minor occurrences 

of CO2-rich fluids form calcite rich deposits in the TVZ (Hedenquist 1983; Jones et al. 

2000). A similar pattern is observed within the CVZ, where only one of 19 ‘sinter’ 

deposits is inferred to have formed from CO2-rich fluids, and is likely a silicified 

travertine. 

 

Features of the Jurassic Deseado Massif in Patagonia, Argentina, are also broadly similar 

to the CVZ. The Late Jurassic, 60,000 km2 gold province formed in a calc-alkaline diffuse 

back arc and contains numerous extinct hot spring deposits and ore producing 

epithermal veins (Guido and Campbell 2011). The fossil geothermal systems within the 

Deseado Massif, including their extinct surface manifestations of siliceous sinters and 

silicified thermogene travertines, are surrounded by magnetic lows that are associated 

with sub-parallel normal faults along structural corridors (Guido and Campbell 2011). 

The sinters of the Deseado Massif exhibit similar lithological associations, as they are 

hosted predominantly in rhyolites, and typically occur near rhyolitic domes, and are 

situated within fluviolacustrine settings (Guido and Campbell 2011, 2014). A difference 

is that the Deseado Massif paleo-geothermal fields are dominated by pseudosinters, 

particularly silicified thermogene travertines, which may be derived from magmatic CO2 

or reverse solubility of fluids passing through calc-alkaline rocks (Guido and Campbell 

2011), compared to the dominance of siliceous sinters in the CVZ and TVZ. Another 
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dissimilarity between CVZ and Deseado Massif paleo-geothermal deposits is that the 

Hauraki Goldfield contains many boulder fields of eroded siliceous sinter while many 

hot-spring deposits of the Deseado Massif are primarily intact despite their age (∼150 

Ma). The relatively poor to moderately good outcrop exposures in the CVZ are affected 

by a wet temperate climate with dense vegetative overgrowth, which has contributed to 

post depositional erosion of the sinters (cf. Watts-Henwood et al. 2017), as compared to 

the modern, dry, cold, desert-like conditions of Argentine Patagonia, where fossil hot 

spring deposits occur in low-lying erosional windows into Upper Jurassic rocks (Guido 

and Campbell 2011). 

 

4.5.3 Use of sinters in prospecting for epithermal ore deposits 
 

Sinters, if present, can be used during exploration for epithermal ore deposits. The 

paleohydrology of proximal vent areas of sinter deposits, as identified here for nine of 

the 18 sinters of the CVZ, can be determined by mapping sinter lithofacies. After correct 

identification of siliceous sinters (as opposed to silicified laminated sequences, e.g. 

airfall or lacustrine sediments, or silicified travertine), a detailed textural analysis of 

sinters can be utilised to locate possible discharge zones. Many CVZ sinter deposits 

further provide evidence of hydrothermal system longevity, as shown by large volumes 

of sinter and vertically extended microbial fabrics that grew in relatively deep pools 

(Table 4.1), suggesting that fluid discharge was focused for a time where these thick 

sinter deposits and relatively tall stromatolites accumulated. The identification of 

hydrothermal breccias, particularly those with sinter clasts, as observed at the 

Kohuamuri, Puketui and Favona sinters, provides useful information on possible phase 

changes in the epithermal system (Browne and Lawless 2001). 
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Siliceous sinters can form directly above epithermal ore deposits (Fig. 4.9), as has been 

observed at the Broken Hills and Favona deposits in the CVZ. Other geothermal 

manifestations may be less clear with respect to their relationship to ore formation at 

depth, such as: (1) sinters formed by lateral outflow (Fig. 4.9) (e.g. Wai-O-Tapu in the 

TVZ; Giggenbach et al. 1994); (2) calcium carbonate deposits derived from CO2-rich 

fluids that may occur distally from main upflow zones (Giggenbach et al. 1994; Renaut 

and Jones 2011a) (e.g. Parihaka in the CVZ); or (3) silicified water table deposits that 

may develop over laterally extensive areas in the shallow subsurface (Sillitoe 2015). In 

addition, sinter deposits generally have a lesser extent than subsurface alteration zones, 

as observed in the TVZ and CVZ (Fig. 4.1C) (Bibby et al. 1995; Morrell et al. 2011), and 

distal portions of sinter aprons may extend for some distance (many 10’s to 100’s of 

metres) from the vent (Fig. 4.9), creating challenges with respect to identifying 

connections between the surface and shallow subsurface. Furthermore, the spatial 

relationship between sinters, where preserved, and epithermal ore deposits can be 

variable because of local differences in permeability (Rowland and Simmons 2012) (Fig. 

4.9). Detailed geologic mapping and paragenetic study of outcrops and core, if available, 

may resolve spatiotemporal relationships between sinter deposition and geological 

history, including early and late diagenetic events and location of discharge areas. 

 



Chapter 4: Characteristics of Coromandel Volcanic Zone Sinters 

 
187 

 

Figure 4.9 Schematic cross-section of upflow zones and surficial vents associated with epithermal 

deposits of the CVZ. Diagram shows the spatial relationship between upflow and outflow, surface 

sinter and distal thermogene travertine (calcium carbonate) deposits, subsurface silicified water table 

deposits, hydrothermal breccia, epithermal veins and alteration zones. Modified from Buchanan (1981) 

and Tosdal et al. (2009). 

Trace element anomalies in some sinter deposits, and their absence in others, is typical 

of the Hauraki Goldfield and other epithermal systems (Sillitoe 2015). The Favona and 

Broken Hills sinters, which are spatially affiliated with known epithermal ore deposits, 

are anomalously high in gold, while some other CVZ sinters with no associated 

epithermal ore deposits yielded no detectable gold (Table 4.3). The anomalous 

concentration of gold at Favona and Broken Hills is within the same range as reported 

for sinter deposits in Japan, where anomalous gold concentrations within sinter vent 

deposits was associated with known gold mineralisation at depth (Nakanishi et al. 
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2003). In some CVZ sinter deposits where exploration has been limited to date, the 

presence of gold and silver above 1 ppm concentrations (e.g. Pine, Onemana and 

Kohuamuri) suggests that they have potential for associated epithermal ore deposition 

at depth. Variation in elemental concentrations of geothermal fluids is believed to relate 

to the amount of magmatic input that enriches the fluids in metals (Simmons et al. 

2015). Those CVZ deposits with detected Au, Ag, As, Sb and Hg at higher concentrations 

than other deposits are also observed to have high quantities of Li (Table 4.3), which 

may relate to magmatic input or water rock interactions with the associated near 

neutral alkali chloride fluids (Millot et al. 2012; Reyes and Trompetter 2012). It is 

unknown whether presence of these elements within sinters is related to the fluid that 

formed the sinter deposit or accompanied late stage quartz that infilled primary 

porosity, and thus was associated with hydrothermal or burial fluids percolating 

through the deposit (cf. Campbell et al. 2003, their fig. 15, p. 500). Cross cutting veinlets 

of sinter that contain pyrite at Broken Hills (Fig. 4.8D) could represent an example of 

late stage mineralisation, i.e. a post-sinter, late fluid/diagenetic event. 

 

As noted by Sillitoe (2015) for other epithermal settings, the presence of pathfinder 

elements in sinter at anomalous concentrations does not alone provide evidence of an 

associated mineralised epithermal deposit. For instance, the anomalously high 

concentrations of Au, Ag, As and Sb within sinter at Champagne Pool, Waiotapu, TVZ, 

form as amorphous sulphides that require specific conditions of diurnal biogeochemical 

cycling and nucleation in a kinetically rapid mixing zone (Giggenbach et al. 1994; Jones 

et al. 2001; Ullrich et al. 2013). Overall, ore deposition in epithermal systems requires a 

mechanism for ore precipitation and concentration, such as boiling or fluid mixing, to 

occur at depth within the crust (Simmons et al. 2005). Geothermal fluids with 
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anomalous concentrations of gold may be expelled at the surface with no observed 

mineralisation of ore minerals at depth, such as is seen at Rotokawa in the TVZ 

(Simmons et al. 2015). Conversely sinter deposits with little to no detectable gold may 

be related to fluids high in gold, as observed within some of the sinter deposits at 

Waiotapu (Hedenquist 1983). 

 

In the CVZ, it is unknown if the precious metal-rich sinters at Broken Hills and Favona 

formed contemporaneously with their associated epithermal ore deposits, i.e. if the ore-

producing epithermal quartz veins used the same structures and were produced by the 

same fluids that deposited the sinters. The Broken Hills sinter has cross cutting quartz 

veinlets with pyrite, which may have carried gold mineralisation. In general, the 

relationship between co-located epithermal and sinter deposits could be analysed by 

detailed paragenetic studies, which would identify fluid inclusions within the epithermal 

veins and in well-preserved crystalline silica (hydrothermal quartz) of the sinter 

deposits, to assess similarities or differences in fluid composition. The age relationship 

between the deposits could be constrained by identifying and dating volcanic ash layers 

or adularia, the latter of which was observed within hydrothermal eruption breccia at 

Kohuamuri (Hamilton et al. 2017), preserved within the sinter deposits and comparing 

these to epithermal veins that have already been dated (Mauk et al. 2011). 

 

 

 

 

 

 

 



Chapter 4: Characteristics of Coromandel Volcanic Zone Sinters 

 
190 

4.6 Conclusions 
 

The Hauraki Goldfield, CVZ, hosts 18 known Mio- Pliocene sinters formed from near 

neutral alkali chloride fluids. They are identified by textures produced by thermophilic 

microbes and other diagnostic taxa that can become rapidly silicified in situ. These 

sinters are predominantly hosted in Whitianga Group rhyolites, are spatially associated 

with lake sediments and rhyolite domes, and are surrounded by hydrothermal 

alteration. The identified temperature-dependent lithofacies gradient allows recognition 

of vent areas to help define discharge zones at some sites. Mapping, textural analysis and 

trace element compositions enable construction of paragenetic sequences and 

interpretation of sinter paleoenvironments and fluid histories, which may aid 

exploration for epithermal ore deposits at depth. 
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Understanding the concentration of trace elements and mineralogy within siliceous 

sinters has important implications for inferring potential relationships to epithermal 

mineralisation at depth. Variability of trace elements in siliceous sinters depends on 

reservoir conditions, host rock and subsequent hydrothermal alteration, as well as 

weathering and diagenetic modifications. Fifty-two sinter samples were analysed from 

30 identified siliceous sinter deposits, ranging in age from active to Miocene and hosted 

within volcanic arcs from North Island, New Zealand, some of which are associated with 

known epithermal ore deposits. Distinguishing amongst the different formation and 

diagenetic processes can assist in a better understanding of how the suite of preserved 

elements in siliceous sinters relates to potential for associated epithermal ore deposits, 

particularly with respect to sulphides. This chapter is a manuscript that has been prepared 

for future submission to an international journal. 
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5.1 Introduction 
 
 
Siliceous hot-spring deposits, or sinters, are chemical precipitates of generally near-

neutral pH alkali chloride thermal fluids that ascend from deep reservoirs, with 

temperatures >175 °C, and are discharged at the Earth’s surface in springs and out flow 

channels ranging from 100 °C to ambient (Fournier and Rowe 1966).  In general, 

modern and ancient sinters are studied for several reasons, including prospecting for 

geothermal energy (Weissberg 1969), reconstructing paleo-climatic conditions (Goldie 

1985), preserving life in extreme environments including early life (Djokic et al., 2017), 

and helping narrow the search for possible of life on Mars (Ruff and Farmer 2016; Ruff 

et al., 2019). Furthermore, the spatial association of sinters with epithermal ore deposits 

may be utilised in exploration for Au-Ag ore deposits (Sillitoe 2015; Hamilton et al. 

2017; 2018). 

 

These surface manifestations of geothermal systems form where a heat source is 

sufficient to mobilise minerals and cause convection of meteoric and magmatic fluids 

within the Earth’s crust that discharge at the terrestrial surface (Henley and Ellis 1984; 

Sillitoe 1993; Guido and Campbell 2011). Upon existing at the Earth’s surface, these 

near-neutral pH alkali chloride thermal fluids cool, from up to ~100 °C at vent areas to 

ambient temperatures in the distal geothermal marsh, becoming oversaturated in silica 

which then precipitates as opal-A on abiotic and biotic surfaces, including different 

microbiota that thrive at temperatures and alkalinity specific to their adaptions (Renaut 

and Jones 2003). Sinters also incorporate plant material and inorganic detritus, such as 

volcanic ash and sinter fragments (e.g. Fournier and Rowe 1966; Fournier 1985; Cady 

and Farmer 1996; Handley et al. 2005; Lynne et al. 2008; Guido and Campbell 2011; 

Lynne 2012). Sulphides also may be present in discharging thermal fluids at the Earth’s 
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surface to become incorporated within sinter deposits that have been transported from 

depth (Weissberg 1969; Henley and Ellis 1983; Hedinquest and Henley 1985; Krupp and 

Steward 1987; Giggenbach et al. 1994; Pope et al. 2005; Simmons et al. 2015). 

 

Preserved sinter deposits constitute laminated mound and sheet silica, metres to tens of 

metres thick, and exhibit a variety of sedimentary textures. Most ancient sinter deposits 

are primarily composed of microcrystalline quartz, which has diagenetically matured 

over time in a continuum from spheroidal opal-A (up to ~2 µm diameter; Watts-

Henwood et al. 2017), to bumpy spheres of opal A/CT, to lepispheres of cristobalite and 

tridymite (opal-CT), to aligned nanospheres of opal-C and finally to microcrystalline 

quartz (Herdianita et al. 2000; Lynne and Campbell 2003; 2004; Rodgers et al. 2004). 

This silica phase transformation is often spatially patchy within individual deposits 

(Campbell et al. 2001; 2015b), with diagenesis proceeding at different rates (Lynne et al. 

2005; 2008). 

 

In the geologic record, sinters are preserved in regions where minimal post-depositional 

deformation has occurred, often overlying adularia-sericite epithermal zones (Cunneen 

and Sillitoe 1989; Guido and Campbell 2011; 2014; Hamilton et al. 2017; 2018). Such 

epithermal systems typically form at shallow depths (<3 km) within the Earth’s crust, at 

pressures less than a few hundred bars and temperatures <350 °C, where magmatic 

fluids are diluted by meteoric waters convectively circulating through and interacting 

with surrounding host rocks (Lindgren 1933; Heald 1987; Simmons et al. 2005). Near-

neutral pH alkali-chloride fluids transport precious metals (Heald et al. 1987) that may 

be deposited due to boiling and local fluid mixing in the shallow subsurface to form ore 

deposits (Simmons et al. 2005). The spatial link between subterranean epithermal 

deposits and surface geothermal manifestations has been noted for over a century 
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(Becker 1888; Spurr 1905; Lindgren 1933; White 1955). Some examples include 

occurrences at the McLaughlin Mine in California, USA, where an exposed Quaternary 

sinter was the only surface expression of a bonanza deposit (Sherlock et al. 1995); the 

Miocene Red Butte deposit, Oregon (Zimmerman and Larson 1994); the Jurassic Fruta 

del Norte deposit, Ecuador (Leary et al. 2016); the Jurassic Deseado Massif Ag-Au 

province of Patagonia, Argentina (Guido and Campbell 2011, 2012); and the Coromandel 

Volcanic Zone, New Zealand (Hamilton et al., 2018). 

 

Various elements are incorporated in sinters via transport in geothermal fluids or from 

within secondary fluids and/or sediments that later infill primary porosity. Trace 

elements in sinters are studied for several reasons, including their use in distinguishing 

sinters from other silicified materials in the geologic record (Uysal et al. 2011; Hamilton 

et al. 2019), inferring thermal reservoir conditions (Nicholson and Parker, 1990; Evans 

and Derry 2002) and assessing potential for association with epithermal ore deposits 

(Nakanishi et al. 2003; Sillitoe 2015; Hamilton et al. 2017; 2018). Sixty-two trace 

elements – including pathfinder elements, silica substitutes and rare earth elements – 

were analysed from sinters hosted in calc-alkaline volcanic arcs of North Island, New 

Zealand, ranging in age from modern to Miocene, in order to assess how they are 

incorporated into sinters, which may increase their utility as tools for precious metals 

exploration. 
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5.2 Geological Setting 
 

The three Cenozoic calk-alkaline volcanic arcs of North Island, New Zealand (Fig. 5.1), 

intrude through and overlie Waipapa terrane metasediments (graywacke), and are the 

product of subduction of the Pacific Plate beneath North Island (Australian Plate). These 

volcanic arcs are situated sub-parallel to the subduction margin (Kear 2004; Stratford 

and Stern 2008; Wilson and Rowland 2016), and over time (∼25 Ma–Recent) they mark 

migration of volcanic activity southward and eastward due to rotation of the locus of arc 

magmatism. This occurred first from Northland to Coromandel up until about 16 Ma, 

and then from Coromandel to the Taupo Volcanic Zone (TVZ) where volcanism began 

about 2 Ma (Fig. 5.1)(King 2000; Christie et al. 2007; Mauk et al. 2011; Rowland and 

Simmons 2012; Seebeck et al. 2014). All three volcanic arcs contain siliceous sinters. 
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Figure 5.1. Tectonic and volcanic age relationships of the three Cenozoic calc-alkaline arcs - 

Northland, Coromandel and Taupo Volcanic Zones - of North Island, New Zealand, where the sinters 

analysed in this study are located. Shaded triangles indicate loci of volcanism (±0.5 Ma): black = <2 

Ma, grey = 2-16 Ma, light grey = >16 Ma; from Seebeck et al. (2014). Geodetic indicators of extension 

indicated by double arrows (Parson and Wright, 1996; Wallace et al, 2004) and relative plate motion is 
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shown by single arrows (DeMets et al, 1994). The Junction Magnetic Anomaly (JMA), an inferred 

terrane suture, is shown by dotted purple line. Hauraki Rift (HR) shown by blue dashed line; VMFZ – 

Vening Meinesz Fracture Zone; NIFS – North Island Fault System. Boundary of Pacific Plate and 

Australian Plate shown in black dashed line with direction of subduction indicated. After Rowland et al. 

(2016). Figure 5.2 areas indicated by black rectangles. 

The Miocene-Pliocene Northland Volcanic Zone, (NVZ) was active ~ 25-15 Ma, where 

basalts and sedimentary units were deposited, including volcaniclastics overlying 

metasedimentary basement. The Puhipuhi fossilised geothermal system consists of 

several sinter deposits, including the Mt Mitchell sinter, which is hosted within 

lacustrine siltstone, shale, and conglomeratic volcaniclastic sediments (Fig. 5.2A) 

(Hampton et al. 2004; Rodgers et al. 2004; Beach and Hobbins 2016). Two samples were 

analysed in this study from the Mt Mitchell sinter, which is primarily composed of 

microcrystalline quartz with minor moganite, and is known for disseminated cinnabar, 

acicular stibnite, pyrite and minor livingstonite (Hampton et al. 2004). 

 

The Coromandel Volcanic Zone (CVZ), active ~18-2 Ma, is a 200 × 40 km region 

comprising Miocene and Pliocene, sub-aerial, calc-alkaline volcanism overlying Jurassic 

metasedimentary basement (Fig. 5.2B). Volcanism is divided into three phases − 

andesites-dacites, rhyolites and widespread ignimbrites, and localised basalts (Skinner 

1986; Adams et al. 1994). Within the CVZ, the Hauraki Goldfield (16 to 5 Ma; Mauk et al. 

2011) encompasses more than 50 adularia-sericite, vein-style, Au-Ag epithermal 

deposits, and several porphyry copper-style occurrences (Christie et al. 2007), as well as 

sinters (Hamilton et al. 2018).  Thirty-one samples from 18 sinters in the CVZ were 

studied, which are primarily composed of microcrystalline quartz (Rogers et al 2004; 

Hamilton et al. 2017; 2018). 
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The Taupo Volcanic Zone (TVZ) is one of the world’s most productive areas of 

Quaternary silicic volcanism and geothermal manifestations (Wilson et al. 1995). This 

NNE-SSW-orientated arc (~300 km and up to 60 km wide) represents the southernmost 

extent of the Tonga-Kermadec arc system (Wilson and Rowland 2015). Silicic volcanism 

occurs in the central portion of the back-arc rift and consists mainly of andesites and 

rhyolites, with minor basalt and dacite, which overlie Mesozoic meta-sedimentry 

basement (graywacke) (Fig. 5.2C) (Bibby et al. 1995; Wilson et al. 1995). More than 20 

active high-temperature (>250 °C reservoirs) geothermal systems are present in the 

TVZ. The majority host surface manifestations of siliceous sinters precipitating from 

thermal fluids of near-neutral alkali-chloride to mixed acid-sulphate-chloride 

composition (Ellis and Mahon 1977; Rodgers et al. 2004). In this study, 20 samples were 

analysed from 10 different TVZ sinter deposits. These include the actively forming 

sinters at Orakei Korako, Ngapouri, Rotokawa and Tikitere, as well as the inactive 

Holocene deposits of Te Kopia, Northern Waiotapu, Geyser Valley, Tahunaatara, Hossack 

Road and Mangakakahi. These deposits are known to be predominantly composed of 

amorphous opaline silica (Campbell et al. 2003; Rogers et al. 2004; Watts-Henwood et 

al. 2017), with the exception of Mangakakahi, which is composed of microcrystalline 

quartz.  
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Figure 5.2. Geologic maps of the A) Northland, B) Coromandel and C) Taupo Volcanic Zones, 

showing the major lithological units, faults, extent of hydrothermal alteration, epithermal veins, 

calderas and locations of sinters sampled in this study. Sinter abbreviations: MM = Mt Mitchell, BJ = 

Black Jack, BK = Big Kaitoke, KA = Kaitoke, KO = Kohuamuri, DI, Diggers, PR = Purangi, DA = 

Dalmeny, HE = Hepburn, NE = Newton, SS = Silver Stream, AL = Alderman, PI = Pine, PU = Puketui, 
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BH = Broken Hills, SF = Sky Farm, OH = Ohui, ON = Onemana, AS = Ascot, FA = Favona, TI = 

Tikitere, OK = Orakei Korako, TK = Te Kopia, GV = Geyser Valley, MA = Mangakakahi, NG = 

Ngapouri, NW = Northern Waiotapu, RO = Rotokawa, TA = Tahunatara, HR = Hossack Road.  

5.3 Methods 
 

5.3.1 Sampling methods 
 

In total, 52 samples of siliceous sinter were analysed from 30 sinter deposits in the 

Northland, Coromandel and Taupo Volcanic Zones (Table 5.1). Sampling was based on 

lithofacies type. In active geothermal systems, dissolved metals in thermal fluids at the 

Earth’s surface show depletion trends in concentration with distance from vent areas 

(Pope et al. 2014). This also is observed in preserved siliceous sinter deposits (Hamilton 

et al. 2017; Campbell et al. 2019). Therefore, due to this known lithofacies-trace element 

relationship it is ideal to sample vent sinter (geyserite) to determine thermal fluid 

composition. Geyserite is a dense, finely laminated siliceous hot spring deposit that is 

restricted to geysers, spouters and spring vent areas splashed or submerged by near-

boiling waters, forming at >~75-100 °C (Walter 1976; Braunstein and Lowe 2001; 

Renaut and Jones, 2011; Campbell et al. 2015a). However, in the geological record vent 

areas are rarely preserved due to their limited areal extent and propensity for subaerial 

weathering. In contrast, geothermally influenced marsh lithofacies are more likely to be 

preserved than vent material, owing to their greater volume and lateral extent (Weed 

1889; Guido and Campbell, 2011; Campbell et al. 2015a; Hamilton et al. 2018).  Plant 

rich fabrics form in Phanerozoic geothermally influenced marsh areas, consisting of 

silicified branches, twigs, reeds and leaves, and occasionally show a preferential 

orientation, as they become entombed in opaline silica in freshly deposited sinter 

(Channing et al. 2004). 
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Table 5.1. Table of the 30 sampled New Zealand sinters, code, age, and number of samples analysed 

in this study  

Deposit Code Volcanic Zone Age Samples 
Analysed 

Host Rock 

Mt Mitchell MM Northland Miocene-Pliocene 2 Sediments 
Black Jack BJ Coromandel Miocene 2 Graywacke 
Pine PI Coromandel Miocene 2 Rhyolite 
Ohui OH Coromandel Miocene 1 Sediments 
Onemana ON Coromandel Miocene 3 Sediments 
Broken Hills BH Coromandel Miocene 2 Rhyolite 
Puketui PU Coromandel Miocene 2 Rhyolite 
Sky Farm SF Coromandel Miocene 2 Rhyolite 
Dalmeny  DA Coromandel Miocene 1 Rhyolite 
Diggers DI Coromandel Miocene 2 Rhyolite 
Purangi PR Coromandel Miocene 2 Rhyolite 
Kohuamuri KO Coromandel Miocene 2 Rhyolite 
Big Kaitoke BK Coromandel Miocene 1 Rhyolite 
Kaitoke KA Coromandel Miocene 1 Rhyolite 
Hepburn HE Coromandel Miocene 1 Rhyolite 
Newton NE Coromandel Miocene 1 Rhyolite 
Silver stream SS Coromandel Miocene 2 Rhyolite 
Alderman Island AI Coromandel Miocene 1 Rhyolite 
Ascot AS Coromandel Miocene 1 Rhyolite 
Favona FA Coromandel Miocene 2 Andesite 
Orakei Korako OK Taupo Active 3 Ignimbrite 
Te Kopia TK Taupo Holocene 3 Ignimbrite 
Northern 
Waiotapu 

NW Taupo Holocene 3 Ignimbrite 

Geyser Valley GV Taupo Holocene 2 Ignimbrite 
Mangakakahi MA Taupo Holocene 1 Ignimbrite 
Ngapouri NG Taupo Active 1 Ignimbrite 
Rotokawa RO Taupo Active 2 Ignimbrite 
Tikitere TI Taupo Active 1 Ignimbrite 
Tahunatara TA Taupo Holocene 1 Ignimbrite 
Hossack Road  HR Taupo Holocene 1 Ignimbrite 

 

In this study, geyserite was the primary sampling target, but where not preserved, plant-

rich sinters were sampled. Thus, the studied sinter deposits of different ages were 

broadly comparable paleoenvironmentally, accounting for distance from the vent. For 

each sample, thin sections were made for analysis of mineralogy and petrography. 
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5.3.2 Trace elemental analysis 
 

For each of the 52 sinter samples, 10 g were pulverised in a tungsten-carbide ring mill 

crusher, which notably can cause sample contamination of tungsten and cobalt 

(Yamasaki 2018), and thus these elements were not analysed in this study.  All samples 

were analysed at ALS Canada using the ‘Super Trace 4-acid’ procedure (four acid 

digestion) by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (ME-MS61L) for 

47 elements that included Ag, As and Sb. ICP-AES was used to detect Au (Au-ICP21). Low 

temperature aqua regia with ICP-MS was used to determine Hg (Hg-MS42). 

 

5.3.3 Microprobe 
 

Electron probe microanalyses, using energy dispersive X-ray spectroscopy (EDS) for 

mineralogy and wavelength-dispersive X-ray spectroscopy (WDS) for elemental 

analysis, were undertaken on a JEOL JXA-8530FPlus at the University of Minnesota for 

nine selected samples of the TVZ and CVZ that contained sulphides. The instrument was 

operated with a 30 nA beam current and 20 kV acceleration voltage. The standards used 

were Au metal for gold, cinnabar for Hg, Sb metal for Sb, Ag metal for Ag, GaAS for As, Zn 

metal for Zn, Cu metal for Cu, and pyrite for Fe and S. The X-ray Fe-Kα, Cu-Kα lines were 

analysed with a LIF analysing crystal; Sb-Lα, Ag-Lα, Au-Mα were analysed with a PET 

analysing crystal; S-Kα was analysed using a PETJ analysing crystal; and As-Lα was 

measured with a TAP line analysing crystal. Counting time for peak measures were: Fe-

Kα for 10 s, Au-Mα, Zn-Kα, Hg-Lα, Sb-Lα, S- Kα, Ag-Lα, and Cu-Kα for 30 s; and As-Lα for 

100 s. The off-peak correction background fit utilised was linear for S-Kα and Fe-Kα, and 

exponential for Zn-Kα, Hg-Lα, As-Lα, Sb-Lα, Ag-Lα, Au-Mα, and Cu-Kα (Donovan et al. 
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2011). Interference corrections were applied to Ag for interference by Hg, and to Au for 

interference by Fe, and to As for interference by Fe and Sb (Donovan et al. 1993).  

 

5.4 Results 
 
Micro-scale analysis of the 52 sinter samples revealed variable concentrations of the 

measured samples. Paragenetic analysis of accompanying thin sections shows that all 

samples are primarily composed of silica, with modern sinters comprising amorphous 

silica, and ancient deposits are mainly microcrystalline quartz. Microprobe analysis was 

carried out on selected samples that contained sulphides incorporated into several 

different paragenetic phases, as observed in thin sections. Moreover, results of trace 

metal analysis of whole rock sinter samples showed that gold has a strong positive 

correlation with several elements. Furthermore the variability of these elements in 

sinter varies greatly depending on element type. Microprobe analysis identified several 

different sulphide minerals, some of which show zonation and incorporation of gold at 

low levels.  

 

5.4.1 Sulphide paragenesis 
 
Microscopic sulphides, including cubic pyrite and cinnabar, were observed within a few 

sinter thin sections (Fig. 5.3). They occurred in four different paragenetic phases: as 

distinct layers (especially in geyserite, Fig. 5.3A-B), disseminated within the sinter 

matrix (Fig. 5.3E-G), infilling void space, and within cross-cutting veinlets. 

 

Sulphide minerals were most commonly observed in the silica matrix, as seen in the 

Miocene Purangi (Fig. 5.3B), Pine and Black Jack sinters (Fig. 5.3F) of the CVZ, and in 

Holocene sinters from Northern Waiotapu (Fig. 5.3E), Te Kopia (Fig. 5.3G) and 
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Rotokawa (Fig. 5.3A), TVZ. In contrast, some samples hosted sulphides as distinctive 

layers within geopetals, infilling primary voids within the sinter (Fig. 5.3C-D). Cinnabar, 

in particular, was observed as a late-stage infill of primary porosity, as observed in the 

Miocene Favona sinter, CVZ, the Miocene-Pliocene Mt Mitchell sinter, Puhipuhi (Fig. 

5.3D), Northland, and the Holocene Te Kopia sinter (Fig. 5.3C), TVZ. In a few samples, 

sulphide minerals, including pyrite and galena, occurred within veinlets that cross-cut 

the sinter (Fig. 5.3H). This distinctive occurrence was observed as sulphides surrounded 

by euhedral quartz crystals, such as in some samples of the Miocene Broken Hills 

deposit, CVZ. 
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Figure 5.3. Examples of sulphides incorporated into siliceous sinter. A) Sulphides (dark layers - 

arrows) within horizons of recently forming vent sinter, Rotokawa, TVZ, under plane polarised light. B) 

Sulphides (opaque minerals - arrows) at the base of Miocene geyserite sinter, Purangi, CVZ, under 

plane polarised light. C) Sulphides (yellow cuboids - arrows) in geopetals between geyserite spicules 

(gs) in Holocene sinter, Te Kopia, TVZ, under reflective light. D) Cinnabar (red - arrows) as geopetals 

of the Miocene-Pliocene Mt Mitchell sinter, NVZ. E) Sulphides (yellow cuboids - arrows) disseminated 

throughout geyserite sinter, Northern Waiotapu, TVZ, under reflective light. F) Sulphides (yellow 

cuboids - arrows) disseminated throughout plant-rich sinter, Miocene Black Jack sinter, CVZ, under 

reflective light. G) Sulphides (yellow cuboids - arrows) disseminated throughout Holocene geyserite 

sinter, in geopetals and geyserite (gs), Te Kopia, TVZ, under reflective light. H) Sulphides (yellow 

cuboids - arrows) in a cross-cutting vein, Miocene Broken Hills sinter, CVZ, under reflective light. 

 

5.4.2 Trace elements 
 

5.4.2.1 Gold 
 
Gold was recorded above detection limits (0.001 ppm) in 29 of the 52 siliceous sinter 

samples of this study, from all three volcanic arcs, with concentrations up to 1.175 ppm 

(Table 5.2). Within the Coromandel Volcanic Zone sinters, the highest gold 

concentrations were observed in those sinters associated with epithermal ore deposits. 

In the TVZ, the Rotokawa sinter had the highest concentration of gold. 

 

 

 

 

Table 5.2. Trace element concentrations in studied siliceous sinters. All elements in ppm except Na, 

Mg, Al, S, K, Ca, Ti in wt. %. 
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Sample Lithofacie Au Ag Al As Ba Be 
    ppm ppm % ppm ppm ppm 

Detection limit    0.001 0.01 0.01 0.05 10 0.02 
Taupo Volcanic Zone, New Zealand           
Orakei Korako 1 Geyserite 0.012 0.13 1.05 44.1 60 7.11 
Orakei Korako 2 Geyserite 0.023 0.55 0.8 4.5 20 4.42 
Orakei Korako 3 Geyserite 0.015 0.57 0.3 2.8 10 20.3 
Te Kopia 1 Geyserite 0.043 0.26 0.24 1.5 60 8.03 
Te Kopia 2 Geyserite 0.033 0.27 0.72 21.1 260 24.8 
Te Kopia 3 Geyserite 0.048 0.45 1.44 27.6 210 8.58 
Northern Waiotapu 1 Geyserite 0.011 0.03 0.16 743 40 2.74 
Northern Waiotapu 2 Geyserite 0.006 0.01 0.08 312 <10 18.85 
Northern Waiotapu 3 Geyserite 0.025 0.06 0.08 421 50 1.37 
Geyser Valley 1 Geyserite 0.004 0.01 0.4 139.5 10 6.37 
Geyser Valley 2 Geyserite 0.002 0.01 0.53 279 10 9.28 
Geyser Valley 3 Geyserite 0.003 0.01 0.2 332 10 1.35 
Mangakakahi Geyserite <0.001 1.85 0.24 3.6 40 0.12 
Ngapouri Geyserite <0.001 0.02 0.22 33.5 90 0.35 
Rotokawa 1 Geyserite 1.175 1.42 1.37 1280 130 0.07 
Rotokawa 2 Geyserite 0.181 0.14 3.05 180 290 0.53 
Tikitere Geyserite <0.001 0.03 0.39 1.6 730 5.95 
Tahunatara Plant rich <0.001 0.01 0.35 41.5 40 0.33 
Hossack Road  Plant rich 0.204 0.38 0.4 3.3 50 2.23 

 

 
 

Sample Bi Ca Cd Ce Cr Cs Cu 

 
ppm % ppm ppm ppm ppm ppm 

Detection limit  0.01 0.01 0.02 0.01 0.3 0.01 0.02 
Taupo Volcanic Zone, New Zealand           
Orakei Korako 1 0.02 0.39 <0.02 3.77 4 >500 1.3 
Orakei Korako 2 0.04 0.11 <0.02 4.45 31 76.3 7.7 
Orakei Korako 3 0.01 0.21 <0.02 0.77 44 132 3.9 
Te Kopia 1 0.11 0.04 <0.02 2.87 39 44.1 1.9 
Te Kopia 2 0.15 0.08 <0.02 10.3 53 108 2.8 
Te Kopia 3 0.16 0.06 <0.02 11.45 103 158.5 3.2 
Northern Waiotapu 1 0.03 1.04 <0.02 1.1 10 270 3.1 
Northern Waiotapu 2 0.01 0.47 <0.02 0.24 15 185 1.8 
Northern Waiotapu 3 0.02 0.32 <0.02 0.61 30 102.5 4.5 
Geyser Valley 1 0.01 0.4 <0.02 0.51 9 >500 0.9 
Geyser Valley 2 0.01 0.6 <0.02 0.99 8 484 1.4 
Geyser Valley 3 0.01 0.53 <0.02 0.53 5 437 1.2 
Mangakakahi 0.01 0.02 0.02 1.07 262 4.89 5.6 
Ngapouri 0.04 0.05 <0.02 2.9 45 125 1.3 
Rotokawa 1 0.04 0.03 <0.02 20.6 132 47.9 3.2 
Rotokawa 2 0.12 0.35 0.03 24 18 22.8 2.8 
Tikitere 0.04 0.06 <0.02 7.9 37 0.61 3.1 
Tahunatara 0.03 0.05 <0.02 3.07 181 93.5 2.6 
Hossack Road  0.04 0.04 <0.02 1.77 35 99.6 4.1 
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Sample Fe Ga Ge Hf In K La 

  % ppm ppm ppm ppm % ppm 
Detection limit  0.002 0.05 0.05 0.1 0.005 0.01 0.5 

Taupo Volcanic Zone, New Zealand           
Orakei Korako 1 0.43 181.5 0.15 0.4 0.006 0.47 1.7 
Orakei Korako 2 0.68 24.1 0.05 0.5 <0.005 0.09 2.7 
Orakei Korako 3 0.17 137.5 <0.05 0.2 <0.005 0.12 <0.5 
Te Kopia 1 0.18 115 <0.05 0.9 <0.005 0.09 1.6 
Te Kopia 2 0.27 149.5 0.05 1 0.01 0.19 5.1 
Te Kopia 3 0.35 132.5 0.06 1 <0.005 0.31 5.9 
Northern Waiotapu 1 0.07 39.1 0.11 0.1 <0.005 0.13 0.7 
Northern Waiotapu 2 0.09 278 0.44 <0.1 <0.005 0.15 <0.5 
Northern Waiotapu 3 0.13 37.8 0.32 0.1 <0.005 0.13 <0.5 
Geyser Valley 1 0.07 345 0.16 <0.1 <0.005 0.22 <0.5 
Geyser Valley 2 0.11 310 0.15 0.1 0.01 0.2 0.6 
Geyser Valley 3 0.1 77.9 0.21 <0.1 <0.005 0.13 <0.5 
Mangakakahi 0.32 1.63 0.05 0.2 <0.005 0.03 0.9 
Ngapouri 0.17 54.4 0.48 0.3 <0.005 0.09 1.7 
Rotokawa 1 0.17 54.4 0.09 2 <0.005 0.13 10.2 
Rotokawa 2 0.83 13.75 0.2 3.1 0.019 0.78 11.8 
Tikitere 0.24 2.8 0.07 0.5 <0.005 0.13 3.7 
Tahunatara 0.49 4.16 0.11 0.2 <0.005 0.12 1.7 
Hossack Road  0.28 30.9 0.05 0.3 0.013 0.1 0.7 

 
 

Sample Li Mg Mn Mo Na Nb Ni 
  ppm % ppm ppm % ppm ppm 

Detection limit  0.2 0.01 5 0.02 0.001 0.1 0.08 
Taupo Volcanic Zone, New Zealand           
Orakei Korako 1 44.6 0.13 121 0.75 0.55 0.9 1.8 
Orakei Korako 2 30.7 0.07 127 2.25 0.4 0.9 2.9 
Orakei Korako 3 17.2 0.02 97 2 0.15 0.2 1.8 
Te Kopia 1 12.1 <0.01 44 2.67 0.03 2.5 2.2 
Te Kopia 2 12.1 0.01 53 4.69 0.04 2.5 2.7 
Te Kopia 3 22 0.01 42 9.34 0.02 2.9 4.3 
Northern Waiotapu 1 18.1 0.01 331 0.58 0.22 0.4 0.7 
Northern Waiotapu 2 24.5 <0.01 156 0.79 0.29 0.1 0.9 
Northern Waiotapu 3 33.7 0.01 186 1.74 0.24 0.3 1.7 
Geyser Valley 1 5.1 0.01 144 0.53 0.16 0.1 0.7 
Geyser Valley 2 15.3 0.02 87 0.51 0.37 0.2 0.7 
Geyser Valley 3 12.6 0.02 57 0.4 0.22 0.1 0.6 
Mangakakahi 1.6 0.01 34 14.7 0.01 0.3 12.1 
Ngapouri 7 <0.01 22 2.51 0.05 0.4 2.3 
Rotokawa 1 50.4 0.01 26 7.21 0.42 2.8 4.9 
Rotokawa 2 41 0.05 244 1.7 1 4 2.6 
Tikitere 28.3 0.01 65 2.35 0.09 2 1.9 
Tahunatara 5.3 0.01 46 9.75 0.08 0.4 6.9 
Hossack Road  18.3 0.01 49 2.12 0.11 0.9 2.1 
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Sample P Pb Rb Re S Sb Sc 
  ppm ppm ppm ppm % ppm ppm 

Detection limit  10 0.5   0.002 0.01 0.02 0.1 
Taupo Volcanic Zone, New Zealand           
Orakei Korako 1 40 1.1 119.5 <0.002 0.04 32 1.7 
Orakei Korako 2 60 3.2 17.4 <0.002 0.31 143.5 1.3 
Orakei Korako 3 10 0.6 39.6 <0.002 0.06 49.1 0.2 
Te Kopia 1 10 2.6 11.9 <0.002 0.06 67.5 0.5 
Te Kopia 2 30 4.5 32.4 <0.002 0.23 36.7 1.2 
Te Kopia 3 30 5.6 51.7 <0.002 0.23 28.1 2 
Northern Waiotapu 1 10 0.8 46.1 <0.002 0.12 522 0.2 
Northern Waiotapu 2 10 <0.5 53.3 <0.002 0.03 820 <0.1 
Northern Waiotapu 3 10 1.2 34.2 0.002 0.08 674 0.1 
Geyser Valley 1 20 0.8 84.2 <0.002 0.01 151.5 0.1 
Geyser Valley 2 10 0.7 85 <0.002 0.01 203 0.3 
Geyser Valley 3 20 0.6 60.6 <0.002 0.04 354 0.2 
Mangakakahi 10 0.8 3.2 <0.002 0.01 3.53 0.2 
Ngapouri 20 2.4 21.9 <0.002 0.03 133.5 0.2 
Rotokawa 1 120 1.9 16.7 <0.002 3.51 2760 2.7 
Rotokawa 2 90 7.1 40.6 <0.002 0.87 1185 4.7 
Tikitere 30 5.8 4.9 <0.002 0.68 3.9 0.7 
Tahunatara 20 0.8 12.2 <0.002 0.1 41.4 0.7 
Hossack Road  30 0.9 13.7 <0.002 0.01 45.5 0.4 

 
 

Sample Se Sn Sr Ta Te Th Ti 
  ppm ppm ppm ppm ppm ppm % 

Detection limit  1 0.2 0.02 0.05 0.05 0.004 0.005 
Taupo Volcanic Zone, New Zealand           
Orakei Korako 1 1 0.2 38.8 0.07 <0.05 0.66 0.052 
Orakei Korako 2 <1 1.6 11.3 0.06 <0.05 1.01 0.041 
Orakei Korako 3 <1 0.7 8.7 <0.05 <0.05 0.21 0.012 
Te Kopia 1 <1 0.6 3.2 0.22 <0.05 2.22 0.05 
Te Kopia 2 <1 0.9 13.2 0.21 <0.05 2.69 0.041 
Te Kopia 3 <1 0.7 13.4 0.25 <0.05 2.71 0.045 
Northern Waiotapu 1 1 0.7 53.1 <0.05 <0.05 0.27 0.014 
Northern Waiotapu 2 <1 0.3 24 <0.05 <0.05 0.05 <0.005 
Northern Waiotapu 3 <1 0.9 11.8 <0.05 <0.05 0.16 0.013 
Geyser Valley 1 <1 0.2 17.7 <0.05 <0.05 0.09 <0.005 
Geyser Valley 2 <1 0.3 30.6 <0.05 <0.05 0.19 0.007 
Geyser Valley 3 <1 0.2 21.3 <0.05 <0.05 0.1 0.005 
Mangakakahi <1 0.6 2.9 <0.05 <0.05 0.23 <0.005 
Ngapouri <1 0.3 21.8 <0.05 <0.05 0.47 0.016 
Rotokawa 1 4 1.4 89.1 0.23 <0.05 3.6 0.068 
Rotokawa 2 1 1.5 78.7 0.3 <0.05 4.55 0.074 
Tikitere <1 0.9 14.2 0.15 <0.05 1.14 0.061 
Tahunatara <1 0.2 4.4 <0.05 <0.05 0.48 0.009 
Hossack Road  <1 0.9 5.5 0.07 <0.05 0.54 0.024 
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Sample Tl U V W Y Zn Zr 

  ppm ppm ppm ppm ppm ppm ppm 
Detection limit  0.02 0.1 1 0.008 0.01 2 0.5 

Taupo Volcanic Zone, New Zealand           
Orakei Korako 1 2.03 0.2 13 173.5 2.4 8 12.7 
Orakei Korako 2 0.54 0.2 4 4.3 1.8 23 18.7 
Orakei Korako 3 0.49 <0.1 1 1.1 0.3 4 6.3 
Te Kopia 1 0.15 0.6 1 1 3.7 <2 28.3 
Te Kopia 2 1.12 0.7 1 20.5 6 5 31.8 
Te Kopia 3 2.09 0.7 3 15.9 6 4 31.7 
Northern Waiotapu 1 3.88 0.1 1 46.4 0.5 <2 4.1 
Northern Waiotapu 2 1.52 <0.1 <1 25.4 0.1 <2 0.7 
Northern Waiotapu 3 20.3 <0.1 1 58.8 0.3 15 2.9 
Geyser Valley 1 2.78 0.1 1 3.8 0.3 5 1 
Geyser Valley 2 1.25 0.2 2 7.2 0.6 3 2.4 
Geyser Valley 3 1.61 <0.1 2 11.9 0.2 2 1.6 
Mangakakahi 0.03 1.3 2 0.5 0.4 3 5 
Ngapouri 0.81 0.1 3 21 0.4 <2 8.7 
Rotokawa 1 4.17 0.6 7 118 4.8 7 73.2 
Rotokawa 2 0.73 1 3 38.6 11.1 26 115 
Tikitere 0.15 0.2 2 1.3 4.2 7 15.7 
Tahunatara 0.42 0.2 3 4.9 1.7 3 4.9 
Hossack Road  0.16 0.2 2 8.5 1.1 3 9.5 

 
 

Sample Dy Er Eu Gd Ho Lu Nd 
  ppm ppm ppm ppm ppm ppm ppm 

Detection limit  0.05 0.03 0.03 0.05 0.01 0.01 0.01 
Taupo Volcanic Zone, New Zealand           
Orakei Korako 1 0.44 0.29 0.1 0.46 0.09 0.04 1.8 
Orakei Korako 2 0.3 0.21 0.07 0.3 0.06 0.03 1.7 
Orakei Korako 3 <0.05 <0.03 <0.03 0.05 0.01 0.01 0.3 
Te Kopia 1 0.61 0.49 0.08 0.39 0.14 0.07 1.3 
Te Kopia 2 0.99 0.66 0.15 0.89 0.19 0.1 4.8 
Te Kopia 3 1.06 0.69 0.17 0.93 0.22 0.11 5.2 
Northern Waiotapu 1 0.09 0.06 <0.03 0.09 0.02 0.01 0.5 
Northern Waiotapu 2 <0.05 <0.03 <0.03 <0.05 <0.01 <0.01 0.1 
Northern Waiotapu 3 0.05 0.03 <0.03 0.05 0.01 <0.01 0.3 
Geyser Valley 1 <0.05 0.03 <0.03 <0.05 0.01 <0.01 0.2 
Geyser Valley 2 0.1 0.06 0.03 0.09 0.02 0.01 0.5 
Geyser Valley 3 <0.05 <0.03 <0.03 <0.05 0.01 <0.01 0.3 
Mangakakahi 0.06 0.03 <0.03 0.05 0.01 0.01 0.4 
Ngapouri 0.08 0.05 <0.03 0.08 0.01 0.01 1.1 
Rotokawa 1 0.86 0.57 0.3 1.03 0.17 0.09 8.8 
Rotokawa 2 2.01 1.29 0.42 1.99 0.4 0.2 11.3 
Tikitere 0.7 0.48 0.13 0.63 0.15 0.09 3 
Tahunatara 0.35 0.21 0.06 0.36 0.07 0.03 1.9 
Hossack Road  0.17 0.12 <0.03 0.16 0.04 0.03 0.6 
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Sample Pr Sm Tb Tm Yb Hg 
  ppm ppm ppm ppm ppm ppm 

Detection limit  0.03 0.03 0.01 0.01 0.03 0.005 
Taupo Volcanic Zone, New Zealand         
Orakei Korako 1 0.45 0.4 0.07 0.04 0.3 0.166 
Orakei Korako 2 0.46 0.34 0.05 0.03 0.21 0.062 
Orakei Korako 3 0.08 0.05 0.01 <0.01 0.03 1.63 
Te Kopia 1 0.32 0.3 0.08 0.07 0.57 0.249 
Te Kopia 2 1.16 1.02 0.14 0.09 0.72 0.976 
Te Kopia 3 1.33 1.1 0.15 0.1 0.76 0.534 
Northern Waiotapu 1 0.13 0.1 0.02 0.01 0.07 0.081 
Northern Waiotapu 2 0.03 0.03 <0.01 <0.01 <0.03 0.23 
Northern Waiotapu 3 0.07 0.06 0.01 <0.01 <0.03 0.331 
Geyser Valley 1 0.06 0.04 0.01 <0.01 0.03 0.05 
Geyser Valley 2 0.12 0.11 0.01 0.01 0.06 0.111 
Geyser Valley 3 0.07 0.05 0.01 <0.01 <0.03 0.023 
Mangakakahi 0.11 0.06 0.01 0.01 0.05 0.301 
Ngapouri 0.3 0.16 0.01 0.01 0.05 0.105 
Rotokawa 1 2.25 1.6 0.13 0.08 0.59 5.44 
Rotokawa 2 2.78 2.41 0.3 0.18 1.33 1.34 
Tikitere 0.75 0.64 0.11 0.07 0.54 18.45 
Tahunatara 0.47 0.37 0.05 0.03 0.17 0.3 
Hossack Road  0.16 0.13 0.03 0.02 0.14 7.96 
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Sample Lithofacie Au Ag Al As Ba Be 
    ppm ppm % ppm ppm ppm 

Detection limit    0.001 0.01 0.01 0.05 10 0.02 
Coromandel Volcanic Zone, New Zealand         
Ohui Geyserite <0.001 0.01 0.19 2.1 <10 3.16 
Black Jack 1 Geyserite 0.007 0.02 0.03 14.1 10 0.07 
Pine 1 Geyserite 0.023 0.13 0.44 8.2 20 2.36 
Puketui 1 Geyserite <0.001 0.07 0.08 3 10 0.26 
Puketui 2 Geyserite <0.001 0.07 1.88 89.9 130 1.07 
Dalmeny Geyserite <0.001 0.13 0.16 5.4 100 1.28 
Diggers 1 Geyserite <0.001 0.07 0.23 1.7 40 0.35 
Diggers 2 Geyserite <0.001 0.03 0.25 4 120 1.08 
Purangi 1 Geyserite <0.001 1.83 0.78 99.6 1020 3.44 
Purangi 2 Geyserite <0.001 0.23 0.13 5.9 240 0.89 
Kohuamuri 1 Geyserite <0.001 1.76 0.1 4.9 20 2.61 
Broken Hills 1 Geyserite 0.595 3.83 0.94 14.8 20 0.87 
Broken Hills 2 Plant rich 0.098 12 0.41 115 30 1.13 
Ascot Plant rich <0.001 0.88 0.04 13.5 10 0.29 
Favona 1 Plant rich 0.335 0.99 0.13 3 110 0.21 
Silver Stream 1 Plant rich <0.001 0.05 0.03 5.3 190 0.18 
Sky Farm 1 Plant rich <0.001 0.03 0.06 4.9 20 0.22 
Kaitoke Plant rich 0.009 0.1 0.13 0.9 20 0.28 
Hepburn Plant rich <0.001 0.17 0.11 1.6 530 0.95 
Kohuamuri 2 Plant rich 0.003 1.2 0.38 3.4 50 1.44 
Silver Stream 2 Plant rich <0.001 0.62 0.04 3.5 290 0.15 
Sky Farm 2 Plant rich 0.002 0.09 1.38 2 180 0.77 
 Favona 2 Plant rich 0.074 0.61 0.16 10.9 110 0.1 
Alderman Islands Plant rich <0.001 0.44 0.1 6.3 390 0.59 
Black Jack 2 Plant rich 0.017 0.11 0.05 25.7 10 0.08 
Big Kaitoke Plant rich <0.001 0.02 0.16 8.4 30 1.47 
Newton Plant rich <0.001 0.03 0.04 4.8 30 0.08 
Pine 2 Plant rich <0.001 0.3 0.61 44.8 30 1.09 
Onemana 1 Plant rich 0.204 2.33 0.52 49.1 70 1.44 
Onemana 2 Plant rich 0.041 14.05 0.38 23.8 70 0.91 
Onemana 3 Plant rich 0.028 3.14 0.22 13.6 40 0.81 
Northland Volcanic Zone, New Zealand         
Mt Mitchell 1 Geyserite 0.005 1.19 0.07 10.7 60 3.23 
Mt Mitchell 2 Plant rich <0.001 0.22 0.08 1.3 50 5.41 
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Sample Bi Ca Cd Ce Cr Cs Cu 
  ppm % ppm ppm ppm ppm ppm 

Detection limit  0.01 0.01 0.02 0.01 0.3 0.01 0.02 
Coromandel Volcanic Zone, New Zealand         
Ohui 0.02 0.03 <0.02 0.13 4 22.1 0.6 
Black Jack 1 0.03 0.01 <0.02 0.12 44 0.35 0.8 
Pine 1 0.05 0.04 <0.02 1.79 15 8.87 1.2 
Puketui 1 0.01 0.01 <0.02 16.55 394 0.88 6 
Puketui 2 0.03 0.04 0.04 20.3 197 8.05 4.5 
Dalmeny 0.07 0.02 <0.02 2.03 277 4.49 5 
Diggers 1 0.02 <0.01 <0.02 0.83 641 0.11 8.1 
Diggers 2 0.01 0.01 <0.02 0.61 894 1.09 10.5 
Purangi 1 0.02 0.04 0.08 10.95 532 8.87 8.7 
Purangi 2 0.01 <0.01 <0.02 0.67 429 1.3 5.9 
Kohuamuri 1 0.01 0.01 <0.02 0.55 281 2.44 5.9 
Broken Hills 1 0.02 0.04 <0.02 2.83 9 8.43 0.7 
Broken Hills 2 <0.01 0.03 <0.02 1.23 19 3.71 9.9 
Ascot <0.01 0.01 <0.02 0.17 23 1.11 0.4 
Favona 1 0.16 0.01 <0.02 2 37 3.96 1.5 
Silver Stream 1 <0.01 0.01 <0.02 0.62 10 0.09 <0.2 
Sky Farm 1 <0.01 0.01 <0.02 0.12 8 0.99 0.2 
Kaitoke <0.01 0.01 <0.02 0.65 14 0.75 1.3 
Hepburn 0.01 0.01 <0.02 0.32 15 0.93 0.5 
Kohuamuri 2 0.01 0.04 <0.02 0.28 12 10.4 1.3 
Silver Stream 2 <0.01 0.01 <0.02 1.2 14 0.15 0.4 
Sky Farm 2 0.06 0.05 <0.02 11.35 9 9.63 1.8 
 Favona 2 0.03 0.02 <0.02 0.65 19 5.99 3.3 
Alderman Islands <0.01 0.03 <0.02 0.45 48 2.95 0.6 
Black Jack 2 <0.01 0.01 <0.02 0.27 601 0.8 9.7 
Big Kaitoke 0.01 0.01 <0.02 1.63 159 1.54 3.3 
Newton 0.01 0.01 <0.02 0.33 641 0.11 9.3 
Pine 2 0.03 0.07 <0.02 4.32 314 11.7 9.6 
Onemana 1 0.04 0.05 <0.02 4.04 955 16.4 13.4 
Onemana 2 0.02 0.03 <0.02 1.27 439 6.65 6.5 
Onemana 3 0.02 0.02 <0.02 0.59 15 3.1 0.7 
Northland Volcanic Zone, New Zealand         
Mt Mitchell 1 <0.01 <0.01 <0.02 0.06 27 4.81 0.3 
Mt Mitchell 2 0.01 0.03 <0.02 0.54 6 5.4 8.5 
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Sample Fe Ga Ge Hf In K La 
  % ppm ppm ppm ppm % ppm 

Detection limit  0.002 0.05 0.05 0.1 0.005 0.01 0.5 
Coromandel Volcanic Zone, New Zealand         
Ohui 0.22 14.5 <0.05 <0.1 <0.005 0.02 <0.5 
Black Jack 1 0.25 0.38 0.13 <0.1 <0.005 0.01 <0.5 
Pine 1 0.16 49.7 0.18 0.2 <0.005 0.04 1 
Puketui 1 0.93 1.93 0.05 0.1 <0.005 0.01 2.8 
Puketui 2 0.92 5.41 0.06 1 0.008 0.05 15.1 
Dalmeny 0.52 1.2 <0.05 0.1 <0.005 0.03 1.6 
Diggers 1 0.65 0.82 <0.05 0.2 <0.005 0.01 <0.5 
Diggers 2 0.94 0.92 <0.05 0.1 <0.005 0.01 <0.5 
Purangi 1 1.1 2.59 <0.05 0.2 <0.005 0.05 5.4 
Purangi 2 0.71 0.61 <0.05 0.1 0.015 0.01 <0.5 
Kohuamuri 1 0.57 16.45 0.12 0.1 0.006 0.02 <0.5 
Broken Hills 1 0.08 20.9 0.09 0.4 0.005 0.15 1.7 
Broken Hills 2 1.37 4.33 0.09 <0.1 <0.005 0.12 0.8 
Ascot 0.04 1.1 0.12 <0.1 <0.005 0.01 <0.5 
Favona 1 0.02 4.04 0.15 2.3 <0.005 0.03 1 
Silver Stream 1 0.06 0.24 0.11 <0.1 <0.005 0.01 0.5 
Sky Farm 1 0.06 0.56 0.12 <0.1 <0.005 0.01 <0.5 
Kaitoke 0.04 0.63 0.1 <0.1 <0.005 0.01 <0.5 
Hepburn 0.13 0.35 0.12 <0.1 <0.005 0.01 <0.5 
Kohuamuri 2 0.03 9.43 0.13 0.1 <0.005 0.05 <0.5 
Silver Stream 2 0.04 0.23 0.09 <0.1 <0.005 0.01 0.6 
Sky Farm 2 0.15 5.2 0.11 2.1 0.012 0.07 8 
 Favona 2 0.02 2.46 0.19 0.9 <0.005 0.05 <0.5 
Alderman Islands 0.04 1.77 0.14 <0.1 <0.005 0.01 <0.5 
Black Jack 2 0.74 0.51 0.05 <0.1 <0.005 0.01 <0.5 
Big Kaitoke 0.38 3.19 0.06 0.1 <0.005 0.01 0.9 
Newton 0.88 0.81 <0.05 <0.1 <0.005 0.02 <0.5 
Pine 2 0.72 7.53 0.06 0.5 0.008 0.07 3.8 
Onemana 1 0.91 12.65 <0.05 0.4 <0.005 0.13 2.5 
Onemana 2 0.78 7.24 <0.05 0.2 <0.005 0.05 1 
Onemana 3 0.24 0.67 0.15 0.1 <0.005 0.02 <0.5 
Northland Volcanic Zone, New Zealand         
Mt Mitchell 1 0.03 10.85 0.11 0.1 <0.005 0.02 <0.5 
Mt Mitchell 2 0.11 6.58 0.17 0.3 <0.005 0.03 <0.5 
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Sample Li Mg Mn Mo Na Nb Ni 
  ppm % ppm ppm % ppm ppm 

Detection limit  0.2 0.01 5 0.02 0.001 0.1 0.08 
Coromandel Volcanic Zone, New Zealand         
Ohui 27.8 0.01 24 0.46 0.01 0.7 0.6 
Black Jack 1 16.4 <0.01 14 1.81 0.02 <0.1 2.3 
Pine 1 121 <0.01 33 0.97 0.02 0.2 1.4 
Puketui 1 7.9 <0.01 100 22.8 0.01 0.3 17.6 
Puketui 2 127 0.01 52 14.15 0.02 1.8 9.4 
Dalmeny 28 <0.01 66 15.7 0.02 0.4 12.6 
Diggers 1 0.9 <0.01 68 37.2 0.01 0.5 27.7 
Diggers 2 2.4 <0.01 86 50 0.01 0.5 37.1 
Purangi 1 102.5 0.01 118 31.2 0.03 0.8 23.8 
Purangi 2 3.9 <0.01 117 24.8 0.01 0.2 18.3 
Kohuamuri 1 23.1 <0.01 66 14.85 0.01 0.2 12.7 
Broken Hills 1 71.8 0.01 18 0.47 0.01 0.5 0.6 
Broken Hills 2 128.5 0.01 71 0.98 0.01 0.1 1.4 
Ascot 4.6 <0.01 20 0.74 0.01 0.1 1.2 
Favona 1 53.2 <0.01 5 1.38 0.01 2.6 1.1 
Silver Stream 1 2.7 <0.01 24 0.88 0.01 0.1 0.5 
Sky Farm 1 5.8 <0.01 5 0.54 0.01 0.1 0.3 
Kaitoke 18.7 <0.01 19 0.57 0.01 0.1 0.6 
Hepburn 3.9 <0.01 13 0.8 0.01 0.2 0.7 
Kohuamuri 2 140 <0.01 38 0.9 0.01 0.3 0.6 
Silver Stream 2 2.4 <0.01 20 0.97 0.01 0.1 0.6 
Sky Farm 2 72.4 0.01 35 0.7 0.03 3.4 0.8 
 Favona 2 70.9 <0.01 <5 1.34 0.02 0.8 1.3 
Alderman Islands 77.8 <0.01 11 2.33 0.04 0.2 2 
Black Jack 2 16.1 0.01 51 34.7 0.02 0.1 27.9 
Big Kaitoke 30.7 <0.01 62 7.94 0.01 0.2 7.5 
Newton 8 <0.01 87 36.4 0.01 0.2 28.3 
Pine 2 252 0.01 100 18.2 0.04 1.1 14.9 
Onemana 1 14.7 <0.01 94 56 0.02 0.9 43.7 
Onemana 2 30.9 <0.01 78 25.1 0.01 0.4 20.6 
Onemana 3 48.3 <0.01 31 0.94 0.01 0.2 1.1 
Northland Volcanic Zone, New Zealand         
Mt Mitchell 1 24.1 <0.01 <5 0.89 0.02 <0.1 1.1 
Mt Mitchell 2 20.5 0.01 24 0.34 0.03 1.5 0.6 
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Sample P Pb Rb Re S Sb Sc 
  ppm ppm ppm ppm % ppm ppm 

Detection limit  10 0.5   0.002 0.01 0.02 0.1 
Coromandel Volcanic Zone, New Zealand         
Ohui <10 0.5 5.9 0.003 <0.01 26.6 0.1 
Black Jack 1 <10 <0.5 0.3 0.002 0.13 19.6 <0.1 
Pine 1 10 0.8 5.7 0.003 <0.01 82.5 0.4 
Puketui 1 10 0.6 1.2 0.002 <0.01 13.8 0.2 
Puketui 2 50 12.8 7.9 0.002 0.01 61.2 1.3 
Dalmeny 20 1.3 2.9 <0.002 <0.01 29.8 0.2 
Diggers 1 10 1.7 0.4 0.003 <0.01 0.42 0.2 
Diggers 2 10 6.2 1 0.004 0.01 4.93 0.1 
Purangi 1 110 7.5 6 0.002 0.13 58.6 1 
Purangi 2 10 10.8 0.9 <0.002 0.01 19.3 0.2 
Kohuamuri 1 10 <0.5 1.8 <0.002 <0.01 112.5 0.1 
Broken Hills 1 10 2.1 15 0.003 <0.01 81.5 1.1 
Broken Hills 2 10 2 10.3 0.003 1.57 21.7 0.1 
Ascot 10 0.5 1.4 0.002 <0.01 136.5 0.1 
Favona 1 20 1.2 3 0.005 0.02 151 2.2 
Silver Stream 1 <10 2.1 0.5 0.003 0.01 15.95 0.1 
Sky Farm 1 20 1.1 0.7 0.002 <0.01 51.1 0.1 
Kaitoke 50 0.5 0.7 0.004 <0.01 5.82 0.1 
Hepburn 10 44.3 0.6 0.003 0.03 24.1 0.1 
Kohuamuri 2 20 <0.5 6.3 0.005 0.01 352 0.8 
Silver Stream 2 <10 3 0.5 0.004 0.01 16.6 0.1 
Sky Farm 2 60 5 7.6 0.002 0.01 20 2.5 
 Favona 2 20 <0.5 5.4 0.005 0.01 133 0.9 
Alderman Islands 10 6.4 1.5 0.004 0.03 57.2 0.1 
Black Jack 2 <10 1.9 0.6 0.004 0.19 29.1 0.1 
Big Kaitoke 20 0.8 0.8 <0.002 <0.01 236 0.3 
Newton 30 0.7 0.9 0.002 0.01 1.1 0.1 
Pine 2 40 2.1 8.7 <0.002 <0.01 45.9 1.2 
Onemana 1 40 2.9 13.3 0.006 0.02 180.5 0.6 
Onemana 2 20 1.2 5.8 0.002 0.01 117.5 0.4 
Onemana 3 10 0.5 1.9 0.002 <0.01 56.2 0.3 
Northland Volcanic Zone, New Zealand         
Mt Mitchell 1 <10 <0.5 1.9 0.002 <0.01 355 0.2 
Mt Mitchell 2 10 <0.5 2.6 0.003 <0.01 254 0.4 
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Sample Se Sn Sr Ta Te Th Ti 
  ppm ppm ppm ppm ppm ppm % 

Detection limit  1 0.2 0.02 0.05 0.05 0.004 0.005 
Coromandel Volcanic Zone, New Zealand         
Ohui <1 0.2 6.2 0.11 <0.05 0.05 0.011 
Black Jack 1 1 <0.2 2.7 <0.05 <0.05 0.02 <0.005 
Pine 1 1 0.3 9.6 <0.05 <0.05 0.44 0.01 
Puketui 1 <1 0.3 1.1 <0.05 <0.05 0.3 <0.005 
Puketui 2 <1 1 38.3 0.16 <0.05 3.41 0.017 
Dalmeny <1 0.4 5 <0.05 <0.05 0.5 <0.005 
Diggers 1 <1 0.5 0.7 <0.05 <0.05 0.56 0.009 
Diggers 2 <1 0.6 1.7 <0.05 <0.05 0.31 0.007 
Purangi 1 <1 1 37.6 0.05 <0.05 0.57 0.033 
Purangi 2 <1 0.3 2.2 <0.05 <0.05 0.08 <0.005 
Kohuamuri 1 <1 0.5 3.3 <0.05 <0.05 0.17 0.008 
Broken Hills 1 1 0.3 6.9 <0.05 <0.05 0.95 0.017 
Broken Hills 2 2 0.7 4.4 <0.05 <0.05 0.03 <0.005 
Ascot 1 <0.2 1.6 <0.05 <0.05 0.16 <0.005 
Favona 1 11 1.5 11.5 0.12 <0.05 2.17 0.46 
Silver Stream 1 1 <0.2 2.5 <0.05 <0.05 0.05 <0.005 
Sky Farm 1 1 <0.2 1 <0.05 <0.05 0.08 <0.005 
Kaitoke 1 0.3 1.2 <0.05 <0.05 0.12 <0.005 
Hepburn 1 <0.2 8.3 <0.05 <0.05 0.06 0.005 
Kohuamuri 2 1 0.5 11.3 <0.05 <0.05 0.33 0.009 
Silver Stream 2 1 <0.2 2.5 <0.05 <0.05 0.09 <0.005 
Sky Farm 2 1 1.1 13.7 0.26 <0.05 3.7 0.112 
 Favona 2 1 1 19.9 <0.05 <0.05 0.61 0.133 
Alderman Islands 1 0.3 19.8 <0.05 <0.05 0.04 0.009 
Black Jack 2 <1 0.3 3.2 <0.05 <0.05 0.03 <0.005 
Big Kaitoke <1 0.3 1.6 <0.05 <0.05 0.2 0.006 
Newton <1 0.4 1.9 <0.05 <0.05 0.1 <0.005 
Pine 2 1 1.5 24.8 0.09 <0.05 1.29 0.027 
Onemana 1 <1 1.1 26.5 0.05 <0.05 1.2 0.022 
Onemana 2 <1 1 13.3 <0.05 <0.05 0.5 0.012 
Onemana 3 1 <0.2 4.2 <0.05 <0.05 0.19 0.008 
Northland Volcanic Zone, New Zealand         
Mt Mitchell 1 1 <0.2 9.4 <0.05 <0.05 0.05 0.017 
Mt Mitchell 2 1 1.7 8.6 <0.05 <0.05 0.26 0.112 
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Sample Tl U V W Y Zn Zr 
  ppm ppm ppm ppm ppm ppm ppm 

Detection limit  0.02 0.1 1 0.008 0.01 2 0.5 
Coromandel Volcanic Zone, New Zealand         
Ohui 0.27 <0.1 5 274 0.1 <2 0.8 
Black Jack 1 0.5 <0.1 <1 960 0.1 <2 <0.5 
Pine 1 0.1 0.1 2 480 0.5 <2 5.2 
Puketui 1 0.02 1.2 3 0.4 8.2 <2 1.4 
Puketui 2 0.14 0.9 10 2.1 2.6 6 25.7 
Dalmeny 0.04 1.9 2 0.5 5.1 2 4.1 
Diggers 1 <0.02 0.7 5 0.7 0.4 <2 4.9 
Diggers 2 <0.02 0.6 6 1.4 0.5 2 3.4 
Purangi 1 0.19 1.2 5 0.7 7.7 16 6.6 
Purangi 2 0.04 1.2 3 0.6 0.2 2 1.5 
Kohuamuri 1 0.05 0.1 2 0.8 0.4 <2 3.3 
Broken Hills 1 0.23 0.2 4 790 1.8 3 13.3 
Broken Hills 2 1.16 <0.1 1 710 3 4 0.7 
Ascot 0.1 0.2 1 930 0.4 <2 0.6 
Favona 1 0.21 0.7 16 970 4.5 2 81.5 
Silver Stream 1 0.06 <0.1 1 820 0.5 <2 0.7 
Sky Farm 1 0.02 <0.1 1 438 0.3 2 1.7 
Kaitoke 0.04 0.2 1 980 0.8 2 1.5 
Hepburn 0.05 <0.1 1 570 0.3 <2 1.3 
Kohuamuri 2 2.39 0.1 2 800 0.7 <2 4.5 
Silver Stream 2 0.05 0.1 1 750 1.2 2 1.2 
Sky Farm 2 0.08 0.7 5 333 10.2 4 72 
 Favona 2 0.25 0.2 4 1270 1.9 <2 28.1 
Alderman Islands 0.11 0.1 <1 1050 0.3 2 0.6 
Black Jack 2 0.57 <0.1 4 0.4 0.4 4 <0.5 
Big Kaitoke 0.04 0.1 1 0.3 2.8 <2 3.4 
Newton 0.02 0.2 14 0.6 0.3 <2 1.1 
Pine 2 0.11 0.6 7 5.1 1.6 5 16.8 
Onemana 1 0.15 0.3 7 7.1 1.8 2 15.6 
Onemana 2 0.09 0.1 8 1.4 0.7 2 6.7 
Onemana 3 0.08 <0.1 3 438 0.5 <2 2.4 
Northland Volcanic Zone, New Zealand         
Mt Mitchell 1 0.13 <0.1 1 1080 0.2 <2 2.7 
Mt Mitchell 2 0.16 0.1 5 428 0.6 3 13 
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Sample Dy Er Eu Gd Ho Lu Nd 
  ppm ppm ppm ppm ppm ppm ppm 

Detection limit  0.05 0.03 0.03 0.05 0.01 0.01 0.01 
Coromandel Volcanic Zone, New Zealand         
Ohui <0.05 <0.03 <0.03 <0.05 <0.01 <0.01 0.1 
Black Jack 1 <0.05 <0.03 <0.03 <0.05 <0.01 <0.01 0.1 
Pine 1 0.09 0.05 <0.03 0.07 0.01 0.01 0.5 
Puketui 1 1.65 0.97 0.13 1.55 0.3 0.14 6.5 
Puketui 2 0.53 0.32 0.15 0.7 0.1 0.05 7 
Dalmeny 0.63 0.49 0.06 0.48 0.15 0.08 1.3 
Diggers 1 0.05 0.05 <0.03 0.06 0.01 0.01 0.3 
Diggers 2 0.09 0.06 <0.03 0.08 0.02 0.01 0.4 
Purangi 1 1.81 0.82 0.34 2 0.3 0.1 9.2 
Purangi 2 0.06 0.03 <0.03 0.06 0.01 <0.01 0.4 
Kohuamuri 1 0.06 0.05 <0.03 0.06 0.01 0.01 0.3 
Broken Hills 1 0.38 0.25 0.05 0.3 0.07 0.04 1.3 
Broken Hills 2 0.41 0.25 0.06 0.39 0.09 0.03 0.7 
Ascot 0.07 0.05 <0.03 0.06 0.02 0.01 0.1 
Favona 1 0.72 0.59 0.07 0.39 0.17 0.11 0.9 
Silver Stream 1 0.08 0.05 <0.03 0.08 0.02 0.01 0.3 
Sky Farm 1 0.05 0.03 <0.03 <0.05 0.01 0.01 0.1 
Kaitoke 0.12 0.09 <0.03 0.09 0.03 0.02 0.3 
Heburn <0.05 0.03 <0.03 <0.05 0.01 0.01 0.2 
Kohuamuri 2 0.15 0.11 <0.03 0.1 0.03 0.02 0.2 
Silver Stream 2 0.21 0.12 0.04 0.2 0.04 0.02 0.7 
Sky Farm 2 1.79 1.25 0.23 1.28 0.39 0.21 4.2 
 Favona 2 0.28 0.24 0.03 0.17 0.07 0.04 0.3 
Alderman Islands 0.05 0.04 <0.03 0.05 0.01 0.01 0.2 
Black Jack 2 <0.05 0.03 <0.03 0.05 0.01 <0.01 0.2 
Big Kaitoke 0.36 0.31 0.03 0.27 0.08 0.07 0.9 
Newton 0.06 0.05 <0.03 0.05 0.01 0.01 0.2 
Pine 2 0.35 0.21 0.06 0.31 0.07 0.03 1.9 
Onemana 1 0.37 0.22 0.06 0.34 0.06 0.04 1.8 
Onemana 2 0.13 0.09 <0.03 0.12 0.03 0.01 0.6 
Onemana 3 0.1 0.05 <0.03 0.08 0.02 0.01 0.3 
Northland Volcanic Zone, New Zealand         
Mt Mitchell 1 <0.05 <0.03 <0.03 <0.05 0.01 <0.01 <0.1 
Mt Mitchell 2 0.1 0.08 <0.03 0.06 0.02 0.02 0.2 
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Sample Pr Sm Tb Tm Yb Hg 
  ppm ppm ppm ppm ppm ppm 

Detection limit  0.03 0.03 0.01 0.01 0.03 0.005 
Coromandel Volcanic Zone, New Zealand       
Ohui <0.03 <0.03 <0.01 <0.01 <0.03 0.241 
Black Jack 1 <0.03 <0.03 <0.01 <0.01 <0.03 0.421 
Pine 1 0.15 0.08 0.01 0.01 0.05 0.178 
Puketui 1 1.4 1.7 0.23 0.13 0.98 0.015 
Puketui 2 2.11 1.12 0.1 0.05 0.35 0.431 
Dalmeny 0.3 0.33 0.08 0.07 0.53 0.027 
Diggers 1 0.06 0.06 0.01 <0.01 0.04 0.016 
Diggers 2 0.09 0.1 0.01 0.01 0.07 0.01 
Purangi 1 1.99 2.51 0.31 0.1 0.77 1.13 
Purangi 2 0.09 0.1 0.01 <0.01 0.04 0.074 
Kohuamuri 1 0.07 0.06 0.01 0.01 0.06 0.093 
Broken Hills 1 0.32 0.27 0.05 0.03 0.24 0.203 
Broken Hills 2 0.17 0.22 0.06 0.04 0.22 0.36 
Ascot 0.03 0.05 0.01 0.01 0.06 0.198 
Favona 1 0.22 0.23 0.08 0.09 0.69 >100 
Silver Stream 1 0.09 0.08 0.01 0.01 0.04 0.58 
Sky Farm 1 <0.03 0.03 0.01 0.01 0.05 0.08 
Kaitoke 0.08 0.07 0.02 0.01 0.09 0.074 
Hepburn 0.05 0.04 0.01 <0.01 0.03 0.133 
Kohuamuri 2 0.04 0.07 0.02 0.02 0.12 0.049 
Silver Stream 2 0.17 0.19 0.03 0.02 0.11 4.04 
Sky Farm 2 1.19 1.04 0.24 0.2 1.46 0.163 
 Favona 2 0.08 0.09 0.04 0.04 0.28 0.536 
Alderman Islands 0.05 0.04 0.01 0.01 0.05 2.21 
Black Jack 2 0.04 0.03 0.01 <0.01 <0.03 1.08 
Big Kaitoke 0.22 0.19 0.05 0.05 0.37 0.012 
Newton 0.05 0.05 0.01 0.01 0.04 0.079 
Pine 2 0.55 0.35 0.05 0.03 0.23 0.315 
Onemana 1 0.48 0.39 0.05 0.03 0.29 0.51 
Onemana 2 0.16 0.14 0.02 0.01 0.1 1.995 
Onemana 3 0.1 0.08 0.01 0.01 0.06 0.322 
Northland Volcanic Zone, New Zealand       
Mt Mitchell 1 <0.03 <0.03 <0.01 <0.01 0.03 2.4 
Mt Mitchell 2 0.06 0.05 0.01 0.01 0.1 5.79 
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A strong positive correlation (>0.5) for gold was observed with the pathfinder elements 

As, S, and Sb (Fig. 5.4A-C), as well as the immobile elements Sr and Zr. Many other 

elements also showed a positive correlation (>0.1), including the pathfinder elements 

Ag, Hg, Se, and Tl, and the transition metals and metalloids Al, Bi, Hf, Nb, Sc, Se, Sn, Ta, 

Th, Ti, V, Y and Zn (Fig. 5.4D-H). All REEs show a positive correlation with gold, ranging 

from 0.19 to 0.39, as do the lanthanides La and Ce, and the actinide Th (Table 5.3). The 

alkali chloride metals of Al, K and Na also showed a moderate positive correlation with 

gold. No positive correlation of gold was above 0.1 was statistically significant under a P-

value test (Table 5.3).  
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Figure 5.4. Graphs showing positive correlations between particular elements and gold in sinters of 

Holocene TVZ (light blue = geyserite, dark blue = plant-rich), Miocene CVZ (light green = geyserite, 
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dark green = plant-rich) and Miocene-Pliocene NVZ (purple). A) Au vs As. B) Au vs Sb. C) Au vs S. D) 

Au vs Ag. E) Au vs Sc. F) Au vs Sr. G) Au vs Hf. H) Au vs Zr. 

 

Table 5.3. Positive correlations of Ag, Al, As, Bi, Ce, Hf, Hg, K, La, Na, Nb, P, S, Sb, Sc, Se, Sn, Sr, 

Ta, Th, Ti, Tl, V, Y, Zn, Zr and REEs with Au in whole rock sinter samples. P-values for Au 

correlations also reported. 

 
Au Ag Al As Bi Ce Hf Hg K La Na Nb 

Au 1.00 0.14 0.34 0.64 0.20 0.40 0.48 0.24 0.17 0.36 0.26 0.37 
P-value 1.00 2.56 5.89 1.44 3.09 3.87 1.75 1.22 2.73 1.90 2.82 
Ag 

 
1.00 0.01 -0.02 -0.11 -0.08 -0.07 0.00 -0.04 -0.05 -0.14 -0.11 

Al 
  

1.00 0.22 0.47 0.83 0.75 -0.07 0.75 0.88 0.63 0.74 
As 

   
1.00 0.00 0.33 0.25 -0.04 0.21 0.30 0.45 0.18 

Bi 
    

1.00 0.44 0.71 0.46 0.43 0.44 0.19 0.79 
Ce 

     
1.00 0.71 -0.01 0.50 0.94 0.45 0.73 

Hf 
      

1.00 0.43 0.54 0.72 0.49 0.91 
Hg 

       
1.00 -0.06 -0.01 -0.06 0.31 

K 
        

1.00 0.45 0.85 0.52 
La 

         
1.00 0.39 0.75 

Na 
          

1.00 0.38 
Nb 

           
1.00 

 
 
 

 
Au P S Sb Sc Se Sn Sr Ta Th Ti Tl V Y 

Au 1.00 0.48 0.77 0.75 0.46 0.47 0.33 0.53 0.34 0.44 0.29 0.11 0.25 0.21 
P-value 3.87 8.53 8.02 3.66 3.77 2.47 4.42 2.56 3.46 2.14 0.78 1.83 1.52 
P 

 
1.00 0.55 0.54 0.71 0.12 0.58 0.71 0.59 0.65 0.18 0.02 0.32 0.62 

S 
  

1.00 0.80 0.43 0.28 0.33 0.60 0.40 0.42 0.08 0.15 0.06 0.30 
Sb 

   
1.00 0.50 0.26 0.33 0.76 0.34 0.42 0.10 0.35 0.03 0.21 

Sc 
    

1.00 0.37 0.60 0.68 0.80 0.88 0.49 0.00 0.36 0.74 
Se 

     
1.00 0.29 0.17 0.18 0.26 0.85 -0.02 0.45 0.16 

Sn 
      

1.00 0.45 0.53 0.60 0.53 0.12 0.41 0.45 
Sr 

       
1.00 0.50 0.58 0.15 0.19 0.22 0.39 

Ta 
        

1.00 0.93 0.37 -0.01 0.23 0.73 
Th 

         
1.00 0.42 -0.01 0.32 0.74 

Ti 
          

1.00 -0.04 0.54 0.34 
Tl 

           
1.00 -0.11 -0.07 

V 
            

1.00 0.16 
Y 

             
1.00 
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Au Zn Zr Dy Er Eu Gd Ho Lu Nd Pr Sm Tb Tm Yb 

Au 1.00 0.14 0.50 0.21 0.23 0.39 0.24 0.21 0.25 0.38 0.39 0.30 0.19 0.22 0.23 
P-value 1.00 4.08 1.52 1.67 2.99 1.75 1.52 1.83 2.90 2.99 2.22 1.37 1.59 1.67 
Zn 

 
1.00 0.48 0.50 0.46 0.64 0.56 0.48 0.41 0.60 0.59 0.59 0.55 0.42 0.42 

Zr 
  

1.00 0.68 0.75 0.75 0.62 0.72 0.78 0.66 0.68 0.60 0.64 0.77 0.77 
Dy 

   
1.00 0.98 0.91 0.98 0.99 0.95 0.87 0.85 0.92 0.99 0.96 0.96 

Er 
    

1.00 0.88 0.93 1.00 0.99 0.82 0.81 0.86 0.96 0.99 1.00 
Eu 

     
1.00 0.95 0.90 0.84 0.96 0.95 0.95 0.93 0.86 0.86 

Gd 
      

1.00 0.95 0.88 0.94 0.91 0.98 0.99 0.90 0.90 
Ho 

       
1.00 0.98 0.84 0.82 0.88 0.97 0.99 0.99 

Lu 
        

1.00 0.78 0.77 0.80 0.91 0.99 0.99 
Nd 

         
1.00 0.99 0.98 0.90 0.79 0.79 

Pr 
          

1.00 0.95 0.87 0.78 0.78 
Sm 

           
1.00 0.95 0.81 0.82 

Tb 
            

1.00 0.93 0.93 
Tm 

             
1.00 1.00 

Yb 
              

1.00 
 
 

 

 

Principal component analysis (PCA) was carried out using ‘Reflex IOgas’ software on the 

elements that had a positive correlation >0.1 with gold. This analysis showed that gold 

was primarily associated with S, As, Sb, Bi, Sn and Se (Fig. 5.5). In addition, with respect 

to the elements Al, Bi, Hf, K, Nb, Sc, Sr, Ta, Th, Ti, P, V, Y, Zn, Zr and the REEs were 

primarily associated with one another, as revealed by PC1-PC2, PC1-PC3 and PC1-PC4 

comparisons (Fig. 5.5). 
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Figure 5.5. Graphs showing principal component analysis (PCA) of whole rock sinter samples that had 

a positive correlation >0.1. A) Scaled coordinates of a PC1-PC2 (total 66.2%) plot of classic principal 

component analysis for Al, As, Au, Bi, Cr, Hf, Na, Nb, Re, S, Sc, Se, Sn, Ta, Ti, V, Y, Zr and REEs. B) 

Scaled coordinates of a PC1-PC3 (total 65.7%) plot of classic principal component analysis for Al, As, 

Au, Bi, Cr, Hf, Na, Nb, Re, S, Sc, Se, Sn, Ta, Ti, V, Y, Zr and REEs. C) Scaled coordinates of a PC1-

PC4 (total 60.5%) plot of classic principal component analysis for Al, As, Au, Bi, Cr, Hf, Na, Nb, Re, S, 

Sc, Se, Sn, Ta, Ti, V, Y, Zr and REEs. 

 

5.4.2.2 Variability 
 

All detected elements vary over at least one order of magnitude, except Cd, Re, Lu and 

Tb (Table 5.2). The greatest variability in elemental concentrations was over three 

orders of magnitude for the pathfinder elements Au, Ag, Tl, As, Sb and Hg (Fig. 5.6), as 

well as the concentrations of Be, Ce, Co, Cs, Ga, Li, Mo, Rb and Zr (Table 5.2). Some of this 

variability appears to relate to the age of the sinter deposits. Modern sinters of the TVZ 

exhibited higher concentrations of As, Sb, Tl, and Hg than the Miocene and Pliocene 

sinter samples (Fig. 5.7). The alkali metals Na, K, Rb, Cs, Be, Mg, Ca and Sr, as well as the 

transition metals Ti, Mn and Ga, and sulphur also were relatively enriched in modern 

sinters as compared to ancient deposits (Fig. 5.7). 
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Figure 5.6. Graph showing concentrations of pathfinder elements (Au, Ag, Hg, Tl, As, Sb) of  Holocene 

TVZ (light blue = geyserite, dark blue = plant-rich), Miocene CVZ (light green = geyserite, dark green = 

plant-rich) and Miocene-Pliocene, NVZ (purple) siliceous sinters in North Island, New Zealand. 
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Figure 5.7. Box and whisker (Tukey) graphs of 4-acid analyses showing range of Na, Mg, Al, S, K, Ca, 

Ti (in wt%), as well as As, Sb, Hg, Tl, Rb, Cs, Be, Sr, Mn and Ga (in ppm). Blue = TVZ sinter, Green = 

CVZ sinter, Purple = Puhipuhi sinter, NVZ. Mean = black line; median = black circle. 

The REEs are more concentrated within geyserite sinter than plant rich sinter (Fig. 5.8). 

Furthermore, the variability of REEs (Fig. 5.8) and the immobile elements Zr, Nb, Y and 

Ti, appear to be associated with composition of the host rock material, with many of the 

CVZ and TVZ sinter samples hosted in rhyolites and andesites. In contrast, some of the 
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samples hosted in basalts, such as from the Northland Volcanic Zone, are relatively 

enriched in Zr and Nb and depleted in Y and Ti (Table 5.2). 

 

 

Figure 5.8. Chondrite normalisation of Rare earth elements (REEs) (Sun and McDonough, 1989), plot 

showing Holocene TVZ (light blue = geyserite, dark blue = plant-rich), Miocene CVZ (light green = 

geyserite, dark green = plant-rich) and Miocene-Pliocene NVZ (purple) siliceous sinters. 

5.4.3 Microprobe analysis  
 

Several sulphide minerals where identified using EDS analysis of selected sinter 

samples, including pyrite (FeS2), arsenian pyrites (FeAsS), arsenopyrite (FeAsS), realgar 

(As4S4), chalcopyrite (CuFeS2), sphalerite ((Zn,Fe)S), stibnite (Sb2S3). The sulphate 

mineral barite (BaSO4) was also detected. Iron (FeO2) and titanium (TiO2) oxides, as well 

as the tungsten-bearing mineral scheelite (CaWO4), also were observed to be 

incorporated into sinter deposits. 
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Pyrite was the most common mineral, occurring in all three volcanic arcs, in cubic and 

framboidal forms up to 20 μm in diameter (Fig. 5.9). Realgar and stibnite were only 

found in the Rotokawa sinter, TVZ. Chalcopyrite was detected in modern sinter from Te 

Kopia, TVZ. Sphalerite was detected in the Miocene Broken Hills sinter, CVZ. Scheelite 

was within the Late-Miocene Kohuamuri siliceous sinter, CVZ. 

 

WDS microprobe analysis of pyrites and arsenian pyrites within sinter yielded a large 

range of totals (78.88-100.15 wt. %), and were found to contain gold (< 0.055 wt. %), 

silver (< 7.095 wt. %), mercury (< 0.251 wt. %), copper (< 0.997 wt. %), arsenic (<5.97 

wt. %) and antimony  (<0.49 wt. %)  (Table 5.4).  Furthermore, WDS mapping of 

sulphides embedded within the siliceous sinter matrix showed zonation of various 

elements, such as elevated arsenic concentrations in the rims of pyrite crystals (Fig. 5.9), 

indicative of arsenian pyrite. Moreover, Cu and Ag were observed as particles within 

pyrite crystals.  

 

 

 

 

 

Table 5.4. Selected microprobe analyses (wt. %) of sulphides from the studied sinters. Blanks in the 

table represent below detection limits, ‘-‘ in the table represent not analysed for. 
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Sample Te Kopia 1 Te Kopia 1 Northern Waiotapu Northern Waiotapu Broken Hills 1 Broken Hills 1 Purangi Purangi 
Normaisation Chalcopyrite Pyrite Pyrite Pyrite Sphalerite Pyrite Iron Pyrite 

Si 7.67 3.03   - - - 0.25 0.58 
Zn 0.16 0.01 46.67 0.003 0.534 0.013 0.16 0.01 
Hg 0.33     0.056 0.001 0.008   0.02 
Fe 23.15 40.61 46.67 46.21 0.05 31.79 50.91 44.35 
Cu 24.62 0.03   0.002   0.017 0.01 0.01 
S 31.4 42.18 50.5 51.33 0.47 46.48 0.08 49.66 
As 0.08 0.03 0.232 0.147     2.84 2.88 
Sb 1.76 0.02 0.035 0.022 0.007 0.04 0.34 0.46 
Ag 0.42 0.06   0.006 0.003 0.001     
Au   0.03 0.02 0.03 0.008 0.021 0.02 0.02 
Total 89.52 86.01 97.47 97.81 107 78.88 54.6 97.99 
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Figure 5.9. X-ray fluorescence maps of sulphids distributions in New Zealand siliceous sinter. A) Map 

showing distinct zonation of arsenic in pyrite in the Miocene Broken Hills sinter, CVZ. B) Map showing 

distinct zonation of silver in pyrite in the Miocene Broken Hills sinter, CVZ. C) Map showing distinct 

zonation of arsenic in pyrite in Holocene sinter from Northern Waiotapu, TVZ. D) Map showing silver in 
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pyrite in Holocene sinter from Northern Waiotapu, TVZ. E) Map showing distinct zonation of arsenic in 

pyrite in the Miocene Purangi sinter, CVZ. F) Map showing silver in pyrite in the Miocene Purangi 

sinter, CVZ. Scale, Cps = counts per second. 

5.5 Discussion  
 

This inventory of 30 sinter deposits within the calk-alkaline volcanic arcs of North 

Island, New Zealand, documents their trace elemental concentrations and metal-bearing 

minerals, revealing large variabilities, and showing how gold is incorporated in these 

deposits. The variability of trace elements is further evaluated herein to determine 

potential processes causing the variations, as well as delineating the possible 

transportation, deposition and sources of gold found in siliceous sinter. These 

mineralogic and trace element variations have important implications for understanding 

relationships between siliceous sinters and potential epithermal ore deposits at depth.    

 

5.5.1 Elemental variation in sinter 
 

In this study, the elemental composition of siliceous sinters reflects the hydrothermal 

fluids from which they were derived, the composition of the protolithic materials within 

which the sinter developed, as well as sources of detrital influx from inorganic (i.e. 

volcanic ash) and organic materials. The trace elements incorporated into siliceous 

sinters also are influenced by weathering and diagenesis, such as As, Al and Ti that are 

affected by adsorption processes (Pope and Brown 2014). 

 

The metals Au, Ag, Cr, Cu, Mo, Ni, Sb, Zn and Pb have been observed to vary greatly 

among different geothermal systems (Simmons et al. 2015), with their concentrations in 

surface geothermal fluids and sinter deposits inferred to be largely dependent on the 
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geothermal reservoir fluid composition (Grange 1937; Weissberg 1969; Hedenquist and 

Henley 1985; Craw et al. 1999; Nakanishi et al. 2003; Hampton et al. 2004; Pope et al 

2005; Kaasalainen and Stefánsson 2012; Pope and Brown 2014; Sanchez-Yanez et al. 

2017; Campbell et al. 2019). In particular, the concentration of these metals in 

geothermal fluids is thought to reflect magmatic input from volcanic intrusions (Henley 

and Ellis 1983; Giggenbach 1995; Simmons et al. 2015), with large variation occurring 

amongst geothermal systems within a single region, such as in the TVZ (Simmons et al. 

2015). Indeed, these metals varied over three orders of magnitude in this study, with the 

Rotokawa sinter having the highest concentration of Au, As, Sb, Mo, and Ni of the active 

and Holocene sinters of the TVZ that were analysed. The Rotokawa geothermal field is 

known to host some of the highest concentrations of gold in geothermal fluids based on 

downhole fluid sampling (Simmons and Brown 2007; Simmons et al. 2015). In contrast, 

recently extinct Geyser Valley sinters, which are associated with the Wairakei 

geothermal system, show low concentrations of Au, Ag and Sb (Fig. 5.6; Table 5.2), 

similar to their measured reservoir fluids (Simmons and Brown 2007; Simmons et al. 

2015). Overall, in the analysed New Zealand sinters, the highest concentrations of gold 

were found in Miocene sinters associated with the epithermal ore deposits at Favona 

and Broken Hills, CVZ, as well as the Pine sinter that is also associated with ore 

mineralization at depth (Fig. 5.6; Table 5.2).  

 

Immobile elements are most likely associated with volcanic particles incorporated 

within siliceous sinter. Volcaniclastic particulates can be incorporated into sinter via 

detrital influx and volcanic ash fall during sinter formation (Campbell et al., 2003; Jones 

et al. 2007; Preston et al. 2008; Fernanda Soto et al. 2019), or transported from depth in 

geothermal fluids (Jones and Renaut 2003). In the studied sinters, REEs were generally 

depleted as compared to their presence in host rock material and other silicified (non-
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sinter) features occurring in epithermal systems (Uysal et al. 2011; Hamilton et al. 

2019). The variability of these elements in sinters contains the same ratios of immobile 

elements as their host rock associations. For instance, sinters of the CVZ and TVZ in New 

Zealand have a Zr/Nb ratio consistent with the silicic rhyolitic–dacitic volcanism of 

these regions, with sinter REEs yielding similar values in the regional calc-alkaline 

volcanic arcs (Fig. 5.8; Table 5.2). In contrast, REEs are generally below detection limits 

(Fig. 5.8; Table 5.2) in the sinter samples from Northland, and the Black Jack sinter, CVZ, 

which are hosted in sedimentary units of lacustrine siltstone, shale, conglomerate or 

meta-sedimentary (greywacke) materials (Beach and Hobbins 2016; Hamilton et al. 

2018).  

 

In actively forming siliceous hot springs, the elements Al, Ti, and Ga are known to 

substitute for silica (White et al. 1964), and are thought to be more readily substituted 

in amorphous silica than more mature silica phases, such as microcrystalline quartz 

(Fournier 1985). The results of this study are consistent with these observations, with 

young (Holocene) to actively forming opaline sinters in the TVZ containing higher 

concentrations of Al, Ti and Ga than Miocene-Pliocene sinters of the CVZ and NVZ, where 

the sinters have matured mineralogically to microcrystalline quartz (Fig. 5.7; Table 5.2), 

and likely were leached out during weathering processes.  

 

At the surface in geothermal systems, the elements As, Tl, Mn, Cs, S and Hg are known to 

be highly soluble (Fournier 1985; Nicholson 1993). This high solubility could account 

for the higher concentrations of these elements in actively forming sinters as compared 

to sinters preserved in the geological record (Table 5.2; Fig. 5.7). In particular Hg and S 

are highly mobile, and transported in the vapour phase (Nicholson 1993; Barnes and 

Seward 1997). They can be remobilised by thermal fluids as the sinter deposits continue 
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to form, by later hydrothermal alteration overprinting, and/or by the percolation of 

burial fluids through the deposit and weathering (cf. Campbell et al., 2003; Westall et al., 

2015; 2018), potentially becoming concentrated in localised areas. Furthermore, 

oxidation of sulphides could potentially reduce the concentration of As, S, and Hg as 

observed in some ancient sinters in this study (Fig. 5.7; Table 5.2). 

 

In this study Na, Ca, Mg and Ga have higher concentrations in modern and Holocene 

sinters compared to ancient deposits (Fig. 5.7; Table 5.2), inferred to be a reflection of 

weathering processes that have removed these highly soluble elements. In modern 

sinters, the element ratios of Na/K, Na/K/Ca, K/Na/Mg, and Ga/Ge have all been used as 

geothemometers to assess temperatures of geothermal reservoir fluids at depth 

(Nicholson and Parker 1990; Nicholson 1993; Evans and Derry 2002). Reductions in the 

concentrations of Ca, Na and Mg have been observed to occur over decades within sinter 

deposits of Waiotapu, TVZ (Pope and Brown 2014). Therefore, these elemental ratios 

cannot be utilised as geothermometers in ancient sinters. 
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5.5.2 Minerals incorporated in sinters  
 
 

Several metal-bearing minerals that are associated with epithermal/geothermal systems 

were identified with EDS to be incorporated as small crystals in modern and ancient 

sinters in New Zealand, including several sulphides, a sulphate, metal oxides and 

scheelite, a calcium tungstate mineral, as well as clays that were detected with element 

ratios of associated trace elements. In adularia-sericite epithermal systems, depth 

generally controls mineralisation of metals, with Hg, As, Sb and Se commonly occurring 

at shallow depths, the base metals Zn, Pb, and Cu typically more abundant at greater 

depths, and gold deposits more commonly found at intermediate levels (Buchanan 

1981). Nonetheless, anomalous concentrations of As, Sb and Hg in sinters is common in 

epithermal systems (White et al., 1964; Henley and Ellis, 1983; Hampton et al. 2004). In 

this study, the several sulphide minerals that contain As and Sb, as well as scheelite that 

contains W were detected. These three elements arare known to be mobile at 

temperatures <150 °C in geothermal fluids (Arnórsson and Ívarsson, 1985; Arnórsson, 

2003; Stefánsson and Arnórsson, 2005; Arnórsson and Óskarsson, 2007; Giroud, 2008).  

 

Three different arsenic-bearing sulphide minerals (arsenian pyrites, arsenopyrite and 

realgar) were identified in the studied sinters. Arsenic is often found in modern and 

preserved sinter deposits (Weissberg 1969; Rice and Trewin 1988: Parker and 

Nicholson 1990), as well as in hot spring discharge fluids (Hedenquist and Henley 1985; 

Parker and Nicholson 1990; Webster 1990). The variability of arsenic in sinters is great 

due to its variable oxidation states in sinter (Weissberg 1969; Webster 1990), as well as 

being driven by weathering, diagenetic and absorption processes. 
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Stibnite, an antimony sulphide, was detected in Rotokawa geyserite in the TVZ and also 

has been reported in the Mt Mitchell sinter, Puhipuhi, NVZ (Hampton et al., 2004). This 

mineral is also noted as occurring at high levels in epithermal and geothermal systems, 

where it is transported in the liquid phase in low temperature geothermal fluids (<150 

°C), and is often associated with arsenic (Nicholson 1993; Kaasalainen and Stefansson, 

2012). However, antimony is less mobile within hot springs, as it is enriched in fluids 

near vent areas (Wilson N. et al., 2012; Landrum et al., 2009) and in high temperature 

vent material (Landrum et al., 2009; Hamilton et al., 2016). 

 

The presence of base metal sulphides, such as sphalerite and chalcopyrite, is generally 

associated with the deeper parts of epithermal systems (Buchanan 1981). These 

minerals have not been reported from sinters elsewhere. Sphalerite in the Broken Hills 

sinter, CVZ, New Zealand, is found in veinlets cross-cutting the sinter. However, in the 

associated Broken Hills epithermal ore deposit, sphalerite is only rarely seen in 

epithermal veins at depth (Cocker et al. 2013). Therefore, the cross-cutting veinlets 

through the sinter could reflect a telescoping event in the epithermal system, which has 

been described from other hydrothermal ore deposits in the same region (Brathwaite et 

al. 2001; Simpson et al. 2004), and has been noted in sinters associated with epithermal 

veins elsewhere (Sherlock et al. 1995). 

 
 

Chalcopyrite was incorporated in sinter from the Holocene Te Kopia site, TVZ. This base 

metal sulphide does not show the same strong zonation with depth as sphalerite, 

occurring at shallow depths in epithermal deposits (Camus and Skewes 1991). The 

formation of chalcopyrite is inhibited by the reduction of Fe in fluids during pyrite 

precipitation, and is enhanced by increase in pH, oxidation state and lower 

temperatures at shallow levels within epithermal deposits (Cooke and McPhail 2001). 
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Furthermore, the Te Kopia sinter is located on the active Paeroa Fault, which has 

affected the depth of the water table in the area over time (Bignall and Browne 1994), 

potentially affecting the depth of mineralisation and/or exposing deeper mineralised 

zones at the Earth’s surface. 

 

Cinnabar (HgS) was not detected in the selected sinter samples analysed with EDS, but 

occurs patchily in plant-rich sinter at Mt Mitchell, NVZ (Fig. 5.3D). It has also been 

reported in low temperature lithofacies in the Miocene Favona (Hamilton et al., 2018) 

and Ascot sinters (Brathwaite 1989) of the CVZ. The patchiness of cinnabar in sinters 

most likely relates to the transportation of mercury in the gas phase of geothermal 

systems, while the other elements found in shallow levels of these systems (i.e. arsenic, 

antimony) are predominantly transported in the liquid phase (Nicholson 1993). 

  

The presence of the sulphate barite in several sinters of this study is inferred to be 

related to its common occurrence as a gangue mineral in shallow levels of adularia-

sericite epithermal systems (Simmons et al., 2005). Furthermore barite is temporally 

associated with inferred Archean sinter deposits in Western Australia (Djokic et al., 

2017). In surface geothermal fluids, barium is known to become oversaturated at low 

pH (<7) (Kaasalainen and Stefansson, 2012), potentially related to these active and 

preserved hot springs experiencing pulses of acidic fluids. 

 

The presence of iron and titanium oxides as particulate material in sinters, as observed 

in this study, is also common in other sinters elsewhere (Preston et al., 2008; Campbell 

et al., 2015a; Campbell et al., 2018; Guido et al., 2019). These oxides are likely to be of 

localised volcanic origin (Trzcinski et al., 2018). The EDS-identified iron oxides could 

also be remnants of sulphides that have been obliterated by diagenetic processes such 
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as recrystallisation and acidic overprinting, as has occurred in the Puhipuhi sinter 

deposits (Hampton et al., 2004). 

 

Scheelite is incorporated into geyserite of the Kohuamuri deposit, CVZ. The presence of 

tungsten in epithermal deposits is rare; however, modern hot springs at Waimungu, 

TVZ, are known to actively deposit tungsten as scheelite (Seward and Sheppard 1986). 

Tungsten has also been detected in surface geothermal fluids in Iceland (Kaasalainen 

and Stefansson, 2012), potentially due to interaction with a mafic host rock. The 

Kohuamuri sinter, which contained scheelite, is hosted in rhyolite with basaltic 

volcanism to the north of the deposit (Fig. 5.2B) and localised basaltic dikes to the south 

that are associated with caldera collapse (Skinner, 1995). 

 

In hydrothermal systems, concentrations of the alkali metals Al, K, Ca and Mg may be 

associated with clay minerals that can form under neutral or acidic conditions 

(Nicholson 1993; Browne and Simmons 2003). These alkali metals are highly soluble 

and found in clays that are incorporated into modern (Jones and Renaut 2003) and 

ancient sinters in minute quantities (Hamilton et al. 2017; 2019; Campbell et al. 2019), 

which may not be detectable with X-ray diffraction (Hamilton et al., 2019). Clays may 

form owing to hydrothermal alteration of detrital volcanic material that is incorporated 

in siliceous sinters, with waning geothermal activity causing acidic overprinting (Watts-

Henwood et al. 2017; Campbell et al. 2019). Hydrothermal clay minerals are highly 

soluble and are themselves prone to diagenetic processes (Nicholson 1993; Jones and 

Renaut 2003). The sinter samples of this study yielded a large range in Al, K, and Ca 

content in both modern and ancient deposits (Fig. 5.7; Table 5.2). The molar element 

ratios of (2Ca + Na + K)/Al and K/Al for the Miocene sinters at Onemana, Kaitoke and 

Kohuamuri, CVZ as well as in the Holocene Mangakakahi and Te Kopia deposits, TVZ, are 
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consistent with interlayered, hydrothermal illite-smectite clays associated with near 

neutral alkali chloride fluids (Table 5.5)(Warren et al. 2007). Some Miocene sinters, 

including the Broken Hills, Sky Farm, Big Kaitoke, Purangi, Diggers and Puketui sites in 

the CVZ, have (2Ca + Na + K)/Al and K/Al molar element ratios that are more consistent 

with hydrothermal clays formed under relatively more acidic conditions (Table 5.5). 

This includes kaolinite, which could relate to late stage overprinting of acidic fluids, 

which has been observed in the Miocene Atastra Creek sinter, Nevada, USA (Campbell et 

al. 2019).  

 

Table 5.5. The molar element ratios (2Ca + Na + K)/Al and K/Al and the inferred clays based on these 

ratios (Warren et al. 2007) for selected sinter deposits of this study. 

Sample Location (2Ca + Na + K)/Al  K/Al  Inferred Clay 
Te Kopia 3 TVZ 0.221 0.148 Interlayered illite-smectite 
Mangakakahi TVZ 0.247 0.086 Interlayered illite-smectite 
Kohuamuri 2 CVZ 0.263 0.091 Interlayered illite-smectite 
Kaitoke CVZ 0.247 0.053 Interlayered illite-smectite 
Onemana 2 CVZ 0.228 0.091 Interlayered illite-smectite 
Onemana 3 CVZ 0.238 0.63 Interlayered illite-smectite 
Broken Hills 1 CVZ 0.18 0.11 Kaolinite  
Big Kaitoke CVZ 0.201 0.043 Kaolinite  
Purangi 1 CVZ 0.158 0.044 Kaolinite  
Diggers 2 CVZ 0.128 0.028 Kaolinite  
Sky Farm 2 CVZ 0.109 0.035 Kaolinite  
Puketui 2 CVZ 0.059 0.018 Kaolinite  
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5.5.3 Transportation of metals 
 

Herein, we have identified gold transported in several sulphides including pyrite, 

arsenian pyrite, arsenopyrite, and sphalerite as well as in iron rich phases within 

Holocene and older New Zealand sinter deposits (Table 5.4). Gold showed a strong 

positive correlation with arsenic, antimony and sulphur in sinter in this study (Table 

5.3). Principal components analysis showed that within whole rock sinter samples gold 

was primarily associated with S, As, Sb, Bi, Sn and Se (Fig. 5.5). These elements are 

known to be mobile in geothermal systems and are commonly associated with gold 

mobilistaion (Henley and Ellis 1983; Giggenbach 1995; Franchini et al. 2011; Simmons 

et al., 2015). However, none of the positive correlations (r>0.1) are statistically 

significant. This statistical outcome is likely due to several factors that affect the 

variability of gold in siliceous sinters, including the myriad ways gold is incorporated 

into siliceous sinters (e.g. in matrix, pore filling or veinlets), the different means by 

which sulphides are formed (i.e. at depth or under anoxic conditions at the surface), and 

post-depositional weathering and diagenetic processes. 

 

In near-neutral pH thermal fluids, which form adularia-sericite epithermal and siliceous 

sinter deposits, gold is primarily transported as bisulphides (Seward 1973). However it 

also may occur as nano particulate (colloidal) gold in geothermal fluids (Hannington and 

Garbe-Schonberg 2019). Gold may be transported to the terrestrial surface of 

geothermal systems (Saunders 1990; Saunders 1994; Jones et al. 2001), where it may 

potentially contribute significantly to ore production in epithermal deposits (Saunders 

and Burke 2017). The association of gold with arsenic and sulphur in whole rock analyse 

of this study, as well as the WDS analyses of sulphides indicating the incorporation of 

trace quantities of gold, suggest that the majority of gold in sinters occurs within 
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sulphides. Nonetheless, at Rotokawa, TVZ, high concentrations of gold were found in 

whole rock analysis, yet only trace amounts were found in the analysed sulphides, 

potentially owing to transport of the gold as nanoparticles at this location that were not 

detected with the trace elemental analysis method of this study.  

 

Gold showed a strong positive correlation with arsenic in trace elemental analysis of 

whole rock sinter samples. As shown by WDS analysis, arsenic is zoned within sulphide 

minerals in some sinters of this study (Fig. 5.9). Zonation of arsenian pyrite also has 

been observed in several adularia-sericite epithermal systems (John et al. 2003; Pals et 

al. 2003; Reich et al 2005; Baker et al 2006; Deditius et al. 2014; Fyfe 2014; Eames 

2017). The substitution of arsenic for sulphur in pyrite causes distortion of the crystal 

lattice, which enables the incorporation of Au in the sulphide crystal (John et al. 2003; 

Reich et al. 2005; Deditius et al. 2014). Sulphides form as a replacement of magnetite at 

temperatures between 125 and 220 °C (Qian et al. 2013). Arsenic zonation also may 

occur as outer rims on pyrite (Fig. 5.9C) under anoxic conditions near the Earth’s 

surface (Alsina et al. 2014), and at low temperatures in epithermal systems, potentially 

incorporating minor gold particles (Renders and Seward, 1989; Simon et al., 1999). The 

outer anoxic rims of sulphides may contain gold, but were not analysed in this study.  

 
For those sites that had subsurface data, the concentration of gold in surface features 

formed by precipitated geothermal discharge is significantly less than its concentration 

precipitated at depth (Table 5.6), which is consistent with the concentration of Au in the 

reservoir fluids of active geothermal systems (Brown 1986). The Rotokawa and Geyser 

Valley sinter samples are associated with the Rotokawa and Wairakei geothermal 

systems, respectively, where the concentration of Au, Ag, As, Sb and Hg within present 

day geothermal fluids at depth are known from down-borehole data (Simmons and 
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Brown 2007; Simmons et al. 2015). From these two particular geothermal systems, the 

elemental concentrations of As, Sb and Hg were found to be up to three orders of 

magnitude higher in the sinter than in the fluids at depth (Table 5.6). Precious metals 

(Au, Ag) and the base metal copper occur at the same or an order of magnitude higher 

concentrations in the respective sinters as compared to the associated deep, near-

neutral pH alkali chloride fluids. In contrast, other base metals (Pb, Zn) are an order of 

magnitude lower in the fluids at depth in comparison to the surface sinters (Table 5.6). 

The concentrations of Au, Ag As, Sb, Cu, Pb and Zn in metal precipitates at depth within 

the Rotokawa geothermal system are up to five orders of magnitude higher than in the 

surface sinter deposits (Table 5.6).   

 

 

 

 

 

 

 

 

 

 

 

Table 5.6. Comparison of the concentrations of Au, Ag, As, Sb, Hg, Cu, Pb and Zn within fluids and 

sinter deposits of the Rotokawa and Wairakei geothermal systems, as well as precipitates of the 

Rotokawa system and the Miocene Favona and Pine epithermal system. 
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Location Sample type Au Ag As Sb Hg Cu Pb Zn Reference  
    ppm ppm ppm ppm ppm ppm ppm ppm   

Wairakei                     
Geyser Valley 1 Geyserite Sinter 0.004 0.01 139.5 151.5 0.05 0.9 0.8 5 This study 
Geyser Valley 2 Geyserite Sinter 0.002 0.01 279 203 0.111 1.4 0.7 3 This study 
Geyser Valley 3 Geyserite Sinter 0.003 0.01 332 354 0.023 1.2 0.6 2 This study 
Wairakei Deep  fluids at 

255 °C 
<0.001 6-14.1 2.9-3.2 0.041-0.058 0.00068-0.00282 1.5-2.3 0.011-0.024 0.05-0.15 Simmons and 

Brown 2007 
Rotokawa                     

Rotokawa 1 Geyserite Sinter 1.175 1.42 1280 2760 5.44 3.2 1.9 7 This study 
Rotokawa 2 Geyserite Sinter 0.181 0.14 180 1185 1.34 2.8 7.1 26 This study 
Rotokawa  Deep  fluids at 

320 °C 
0.0078-0.023 1.1-2.4 1.2-1.4 0.18-0.23 0.00186-0.00518 0.9-10 0.48-0.805 0.565-0.76 Simmons and 

Brown 2007 
Rk-2  
outside silencer 

Precipitate 70 30 4000 300000 15   50 100 Weissberg 1969 

Rk-9  
well-head 
control valve 

Precipitate 2130 40500 46 115   56,000 4695 15000 Reyes et al. 
2002 

Favona                      
Favona 1 Plant-rich sinter 0.335 0.988 3.59 135 >100 1.5 1.2 2 This study 
Favona 2 Plant-rich sinter 0.074 0.61 10.9 133 0.536 3.3 <0.5 <2 This study 
Favona  Drill 
hole UW528 

Vein over 0.9m, 
at ~120m below 
sinter 

8.17 27.4 1.1 30.5   28 7 24   

Pine                     
Pine 1 Geyserite 0.023 0.13 8.2 82.5 0.178 1.2 0.8 <2 This study 
Pine 2  Plant-rich sinter <0.001 0.3 44.8 <0.002 0.315 9.6 2.1 5 This study 
Pine sinter Drill 
hole PSRC12 

Vein over 1 m, 
at ~195m below 
sinter 

20.6 12.4 92 3.1   9 30 46   
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In the Miocene Favona and Pine sinters of the CVZ, where sulphides are 

incorporated into sinter and contain trace concentrations of gold, at depths 

between 100-200 m the gold is one to two orders of magnitude higher in 

concentration than in the overlying sinter (Table 5.6). This depth is consistent 

with paleo-temperatures of 200–250 °C, based on geothermal depth gradients of 

active systems, where the precipitation of gold occurs due to phase change 

within the system (i.e. boiling), so that precious metals become diluted as the 

thermal fluids rise (Simmons and Browne, 2000). In epithermal systems where 

gold is found in late-stage veins cross-cutting sinter, ore deposition maybe at 

shallower depths, as observed at Broken Hills deposit in this study, the 

McLaughlin Mine in California, U.S.A. (Sherlock et al. 1995) and in the Utanobori 

Gold Deposit, Northern Hokkaido, Japan (Sorulen et al., 2019). 

 
In sinters, sulphide minerals may be transported from the subsurface in rising 

geothermal fluids (Kaasalainen and Stefánsson 2012; Sanchez-Yanez et al. 2017), 

or form due to absorption of metals under anoxic conditions in sinter depositing 

at the surface (Alsina et al. 2014). In this study, gold was found to be hosted in 

sulphides, including arsenian pyrite, which is known to form at shallow depths 

within epithermal systems, suggesting the sulphides were transported to the 

surface within the geothermal fluids. Gold in the studied sinters was found to 

have a positive correlation with elements that are immobile in geothermal 

systems, i.e. Hf, Nb, Re and Zr, as well as the REEs (Fig. 5.3G-H; Table 5.3). 

Principal component analysis showed that these immobile elements were not 

primarily associated with gold mineralisation in the sinter (Fig. 5.5), but rather 

with detrital material influx from external sources, such as volcanic ash, or 
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eroded from the surrounding host rock. It is unknown if this apparent 

correlation of sulphides and detrital material is due to both being transported 

from depth or both accumulating under similar, localised environmental 

conditions such as deposition within sinter pore spaces.   

 

The precipitation of metals in siliceous sinters may occur preferentially on 

biogenic surfaces, i.e. microbial mats, such as at Champagne Pool, Waiotapu, TVZ 

(Jones et al. 2001). In particular, Hg, Tl and As have been reported to be 

associated with microbial material in sinter (Gadd 1990; Konhouser and Ferris 

1996; McKenzie et al. 2001; Landrum et al. 2009). Nonetheless, in high 

temperature vent areas of actively forming sinters of the TVZ, hyperthermophilic 

microorganisms do not show a preferential adsorption of heavy metals 

(McKenzie et al. 2001). Lynne et al. (2005) also found no correlation between 

trace metal content and silicified microbial filament horizons in the 1900-year-

old Roosevelt sinter, Utah, USA. Within the geyserite and plant rich sinter 

lithofacies of this study, sulphides do not appear to have any spatial association 

with microbial material (Fig. 5.3). Moreover, biogenic processes also may occur 

post-sulphide deposition within sinter deposits, e.g. oxidizing sulphides, 

reducing sulphates and redepositing gold, as occurs with placer gold deposits 

(Kerr and Craw, 2017). 
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5.5.4 Implications for Epithermal mineralisation  
 
 

The concentration of gold in siliceous sinter primarily depends on the 

composition of the thermal fluids within the reservoir. New Zealand sinters 

analysed in this study show anomalously high concentrations of gold in those 

sinters spatially associated with the three Miocene epithermal ore deposits (i.e. 

Broken Hills, Pine and Favona), as well as geothermal reservoirs that themselves 

contain anomalous gold concentrations (e.g. Rotokawa) at depth (Table 5.6). 

This finding is consistent with previous studies of sinter and gold mineralisation 

at depth in geothermal and epithermal systems of Japan (Nakanishi et al. 1990). 

In the studied modern and preserved sinter deposits of North Island, New 

Zealand the trace amounts of gold hosted in sulphides are potentially little to 

unaffected by weathering and diagenetic processes, in contrast to the well-

known mineralogical transformation of the surrounding silica and other more 

mobile elements (e.g. Ti, As, S), potentially having minimal affect on the 

concentration of gold over time in sinter deposits (Fig. 5.6). Although other 

studies have shown that diagenesis of sulphides in siliceous sinter has an effect 

on gold concentration (Sanchez-Yanez et al. 2017), this study verifies that 

sulphides occur in modern and preserved New Zealand sinters and that they 

have trace concentrations of gold (Fig. 5.4; Fig. 5.9). 

 

The syndeposition of gold bearing sulphides in sinters of this study, including 

arsenian pyrite and arsenopyrite, are associated with arsenic, forming at low 

temperatures (<150 °C) at high levels in epithermal systems. In general, 

however, gold is more mobile at higher temperatures (200–250 °C) in 
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geothermal systems (Simmons and Browne 2000). Due to temperature and 

pressure dependent elemental deposition, as well as dilution of gold within 

fluids as they rise, the minerals that incorporate gold at depth within the 

epithermal systems of New Zealand differ. In particular, Au-ore forming minerals 

include the sulphides uytenbogaardtite, acanthite and tetrahedrite, as well as 

electrum, Au sulfosalts, selenides and tellurides (Christie et al., 2007; Fyfe 2014). 

 
 

Sillitoe (2015) observed that the concentration of trace elements in sinter may 

have little connection to epithermal ore deposits at depth, due to different 

weathering and diagenetic processes producing variability in metal 

concentration, including gold. In general, gold is predominantly transported with 

sulphides that are potentially carried upward from depth and disseminated 

throughout the forming sinter deposits. The subsequent variability in gold 

concentration may depend on distance from thermal fluid discharge point (Pope 

et al. 2005; Hamilton et al. 2017), and can be assessed in ancient deposits 

through textural and compositional analysis of sinter lithofacies (Hamilton et al. 

2017; 2018; Campbell et al., 2019). This study also indicates that sulphides in 

sinters may preferentially accumulate during late-stage pore filling of geopetals, 

causing variation in metal concentration over microscales. During sinter 

formation, fluids may precipitate metal-rich layers in pulses, such as occurred at 

Ohaaki Pool, in the Ohaaki-Broadlands geothermal system, TVZ, where between 

1957 to 1962 an orange metastibnite precipitate, containing Au, Ag, As, Sb, Tl 

and Hg, coated the white siliceous sinter due to a shift in fluid composition 

(Ritchie 1961; Weissberg 1969). Furthermore, in ancient sinters, precious and 

base metals also may be co-located with sulphides in late-stage, cross-cutting 
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veins, unrelated to primary siliceous sinter formation or original thermal fluid 

upflow, as observed for the Broken Hills sinter, CVZ (Fig. 5.3H), and other sinter 

deposits that are today spatially associated with ore deposits (e.g. Sherlock et al. 

1995; Leary et al. 2016). Post-depositional processes, such as acidic overprinting 

occurring within waning systems, can modify and obliterate sulphides that were 

once more abundantly distributed within siliceous sinters (Hampton et al. 2004).  

 
In sinter deposits of this study, gold showed a strong positive correlation with 

arsenic, as well as sulphur and antimony (Fig. 5.4), which potentially relates to 

zoning within arsenian pyrite. This coupling of arsenic and gold is common in 

hydrothermal ore deposits under a wide range of formation conditions (Deditus 

et al. 2014). However, within surface thermal waters, arsenic exhibits complex 

mobilisation processes, such as forming outer rims on pyrite under anoxic 

conditions (Landrum et al. 2009; Alsina et al 2014), involvement in diurnal 

biogeochemical cycling (Ullrich et al. 2013) and, in some cases, appearing to be 

affected by diagenetic processes occurring within the sinters (Fig. 5.7). Thus, As 

may be of restricted use as a pathfinder element for locating gold mineralisation 

when examining surface siliceous sinter deposits. 

 
 

Other elements associated with gold in the studied sinter deposits, based on 

principal component analysis of whole rock samples, include Sb and S  (Fig. 5.5), 

which exhibit higher concentrations in modern sinters compared to ancient 

equivalents (Fig. 5.7). These elements are highly soluble in geothermal systems 

and thus are strongly susceptible to remobilisation and other diagenetic 

processes (Nicholson 1993), and may also be affected by organic material within 
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the sinter (McKenzie et al 2001). Principal component analysis of whole rock 

sinter samples further showed that the metals Ag, Bi, Cr, Se and Re are 

predominantly associated with gold (Fig. 5.5), and do not appear to display the 

same high variability with respect to diagenetic processes (Table 5.2). In sinters, 

Ag and Se are inferred to be transported in sulphides, as well as gold itself (Fig. 

5.10), and therefore they may be useful sinter pathfinder elements to help assess 

how and where gold may be transported within a shallow epithermal system.  

 

5.6 Conclusions 
 
 
Siliceous sinters are chemical precipitates derived mainly from near-neutral pH, 

alkali-chloride thermal fluids, and their elemental composition reflects 

geothermal reservoir conditions and protolith. Minerals syndepositionally 

incorporated into sinters include sulphides, sulphate and scheelite reflect 

transportation of metals in the shallow subsurface, including. gold-bearing 

sulphides. In contrast titanium and iron oxides maybe incorporated from 

volcanic detritus. Trace element concentrations in sinters are highly variable due 

to these processes and could be further diluted or enhanced during diagenesis 

owing to diagenetic affects, as well as weathering. By understanding these 

variables and the processes that incorporate precious metals in siliceous sinters, 

it is possible to sample and assess the potential associations of sinters with 

epithermal mineralisation.  
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Chapter 6  

Conclusions 

 

6.1 Analytical Approach and Findings  

 

This thesis by publication shows how the methodological approach of textural 

identification and trace elemental analysis conducted within a paragenetic 

framework can be utilised to identify, characterise and assess potential 

mineralisation associated with siliceous sinter deposits, providing a useful tool 

for exploration of epithermal ore deposits. In particular, the analysis of sinters as 

localised surface manifestations of epithermal systems may aid assessment of 

conditions at depth, in the same way that a dipstick in a combustible engine 

informs us on the internal conditions of a combustion engine. 

 

Siliceous sinters are primarily identified and distinguished from other siliceous 

and silicified surface and shallow subsurface deposits of epithermal systems by 

their unique textures. The laterally and vertically diverse textures of sinters 

occur in a predictable sedimentary facies gradient controlled largely by 

temperature and pH in vent to marsh geothermal settings, and are primarily 

formed by the silicification of micro-organisms that live within specific habitats. 

These biota are preserved owing to the over saturation of silica in the cooling 

thermal fluids on the hot spring discharge apron. These varied paleothermal 
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dependent textures are distinguishable from more uniform textures of silicified 

sediments and volcanic units, as well as from silicic vein material, all of which 

may form over extensive areas. Trace elemental analysis may also aid in 

distinguishing different siliceous and silicified features through an 

understanding of their different formation processes. For instance, sinters have 

anomalous pathfinder elements (Au, Ag, As, Sb and Hg) compared to other 

surface features in epithermal systems due to the upflow of near-neutral pH 

alkali chloride fluids that transport these precious metals. In contrast, silicified 

travertine deposits, which form from bicarbonate fluid usually distal from 

epithermal upflow, and which may then become overprinted by late-stage 

hydrothermal silica mineralisation, may have a comparatively anomalous 

concentration of manganese compared to other surface deposits, such as in the 

Parihaka deposit, CVZ (Chapter 4). By identifying sinters in an epithermal system 

and mapping out the other associated siliceous and silicified features in relation 

to the sinters, as well as the potential structural controls, zones of epithermal 

upflow may be delineated, as shown in the Whitianga Volcanic Centre, CVZ 

(Chapter 3). Moreover, by a combination of textural and trace elemental analysis 

within a paragenetic framework, the mineralisation stage can be determined and 

potential sources inferred. 

 

Textural analysis of siliceous sinters may also be utilised to characterise the 

hydrothermal system in terms of thermal fluid temperature, flow direction and 

relative fluid volume (Chapter 2). This paleoenvironmental information is 

recorded by the distinct lithofacies types observed, as well as by thicknesses of 

the preserved paleoenvironmentally significant textures. For instance, some 
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textures require a relatively high volume of thermal fluid to form, such as ropy 

pool mats and low amplitude wavy stromatolites, which were both observed in 

the Pine Sinter, CVZ, inferred to be a system with high thermal fluid discharge 

(Chapter 4). In addition, the paleothermal gradient of siliceous sinters allows the 

vectoring towards vent areas and potential zones of upflow. Textural analysis of 

breccias of siliceous sinters may also aid in inferring the distinctive processes 

causing brecciation of the sinter apron, including hydrothermal eruptions, 

landslides and temporal drying out of the sinter apron (Chapter 2). 

 

In an inventory of siliceous sinters from the three Cenozoic calk-alkaline volcanic 

arcs, North Island, New Zealand (Chapter 5), the concentration of trace elements 

within the sinters is highly variable, due to their composition being a product of 

geothermal reservoir conditions, type of protolith material, distance from the 

vent, and degree of weathering and diagenesis for a given deposit. The metal 

bearing minerals incorporated into sinter deposits reflect hydrothermal and 

sedimentological processes. In particular, sulphides can form in hydrothermal 

systems via transport from depth, or they may develop under anoxic conditions 

during the hot spring silica precipitation. In contrast, titanium oxides are most 

likely derived from inorganic detrital sources (i.e. volcanic ash). Trace 

concentrations of gold were detected in some sulphides, in particular arsenian 

pyrite, which is a common transportation mineral in shallow parts of epithermal 

systems.  Some elements are influenced by more than one process, such as 

arsenic, which may be zoned in hydrothermal sulphides developed under anoxic 

conditions, and may be affected by diagenesis and biological processes. In North 

Island, New Zealand systems where associated ore deposits at depth are known, 
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the sinters also showed anomalous concentrations of gold, at lower 

concentrations than at depth, which is consistent with dilution and precipitation 

processes that occur in geothermal systems. Late-stage cross-cutting gold 

mineralized veins may relate to shallower ore deposition.  

 

This study suggests that, despite assertions to the contrary in a key paper by 

Sillitoe in 2015, the analysis of sinter textures and mineralisation within a 

paragenetic framework can turn sinters into a useful tool in epithermal 

exploration. 

 

6.2 Implications for Epithermal Exploration 

 

Siliceous sinters largely represent discharge zones of near-neutral pH alkali 

chloride thermal fluids which form at the paleosurface of epithermal systems. It 

is necessary to identify sinter from the other varied types of silicified and 

siliceous deposits that may be present, which may or may not be related to 

thermal fluid discharge of near-neutral pH alkali chloride composition. These 

include thermogene travertines, fluvial lacustrine sediments, mud pools, 

silicified volcanics, fumaroles, silica residue and epithermal veins deposits that 

may often co-occur with sinter formation. Distinguishing sinters from these 

other pseudosinter silicified features through texture and trace elemental 

analysis can more accurately define potential zones of upflow in exploration 

regions, where pseudosinters are commonly mistaken for sinter (Chapter 3).  
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Siliceous sinters can vary in their lithofacies associations and distributions due 

to temperature, relative flow rate and distance from vent. Therefore, 

characterising these lithofacies may help determine relative volume of thermal 

discharge and point to areas of upflow. Siliceous sinters can form directly above 

epithermal ore deposits, as has been observed at the Broken Hills and Favona 

deposits in the Coromandel Volcanic Zone, New Zealand. Other geothermal 

manifestations may be less clear with respect to indicating their relationship to 

ore formation at depth, such as sinters formed by lateral outflow  (e.g. Wai-O-

Tapu in the TVZ;). Detailed structural and geological mapping in such cases may 

help to better determine potential thermal fluid flow pathways. Sinter deposits 

generally have a smaller areal extent than subsurface alteration zones in 

epithermal systems, as observed in the TVZ and CVZ, providing a proximal 

geological marker for epithermal exploration. Nonetheless, distal portions of 

sinter aprons may extend for some distance (many 10’s to 100’s of metres) from 

the vent; therefore, it is important to determine which portions of the sinter 

discharge temperature gradient are preserved in a given (paleo)geothermal-

epithermal deposit. 

 

Precious metals may be incorporated into sinters during their formation or they 

may infiltrate the deposits post depositionally. The variability of concentrations 

of precious metals incorporated within siliceous sinters appears to be associated 

with reservoir conditions (i.e. ore deposited at depth), hydrothermal alteration, 

diagenesis and whethering. Within active geothermal systems with a high flux of 

gold, associated sinter material has a higher concentration of gold. Furthermore 

in the Coromandel Volcanic Zone, some sinters that are anomalous in gold are 
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associated with known epithermal ore. Other pathfinder elements (As, Hg) occur 

in a wide variety of diagenetic environments and vary greatly within single 

deposits, owing to their transportation in the vapour phase and preferential 

deposition with organic material. Other transition metals may have the potential 

to delineate discharge zones within sinter deposits. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6: Conclusions 

 260 

6.3 Future work  

 

While this study has made an important contribution with respect to the 

identification, characterisation and mineralisation of siliceous sinters in order to 

enhance their use as a tool in exploration for epithermal ore deposits, several 

areas could be further studied in the future. These include: 

 

1.  The trace elemental concentrations of preserved surface manifestations have 

variable concentrations, with certain elements, including gold content, 

inferred to have been controlled by reservoir conditions, while other 

elemental concentrations may be affected by host rock composition and 

character, and by alteration and other diagenetic processes. A larger future 

dataset of siliceous deposits of wide ranging ages could potentially better 

refine different formation conditions and identify zones of epithermal upflow 

where ore mineralisation may occur. Additional information that could be 

added to the database of this thesis could include siliceous deposits formed 

within a variety of other geologic settings, such as rift valleys, as well as those 

formed from varied fluid compositions, e.g. acid-sulphate, where silica residue 

forms a type of hydrothermal silica that could be misidentified as siliceous 

sinter in the geologic record on Earth or Mars. Differences in the 

concentrations of trace elements may exist between sinters directly above 

upflow and sinters formed by lateral outflow of thermal fluids, which would 

likely have more interaction with the surrounding host rock. Furthermore, 

larger sample collections of silicified travertines may distinguish travertines 

formed on the margins of geothermal systems from travertines derived from 
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magmatic CO2 or reverse solubility of fluids passing through calc-alkaline 

rocks that could potentially be associated with epithermal mineralisation.  

 

2.  Sulphides are amongst the most common minerals incorporated in siliceous 

sinter deposits, and analyses of how these minerals are incorporated into and 

preserved within sinters is warranted as they appear to be associated with 

precious metal deposition. Other minerals are found within siliceous sinter 

deposits including hydrothermal clays, zeolites and adularia. These 

hydrothermal minerals are less common in sinters, but may help determine 

fluid chemistry and temperature of the fluids. Additionally their paragenetic 

context could indicate changes of fluid composition over time that may record 

mineralisation events at depth.  

 

3. This study shows that some elements have a lower concentration in ancient 

(Miocene-Pliocene) sinters than more recently active deposits (Holocene), 

which is consistent with other studies. This variation with time is potentially 

related to post-depositional diagenesis, weathering and biological processes. 

In order to distinguish which elements are affected by which formational or 

diagenetic processes, detailed analysis of sinters as well as laboratory 

experiments is required. These processes, in particular biogeochemical 

processes, may have an important affect on gold deposition within sinters. 

 

4. Siliceous sinters of this study that contain anomalous gold concentrations have 

been shown to be directly associated with epithermal ore deposits. The gold is 

observed to be transported within sulphides, which may have formed at 
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depth. Detailed mineralogical and elemental mapping of sinters and a spatially 

associated epithermal ore deposit, such as Favona, CVZ, New Zealand, may 

show if episodic mineralisation events are recorded within siliceous sinters, 

perhaps by sulphides eroded from depth or carried in late stage fluids and 

deposited within the siliceous sinter. This mapping would need to focus on 

lithofacies analysis and paragenetic study at the microscale. 

 

6.4 Summary 

 

Siliceous hot spring deposits, or sinters, can assist in exploration for epithermal 

ore deposits in the geologic record. By examining the textures, mineralisation, 

elemental composition and geologic setting of sinters it is possible to reconstruct 

paleoenvironmental formation conditions and assess the potential for their 

association with epithermal mineralisation. The variability of sinter textures and 

trace elements, which relates to formation conditions and diagenetic processes, 

needs to be considered and distinguished in a paragenetic framework in order to 

maximise the potential of utilising sinters as a tool in exploration of epithermal 

systems.   



References 

 263 

References  
 
Adams CJ, Graham IJ, Seward D, Skinner DNB, Adams CJ, Moore PR. 1994. 

Geochronological and geochemical evolution of late Cenozoic volcanism 
in the Coromandel Peninsula, New Zealand. New Zealand Journal of 
Geology and Geophysics. 37(3): 359–379. 

Alsina MA, Zanella, L. Hoel, C, Pizarro GE, Gaillard JF, Pasten PA. 2014. Arsenic 
speciation in sinter mineralization from a hydrothermal channel of El 
Tatio geothermal field, Chile. Journal of Hydrology, 518: 434-446. 

Arnórsson, S., 1985. The use of mixing models and chemical geothermometers 
for estimating underground temperatures in geothermal systems. 
Journal of Volcanology and Geothermal Research. 23, 299–335.  

Arnórsson, S., 2003. Arsenic in surface- and up to 90 _C ground waters in a basalt 
area, N-Iceland: processes controlling its mobility. Applied 
Geochemistry. 18, 1297– 1312.  

Arnórsson, S., Óskarsson, N. 2007. Molybdenum and tungsten in volcanic rocks 
and in surface and <100 _C ground waters in Iceland. Geochimica et 
Cosmochimica Acta 71, 284–304. 

Balane MOG, Luketina K, Zarrouk, SJ. 2015. Lake Waikare Low Enthalpy 
Geothermal Resource, New Zealand: Initial Field Study. Proceedings of 
the World Geothermal Congress 2015. Melbourne, Australia, 19-25 April 
2015. 

Baker T, Mustard R, Brown V, Pearson N, Stanley CR, Radford NW, Butler I. 2006. 
Textural and chemical zonation of pyrite at Pajingo: a potential vector to 
epithermal gold veins. Geochemistry- Exploration Environment Analysis, 
6: 283-293.  

Barnes HL, Seward TM. 1997. Geothermal systems and mercury deposits. Pp. 
699-736 in: Geochemistry of Hydrothermal Ore Deposits (H.L. Barnes, 
editor). John Wiley, New York.  

Beach V, Hobbins JM. 2016. Puhipuhi: A High-Level Epithermal Gold-Silver 
Prospect in Northland In: Christie AB, editor. Mineral deposits of New 
Zealand: exploration and research. Carlton: Australasian Institute of 
Mining and Metallurgy; p. 247–258. Monograph series (Australasian 
Institute of Mining and Metallurgy) 31. 

Becker GF. 1888. Geology of the quicksilver deposits of the Pacific slope. US 
Geological Survey Monograph. 13: 1–486.  

Bell JM, Fraser C. 1912. The geology of the Waihi-Tairua subdivision, Hauraki 
division, Auckland. N Z Geol Survey Bull 15:192 

Bibby HM, Caldwell TG, Davey FJ, Webb TH. 1995. Geophysical evidence on the 
structure of the Taupo Volcanic Zone and its hydrothermal circulation. 
Journal of Volcanology and Geothermal Research. 68: 29-58.  

Bignall G, Browne PRL. 1994. Surface hydrothermal alteration and evolution of 
the Te Kopia Thermal Area, New Zealand. Geothermics, 23(5), 645-658.  

Bignall G, Sekine K, Tsuchiya N. 2004. Fluid-rock interaction processes in the Te 
Kopia geothermal field (New Zealand) revealed by SEM-CL imaging. 
Geothermics, 33(5): 615-635.  



References 

 264 

Booden MA, Smith IEM, Black PM, Mauk JL. 2011. Geochemistry of the Early 
Miocene volcanic succession of Northland, New Zealand, and 
implications for the evolution of subduction in the Southwest Pacific. 
Journal of Volcanology and Geothermal Research, 199(1): 25-37.  

Bortnikova SB, Gavrilenko GM, Bessonova EP, Lapukhov AS. 2009. The 
hydrogeochemistry of thermal springs on Mutnovskii Volcano, southern 
Kamchatka. Journal of Volcanology and Seismology, 3: 388-404. 

Brathwaite RL, Cargill HJ, Christie AB, Swain A. 2001. Lithological and spatial 
controls on the distribution of quartz veins in andesite and rhyolite-
hosted epithermal Au-Ag deposits of the Hauraki goldfield, New Zealand. 
Mineralium Deposita. 36: 1–12. 

Brathwaite, RL. 1989. Geology and exploration of the Karangahake gold silver 
deposit: Australasian Institute of Mining and Metallurgy, Monograph 13, 
p. 73–78. 

Brathwaite RL. 2003. Geological and mineralogical characterisation of zeolites in 
lacustrine tuffs, Ngakuru, Taupo Volcanic Zone, New Zealand. Clay and 
Clay minerals, 51: 589-598. 

Braunstein D, Lowe DR. 2001. Relationship between spring and geyser activity 
and the deposition morphology of high temperature (>73°C) siliceous 
sinter, Yellowstone National Park, Wyoming, USA. Journal of 
Sedimentary Research. 71: 747–763. 

Briggs RM, Houghton BF, McWilliams M, Wilson CJN. 2005. 40Ar/39Ar ages of 
silicic volcanic rocks in the Tauranga-Kaimai area, New Zealand: Dating 
the transition between volcanism in the Coromandel Arc and the Taupo 
Volcanic Zone. New Zealand Journal of Geology and Geophysics, 48(3): 
459-469.  

Brown KL. 1986. Gold deposition form Geothermal Discharges in New Zealand. 
Economic Geology. 81: 979-983. 

Brown KL, Simmons SF. 2003. Precious metals in high-temperature geothermal 
systems in New Zealand. Geothermics, 32: 619–625. 

Browne PRL, Lawless JV. 2001. Characteristics of hydrothermal eruptions, with 
examples from New Zealand and elsewhere. Earth-Science Reviews. 52: 
299–331. 

Buchanan LJ. 1981. Precious metal deposits associated with volcanic 
environments in the Southwest. In: Dickson WR, Payne WD, editors. 
Relations of tectonics to ore deposits in the Southern Cordillera: Arizona 
Geological Society Digest. Vol. 14. p. 237-262.  

Cady SL, Farmer JD. 1996. Fossilization processes in siliceous thermal springs: 
trends in preservation along thermal gradients. Ciba Found Symp. 202: 
150–153. 

Cady SL, Skok JR, Gulick VG, Berger JA, Hinman NW. 2018. Chapter 7 - Siliceous 
hot spring deposits: why they remain key astrobiological targets, 
Editor(s): Nathalie A. Cabrol, Edmond A. G in, From Habitability to Life 
on Mars, Elsevier, 2018, Pages 179-210. 

Chafetz HS, Rush PF, Utech NM. 1991. Microenvironmental controls on 
mineralogy and habit of CaCO3 precipitates: an example from an active 
travertine system. Sedimentology 38, 107-126. 



References 

 265 

Chafetz HS, Guidry SA. 2003. Deposition and diagenesis of Mammoth hot springs 
travertine, Yellowstone National Park, Wyoming, USA. Canadian Journal 
of Earth Sciences, 40(11): 1515-1529.  

Campbell KA, Buddle TF, Browne PRL. 2003. Late Pleistocene siliceous sinter 
associated with fluvial, lacustrine, volcaniclastic and landslide deposits 
at Tahunaatara, Taupo Volcanic Zone, New Zealand. Earth and 
Environmental Science Transactions of the Royal Society of Edinburgh 
Earth and Environmental Science, 94(04), 485-501.  

Campbell KA, Guido DM, Gautret P, Foucher F, Ramboz C, Westall F. 2015a. 
Geyserite in hot-spring siliceous sinter: window on earth’s hottest 
terrestrial (paleo)environment and its extreme life. Earth-Science 
Reviews. 148: 44-64. 

Campbell KA, Lynne BY, Handley KM, Jordan S, Farmer JD, Guido DM, Perry RS. 
2015b. Tracing biosignatures preservation of geothermally silicified 
microbial textures into the geological record. Astrobiology, 15(10), 858-
882.  

Campbell KA, Sannazzaro K, Rodgers KA, Herdianita NR, Browne, PRL. 2001. 
Sedimentary Facies and Mineralogy of the late Pleistocene Umukuri 
silica sinter, Taupo Volcanic Zone, New Zealand. Journal of Sedimentary 
Research, 71 (5), 727-746.  

Campbell KA, Guido DM, Rhys D, Vikre PG, John DA, Hamilton AR. 2019. The 
Miocene Atastra Creek sinter (Bodie Hills volcanic field, California and 
Nevada): 4D evolution of a geomorphically intact siliceous hot-spring 
deposit. Journal of Volcanology and Geothermal Research 

Camus F, Skewes MA. 1991. The Faride epithermal silver-gold deposit, 
Antofagasta region, Chile: Economic Geology. 86 (6): 1222-1237.  

Capece MC, Clark E, Saleh JK, Halford D, Heinl N, Hoskins S, Rothschild LJ. 2013. 
Polyextremophiles and the constraints for terrestrial habitability. In: 
Seckbach, J., et al. (Eds.), Polyextremophiles: Life Under Multiple Forms 
of Stress. Cellular Origin, Life in Extreme Habitats and Astrobiology 27, 
pp. 3–59. 

Cattell HJ, Cole JW, Oze C, Allen SR. 2014. Eruptive origins of a lacustrine 
pyroclastic succession: insights from the middle Huka Falls Formation, 
Taupo Volcanic Zone, New Zealand. New Zealand Journal of Geology and 
Geophysics, 57(3): 331-343.  

Channing A, Edwards D, Sturtevant S. 2004. A geothermally influenced wetland 
containing unconsolidated geochemical sediments. Canadian Journal of 
Earth Science. 41: 809–827. 

Channing A, Edwards D. 2013. Wetland megabias: ecological and 
ecophysiological filtering dominates the fossil recordof hot spring floras. 
Palaeontology, 56: 523-556. 

Christie AB, Simpson MP, Brathwaite RL, Mauk JL, Simmons SF. 2007. Epithermal 
Au-Ag and related deposits of the Hauraki Goldfield, Coromandel 
Volcanic Zone, New Zealand. Economic Geology. 102(5): 785–816. 

Christenson BW. Mroczek EK. 2003. Potential reaction pathways of Hg in some 
New Zealand geothermal environments. Pp. 111-132 in: Volcanic, 
Hydrothermal and Ore-forming Fluids: Rulers and Witnesses of 
Processes within the Earth (S.F. Simmons and I. Graham, editors). 
Society of Economic Geologists, Special Publication 10.  



References 

 266 

Cocker HA, Mauk JL, Rabone SDC. 2013. The origin of Ag– Au–S–Se minerals in 
adularia-sericite epithermal deposits: constraints from the Broken Hills 
deposit, Hauraki Goldfield, New Zealand. Mineralium Deposita. 48 (2): 
249–266.  

Cooke DR, McPhail DC. 2001. Epithermal Au-Ag-Te Mineralization, Acupan, 
Baguio District, Philippines: Numerical Simulations of Mineral 
Deposition: Economic Geology. 96 (1): 109-131. 

Craw D, Chappell, Reay A. 1999. Environmental mercury and arsenic sources in 
fossil hydrothermal systems, Northland New Zealand. Environmental 
Geology, 39(8): 875-887. 

Cunneen R, Sillitoe RH. 1989. Paleozoic hot spring sinter in the Drummond Basin, 
Queensland, Australia. Economic Geology, 84: 135-142. 

Davey HA. van Moort JC. 1986. Current mercury deposition at Ngawha Springs, 
New Zealand. Applied Geochemistry, 1: 75-93.  

Deditius AP, Reich M, Kesler SE, Utsunomiya S, Chryssoulis SL, Walshe J, Ewing 
RC. 2014. The coupled geochemistry of Au and As in pyrite from 
hydrothermal ore deposits. Geochimica et Cosmochimica Acta, 140: 644-
670. 

de Ronde CEJ, Stoffers D, Garbe-Schonberg D, Christenson BW, Jones B, Manconi 
R, Browne PRL, Hissmann K, Botz, R, Davy, Schmitt M, Battershill CN. 
2002. Discovery of active hydrothermal venting in Lake Taupo, New 
Zealand. Journal of Volcanology and Geothermal Research, 115: 257-275. 

Djokic T, Van Kranendonk MJ, Campbell KA, Walter MR, Ward CR. 2017. Earliest 
signs of life on land preserved in ca. 3.5 Ga hot spring deposits. Nature 
Communications. 8: 15263. 

Donovan JJ, Snyder DA, Rivers ML. 1993. An Improved Interference Correction 
for Trace Element Analysis. Microbeam Analysis. 2: 23-28. 

Donovan JJ, Lowers HA, Rusk, BG. 2011. Improved electron probe microanalysis 
of trace elements in quartz, American Mineralogist, 96: 274-282. 

Drake BD, Campbell KA, Rowland JV, Guido DM, Browne PRL, Rae A. 2014. 
Evolution of a dynamic paleo-hydrothermal system at Mangatete, Taupo 
Volcanic Zone, New Zealand. Journal of Volcanology and Geothermal 
Research. 282: 19–35. 

Eames AG. 2017. Texture and chemistry of pyrite from the Waihi epithermal 
system, Hauraki Goldfield, New Zealand. Unpublished Masters Thesis, 
University of Waikato, Hamilton, New Zealand. p 146.   

Ellis AJ, Mahon WAJ. 1977. Chemistry and Geothermal Systems. Academic Press, 
London. 

Evans MJ, Derry LA. 2002. Quartz control of high germanium/silicon ratios in 
geothermal waters. Geology. 30(11): 1019-1022. 

Farmer JD. 2000. Hydrothermal systems: doorways to early biosphere evolution. 
GSA Today. 10: 1–9.  

Fernanda Soto M, Hochstein MP, Campbell KA, Keys H. 2019. Sporadic and 
waning hot spring activity in the Tokaanu Domain. Hipaua-Waihi 
geothermal field, Taupo Volcanic Zone, New Zealand. Geothermics, 77: 
288-303. 

Fernandez-Turiel JL, Gracia-Valles M, Gimeno-Torrente D, Saavedra-Alonso J, 
Martinez-Manent S. 2005. The hot spring and geyser sinters of El Tatio, 
Northern Chile. Sedimentary Geology, 180: 125-147. 



References 

 267 

Folk RL, Chafetz HS, Tiezzi PA. 1985. Bizarre forms of the depositional and 
diagenetic calcite in hot spring travertines, Central Italy. In: N. 
Schneidermann and PM. Harris (Eds) Carbonate Cements, The Society of 
Economic Paleontologists and Mineralogists. Special. Publication, 36, 349-
369.  

Fouke BW, Farmer JD, Des Marais DJ, Pratt L, Sturchio NC, Burns PC, Discipulo 
MK. 2000. Depositional facies and aqueous-solid geochemistry of 
travertine depositing hot springs (Angel Terrace, Mammoth Hot Springs, 
Yellowstone National Park, U.S.A.). Journal of Sedimentary Research, 70: 
565-85. 

Fournier RO. 1985. Yellowstone magmatic-hydrothermal system, U.S.A., in Stone, 
C., ed., Geothermal Resources Council 1985 International Sympo- sium 
on Geothermal Energy International Volume: Geother- mal Resources 
Council, p. 319–327. 

Fournier RO, Rowe JJ. 1966. Estimation of underground temperatures from the 
silica content of water from hot springs and wet-steam wells. American 
Journal of Science, 264: 685-697.  

Franchini M, Impiccini A, Lentz D, Javier Ríos F, O'Leary S, Pons J, Schalamuk AI. 
2011. Porphyry to epithermal transition in the Agua Rica polymetallic 
deposit, Catamarca, Argentina: an integrated petrologic analysis of ore 
and alteration paragenesis. Ore Geology Review, 41, 49–74.  

Fyfe S. (2014). Variable ore mineralogy in the Waihi vein system, Hauraki 
Goldfield, Waihi, New Zealand. unpublished MSc Thesis, The University 
of Auckland, Auckland, New Zealand. p 218. 

Gadd GM. 1990. Metal tolerance. In: Edwards, C. (Ed.), Microbiology of Extreme 
Environments. Environmental Biotechnology. McGraw-Hill, New York, 
pp. 178-210. 

Gandin A, Capezzuoli E. 2013. Travertine: Distinctive depositional fabrics  of 
carbonates from thermal spring systems. Sedimentology, 61(1): 264-290.  

Gibert RO, Taberner C, Sáez A, Giralt S, Alonso RN, Edwards RL, Pueyo JJ. 2009. 
Igneous origin of CO2 in ancient and recent hot-spring waters and 
travertines in the northern Argentinean Andes. Journal of Sedimentary. 
Research. 79: 554-567. 

Gibson ML, Hinman NW. 2013. Mixing of hydrothermal water and groundwater 
near hot springs, Yellowstone National Park (USA): hydrology and 
geochemistry. Hydrogeology Journal, 21: 919-933. 

Giggenbach WF. 1995, Variations in the chemical and isotopic compositions of 
fluids discharged from the Taupo Volcanic Zone, New Zealand. Journal of 
Volcanology and Geothermal Research. 68, 89-116.  

Giggenbach WF, Sheppard DS, Robinson BW, Stewart MK, Lyon GL. 1994. 
Geochemical structure and position of the Waiotapu geothermal field, 
New Zealand. Geothermics. 23: 599-644. 

Giroud, N., 2008. A Chemical Study of Arsenic, Boron and Gases in High-
temperature Geothermal Fluids in Iceland. Ph.D. Thesis, University of 
Iceland.  

Grange LI. 1937. The geology of the Rotorua-Taupo subdivision. New Zealand 
Geoleological Survey Bulletin, 37, 138. 

Goldie R. 1985. The sinters of Ohaki and Champagne Pools, New Zealand: 
possible modern analogues of the Hemlo gold deposit, northern Ontario. 



References 

 268 

Geoscience Canada 12, 60–64. 
Guido DM, Campbell KA. 2009. Jurassic hot-spring activity in a fluvial setting at 

La Marciana, Patagonia, Argentina. Geological Magazine, 146(4): 617-
622.  

Guido DM, Campbell KA. 2011. Jurassic hot spring deposits of the Deseado Massif 
(Patagonia, Argentina): characteristics and controls on regional 
distribution. Journal of Volcanology and Geothermal Research. 203 (1–
2): 35-47. 

Guido DM, Campbell KA. 2012. Diverse subaerial and sublacustrine hot spring 
settings of the Cerro Negro epithermal system (Jurassic, Deseado 
Massif), Patagonia, Argentina. Journal of Volcanology and Geothermal 
Research. 229 230(0): 1-12. 

Guido DM, Campbell KA. 2014. A large and complete Jurassic geothermal field at 
Claudia, Deseado Massif, Santa Cruz, Argentina. Journal of Volcanology 
and Geothermal Research. 275: 61-70. 

Guido DM, Campbell KA. 2017. Upper Jurassic travertine at El Macanudo: 
Argentine Patagonia: a fossil geothermal field modified by hydrothermal 
silicification and acid overprinting. Geological Magazine 155(6): 1394-
1412. 

Guido DM, Channing A, Campbell KA, Zamuner A. 2010. Jurassic geothermal 
landscapes and fossil ecosystems at San Agustín, Patagonia, Argentina. 
Journal of the Geological Society,London, 167(1), 11-20.  

Gunnarsson I, Arnórsson S. 2000. Amorphous silica solubility and the 
thermodynamic properties of H4SiO°4 in the range of 0 °C to 350 °C at 
Psat. Geochimica et. Cosmochimica. Acta 64 (13), 2295–2307. 

Hamilton AR, Campbell KA, Rowland JV, Browne PRL. 2017. The Kohuamuri 
siliceous sinter as a vector for epithermal mineralisation, Coromandel 
Volcanic Zone, New Zealand. Mineralium Deposita. 52(2): 181-196. 

Hamilton AR, Campbell KA, Rowland JV, Barker S, Guido DM. 2018. 
Characteristics and variations of sinters in the Coromandel Volcanic 
Zone: application to epithermal exploration. New Zealand Journal of 
Geology and Geophysics, Special Issue: Gold Exploration, 1-19.  

Hamilton AR, Campbell KA, Rowland JV, Barker S, Guido DM . 2019. Fossilised 
geothermal surface features of the Whitianga Volcanic Centre (Miocene), 
Coromandel Volcanic Zone, New Zealand: Controls and characteristics. 
Journal of Volcanology and Geothermal Research, 381, 209-226 

Hampton WA, White GP, Hoskin PW, Browne PRL, Rodgers KA. 2001. Cinnabar, 
livingstonite, stibnite and pyrite in Pliocene silica sinter from Northland, 
New Zealand. Mineralogical Magazine, 68(1): 191-198.  

Handley KM, Campbell KA. 2011. Character, analysis, and preservation of 
biogenicity in terrestrial siliceous stromatolites from geothermal 
settings. In: Tewari V, Seckbach J, editors. Stromatolites: interaction of 
microbes with sediments, cellular origin. Life in extreme habitats and 
astrobiology. Vol. 18. Netherlands: Springer; p. 359– 381. 

Handley KM, Campbell KA, Mountain BW, Browne PRL. 2005. Abiotic-biotic 
controls on the origin and development of spicular sinter: in situ growth 
experiments, Champagne Pool, Waiotapu, New Zealand. Geobiology. 3: 
93-114. 

Hannington M, Garbe-Schonberg D. 2019. Detection of gold nanoparticles in 



References 

 269 

hydrothermal fluids. Economic Geology, 114, 397-400. 
Harvey CC. 1997. Exploration and assessment of kaolin clays formed from acid 

volcanic rocks on the Coromandel Peninsula, North Island, New Zealand. 
Applied Clay Science, 11(5): 381-392.  

Heald P, Foley NK, Hayba DO. 1987. Comparative anatomy of volcanic-hosted 
epithermal deposits; acid-sulfate and adularia-sericite types. Economic 
Geology. 82: 1-26.  

Hedenquist JW, Arribas A Jr, Gonzales-Urien E. 2000. Exploration for epithermal 
gold deposits: Reviews in Economic Geology, 13: 245-277.  

Hedenquist JW, Browne PRL. 1989. The evolution of the Waiotapu geothermal 
system, New Zealand, based on the chemical and isotopic composition of 
its fluids, minerals and rocks. Geochimica et Cosmochimica Acta, 53(9): 
2235-2257.  

Hedenquist JW. 1983. Waiotapu, New Zealand: the geochemical evolution and 
mineralisation of an active hydrothermal system [PhD thesis], The 
University of Auckland. p. 242. 

Hedenquist JW. 1991. Boiling and dilution in the shallow portion of the Waiotapu 
geothermal system, New Zealand. Geochimica et Cosmochimica Acta. 55: 
2753-2765.  

Hedenquist JW, Henley RW. 1985. Hydrothermal eruptions in the waiotapu 
geothermal system, New Zealand; their origin, associated breccias, and 
relation to precious metal mineralization. Economic Geology. 80: 1640-
1668.  

Henley RW, Ellis AJ. 1983. Geothermal systems ancient and modern: a 
geochemical review. Earth-Science Reviews, 19, 1-50. 

Henneberger RC, Browne PRL. 1988. Hydrothermal alteration and evolution of 
the Ohakuri hydrothermal system, Taupo volcanic zone, New Zealand. 
Journal of Volcanology and Geothermal Research, 34(3): 211-231.  

Herdianita NR, Browne PRL, Rodgers KA, Campbell KA. 2000. Mineralogical and 
textural changes accompanying ageing of silica sinter. Mineralium 
Deposita. 35: 48-62. 

Hinman NW, Lindstrom RF. 1996. Seasonal changes in silica deposition in hot 
spring systems. Chemical Geology. 132 (1–4): 237-246. 

Iler RK. 1979. The Chemistry of Silica: Solubility, Polymerization, Colloid and 
Surface Properties and Biochemistry. John Wiley and Sons, New York, 
pp. 866. 

Irvine RJ, Smith MJ. 1990. Geophysical exploration for epithermal gold deposits. 
Journal of Geochemical Exploration. 36(1): 375-412. 

John DA. 2001. Miocene and Early Pliocene Epithermal Gold-Silver Deposits in 
the Northern Great Basin, Western United States: Characteristics, 
Distribution, and Relationship to Magmatism. Economic Geology. 96: 
1827-1853. 

John DA, Hofstra AH, Fleck RJ, Brummer JE, Saderholm EC. 2003. Geologic setting 
and genesis of the Mule Canyon low-sulfidation epithermal gold-silver 
deposit, North- Central Nevada: Economic Geology. 98 (2): 425-463. 

Jones B, Renaut RW, Rosen MR. 1999. Actively growing siliceous oncoids in the 
Waiotapu geothermal area, North Island, New Zealand. Journal of the 
GeologicalSsociety, London, 156, 89-103. 



References 

 270 

Jones B, De Ronde CEJ, Renaut RW, Owen RB. 2007. Siliceous sublacustrine 
spring deposits around hydrothermal vents in Lake Taupo, New Zealand. 
Journal of the Geological Society, London, 164(1), 227-242.  

Jones B, Renaut RW, Rosen MR. 2000. Trigonal dendritic calcite crystals forming 
from hot spring waters at Waikite, North Island, New Zealand. Journal of 
Sedimentary Research. 70(3): 586-603. 

Jones B, Renaut RW, Rosen MR. 2001. Biogenicity of gold and silver-bearing 
siliceous sinters forming in hot (75 °C) anaerobic spring-waters of 
Champagne Pool,Waiotapu, North Island, New Zealand. Journal of the 
Geological Society. 158: 895-911. 

Jones B, Renaut RW. 2003, Hot spring and geyser sinters: the integrated product 
of precipitation, replacement, and deposition: Canadian Journal of Earth 
Sciences, 40, 1549–1569. 

Jones B, Renaut RW. 2012. Facies architecture in depositional systems resulting 
from the interaction of acidic springs, alkaline springs, and acidic lakes: 
case study of Lake Roto-a-Tamaheke, Rotorua, New Zealand. Canadian 
Journal of Earth Sciences, 49(10): 1217-1250. 

Kaasalainen H, Stefánsson A. 2012. The chemistry of trace elements in surface 
geothermal waters and steam, Iceland. Chemical Geology, 330-331: 60-
85. 

Kear D. 2004. Reassessment of Neogene tectonism and volcanism in North 
Island, New Zealand. New Zealand Journal of Geology and Geophysics. 
47: 361-374. 

Kerr G, Craw D. 2017. Mineralogy and geochemistry of biologically-mediated 
gold mobilisation and redeposition in a semi arid climate, southern New 
Zealand. Minerals, 7, 147-165. 

King PR. 2000. Tectonic reconstructions of New Zealand: 40 Ma to the present. 
New Zealand Journal of Geology and Geophysics. 43: 611-638. 

Konhauser KO, Ferris FG. 1996. Diversity of iron and silica precipitation by 
microbial mats in hydrothermal waters, Iceland: implications for 
Precambrian iron formations. Geology, 24: 323-326. 

Krupp RE, Seward TM. 1987. The Rotokawa geothermal system, New Zealand: an 
active epithermal gold-depositing environment. Economic Geology. 82: 
1109-1129. 

Kyle JE, Schroeder PA, Wiegel J. 2007. Microbial Silicification in Sinter from two 
terrestrial hot springs in the Uzon caldera, Kamchatka, Russia, 
Geomicrobiology Journal, 24: 627-641. 

Landrum JT, Bennett PC, Engel AS, Alsina MA, Pasten PA, Milliken K. 2009. 
Partitioning geochemistry of arsenic and antimony, El Tatio Geyser 
Field, Chile. Applied Geochemistry. 24: 664-676. 

Leary S, Sillitoe RH, Stewart PW, Roa, KJ, Nicolson BE. 2016. Discovery, geology, 
and origin of the Fruta del Norte epithermal gold-silver deposit, 
southeastern Ecuador. Economic Geology, 111(5), 1043-1072.  

Lindgren W. 1933. Mineral deposits. New York (NY): Mcgraw-Hill. p. 930.  
LLoyd EF. 1972. Geology and hot springs of Orakeikorako. New Zealand 

Geological Survey Bulletin, 85; 164 
Lowe DR, Braunstein D. 2003. Microstructure of high-temperature (>73 °C) 

siliceous sinter deposits around hot springs and geysers, Yellowstone 



References 

 271 

National Park: the role of biological and abiological processes in 
sedimentation. Canadian Journal of Earth Science, 40, 1611-1642.  

Lynne BY, Campbell KA. 2003. Diagenetic transformations (opal-A to quartz) of 
low-and mid-temperature microbial textures in siliceous hot-spring 
deposits, Taupo Volcanic Zone, New Zealand. Canadian Journal of Earth 
Sciences, 40(11): 1679-1696 

Lynne BY, Campbell KA. 2004. Morphologic and mineralogic transitions from 
opal-A to opal-CT in low-temperature siliceous sinter diagenesis, Taupo 
Volcanic Zone, New Zealand. Journal of Sedimentary Research, 74(4): 
561-579.  

Lynne BY, Campbell KA, Moore J, Browne PRL. 2008. Origin and evolution of the 
Steamboat Springs siliceous sinter deposit, Nevada, USA. Sedimentary 
Geology. 210 (3–4): 111-131. 

Lynne BY, Campbell KA, Moore JN, Browne PRL. 2005. Diagenesis of 1900-year-
old siliceous sinter (opal-A to quartz) at Opal Mound, Roosevelt Hot 
Springs, Utah, U.S.A. Sedimentary Geology, 179(3): 249-278.  

Lynne BY. 2012. Mapping vent to distal-apron hot spring paleo-flow pathways 
using siliceous sinter architecture. Geothermics, 43(0): 3-24.  

Lynne BY, Boudreau A, Smith IJ, Smith GJ. 2019.  Silica accumulation rates for 
siliceous sinter at Orakei Korako geothermal field, Taupo Volcanic Zone, 
New Zealand. Geothermics 78, 50-61.  

Maimoni A. 1982. Minerals recovery from Salton Sea geothermal brines: a 
literature review and proposed cementation process, Geothermics, 11: 
239-258.  

Malengreau B, Skinner D, Bromley C, Black P. 2000. Geophysical characterisation 
of large silicic volcanic structures in the Coromandel Peninsula, New 
Zealand. New Zealand Journal of Geology and Geophysics. 43(2): 171–
186. 

Manville V. 2001. Sedimentology and History of Lake Reporoa: An Ephemeral 
Supra-Ignimbrite Lake, Taupo Volcanic Zone, New Zealand. In White JDC, 
Riggs NR (Eds.), Volcaniclastic Sedimentation in Lacustrine Settings (Vol. 
30, pp. 109-140): International Association of Sedimentologists Special 
Publication. 

Manville V, Hodgson KA, Nairn IA. 2007) A review of break-out floods from 
volcanogenic lakes in New Zealand. New Zealand Journal of Geology and 
Geophysics, 50(2): 131-150.  

Manville V, Wilson CJN. 2003. Interactions between volcanism, rifting and 
subsidence: Implications of intracaldera palaeoshorelines at Taupo 
volcano, New Zealand. Journal of the Geological Society, 160(1): 3-6.  

Martin R, Rodgers KA, Browne PRL. 2000. Aspects of the distribution and 
movement of aluminium in the surface of the Te Kopia geothermal field, 
Taupo Volcanic Zone, New Zealand. Applied Geochemistry. 15(8): 1121-
1136. 

Mauk JL, Hall CM. 2004. 40Ar/39Ar age determinations from the Waihi and 
Favona deposits, North Island, New Zealand. New Zealand Journal of 
Geology and Geophysics, 47: 227-231.  

Mauk JL, Hall CM, Chesley JT, Barra F. 2011. Punctuated evolution of a large 
epithermal province: the Hauraki Goldfield, New Zealand. Economic 
Geology. 106(6): 921– 943. 



References 

 272 

McKay A. 1897. Report on the geology of The Cape Colville Peninsula. In: 
Appendix to the Journals of the House of Representatives of New 
Zealand, 1897, volC-9. Wellington: Government Printers; p. 1–75. 

McKenzie EJ, Brown KL, Cady SL, Campbell KA. 2001. Trace metal chemistry and 
silicification of microorganisms in geothermal sinter, Taupo Volcanic 
Zone, New Zealand. Geothermics. 30(4): 483–502. 

McNamara DD, Sewell S, Buscarlet E, Wallis IC. 2016. A review of the Rotokawa 
Geothermal Field, New Zealand. Geothermics, 59: 281-293.  

McPhie J. 1993. Volcanic textures : a guide to the interpretation of textures in 
volcanic rocks. In M. Doyle & R. Allen (Eds.). Hobart, Tasmania: Centre 
for Ore Deposit and Exploration Studies, University of Tasmania. 

Meza PAL. 2004. The Natural Thermal Features at the Tikitere Geothermal Field 
and the Characteristics of Its Surface Deposits. 

Millot R, Hegan A, Negrel P. 2012. Geothermal waters from the Taupo Volcanic 
Zone, New Zealand: Li, B and Sr isotopes characterization. Applied 
Geochemistry. 27: 677-688. 

Moore CR. 1979. Geology and mineralisation of the Broken Hills gold mine, 
Hikuai, Coromandel, New Zealand, New Zealand Journal of Geology and 
Geophysics. 22: 339-351. 

Morrell AE, Locke CA, Cassidy J, Mauk JL. 2011. Geophysical characteristics of 
adularia-sericite epithermal gold-silver deposits in the Waihi-
Waitekauri region, New Zealand. Economic Geology. 106(6): 1031–1041. 

Morrison GW, Guoyi D, Jaireth S. 1990. Textural Zoning in Epithermal Quartz 
Zone. Townsville: James Cook University of North Queensland, AMIRA 
project, p. 247. 

Mountain BW, Benning LG, Boerema JA. 2003. Experimental studies on New 
Zealand hot spring sinters: rates of growth and textural development. 
Canadian Journal of Earth Sciences. 40: 1643–1667. 

Nakanishi T, Taguchi S, Watanabe K. 2003. Mineralogical and geochemical 
characterisitcs of siliceous sinter in Japan. In: Soengkono S, Taguchi S, 
Simmons SF, editors. New Zealand geothermal workshop, 25th, 
University of Auckland, proceedings, Auckland, New Zealand. p. 155– 
160. 

Nelson CE, Giles DL. 1985. Hydrothermal eruption mechanisms and hot spring 
gold deposits. Economic Geology. 80: 1633–1639. 

Nicholson K. 1993. Geothermal fluids: Chemistry and exploration techniques. 
Springer-Verlag, Berlin Heidelbarg, p. 263. 

Nicholson K, Parker RJ. 1990. Geothermal sinter chemistry: towards a diagnostic 
signature and a sinter geothermometer. New Zealand geothermal 
workshop, 12th, Geothermal Institute, University of Auckland, 
proceedings, Auckland, New Zealand. p. 97-102.  

Owen RB, Renaut RW, Hover VC, Ashley GM, Musaya AM. 2004. Swamps, springs 
and diatoms: wetlands of the semi-arid Bogoria-Baringo Rift, Kenya. 
Hydrobiologia 518: 59-78.  

Pals DW, Spry PG, Chryssoulis S. 2003, Invisible Gold and Tellurium in Arsenic-
Rich Pyrite from the Emperor Gold Deposit, Fiji: Implications for Gold 
Distribution and Deposition: Reviews in Economic Geology, 98: 479-493. 

Parker RJ, Nicholson K. 1990. Arsenic in geothermal sinters: determination and 
implications for mineral exploration. New Zealand geothermal 



References 

 273 

workshop, 12th, Geothermal Institute, University of Auckland, 
proceedings, Auckland, New Zealand. P. 35-39. 

Pentecost A. 2005. Travertine. Berlin: Springer. p. 445. Pirajno F. 1993. 
Hydrothermal mineral deposits; principals and fundamental concepts 
for the exploration geologist. Berlin: Springer. p. 722. 

Pittari A, Muir SL, Hendy CH. 2016. Lake-floor sediment texture and composition 
of a hydrothermally-active, volcanic lake, Lake Rotomahana. Journal of 
Volcanology and Geothermal Research, 314, 169-181.  

Pope JG, Brown KL. 2014. Geochemistry of discharge at Waiotapu geothermal 
area, New Zealand – trace elements and temporal changes. Geothermics. 
51: 253-269. 

Pope JG, Brown KL, McConchie DM. 2005. Gold concentrations in springs at 
Waiotapu, New Zealand: implications for precious metal deposition in 
geothermal systems. Economic Geology. 100(4): 677-687. 

Preston LJ, Benedix GK, Genge MJ, Sephton MA. 2008. A multidiscipliary study of 
silica sinter deposits with applications to silica identification and 
detection of fossil life on Mars. Icarus 198: 331-350. 

Qian G, Brugger J, Testamale D, Skiner W, Pring A. 2012. Formation of As(II)-
pyrite during experimental replacement of magnetite under 
hydrothermal conditions. Geochimica et Cosmochimica Acta, 100; 1-10.  

Rabone SDC, Moore DH, Barker RG. 1989. Geology of the Wharekirauponga 
epithermal gold deposit, Coromandel region. In Kear, D. (ed.) Mineral 
deposits of New Zealand.  Australasian Institute of Mining and 
Metallurgy.  Monograph 13. p. 225. 

Rattenbury MS, Partington GA. 2003. Prospective models and GIS data for 
exploration of epithermal gold mineralization in New Zealand. Crown 
Minerals, New Zealand Petroleum and Minerals Institute of Geological 
and Nuclear Sciences (CD-ROM). 

Reich M, Kesler SE, Utsunomiya S, Palenik CS, Chryssoulis SL, Ewing RC. 2005. 
Solubility of gold in arsenian pyrite: Geochimica et Cosmochimica Acta, 
69 (11): 2781-2796. 

Renaut RW, Jones B. 2003. Sedimentology of hot spring systems. Canadian 
Journal of Earth Sciences, 40(11): 1439-1442.  

Renaut RW, Jones B. 2011. Hydrothermal environments, terrestrial. In J. Reitner 
& V. Thiel (Eds.), Encyclopedia of Geobiology (pp. 467-479). Dordrecht, 
The Netherlands: Springer. 

Renaut RW, Jones B. 2011b. Sinter. In: Reitner J, Thiel V, editors. Encylopedia of 
geobiology. Dordrecht: Springer; p. 808–813. 

Renaut RW, Jones B, Rosen MR. 1996. Primary silica oncoids from Orakeikorako 
Hot Springs, North Island, New Zealand. PALAIOS. 11(5): 446-458. 

Renders PJ, Seward TM. 1989, The adsorption of thio gold(I) complexes by 
amorphous As2S3 and Sb2S3 at 25 and 90 °C: Geochimica et 
Cosmochimica Acta,  53 (2), 255-267.  

Reyes AG, Trompetter W, Britten K, Searle J. 2002. Mineral deposits in the 
Rotokawa geothermal pipelines, New Zealand. Journal of Volcanology 
and Geothermal Research. 119:215–239, 

Reyes AG, Trompetter WJ. 2012. Hydrothermal water–rock interaction and the 
redistribution of Li, B and Cl in the Taupo Volcanic Zone, New Zealand. 
Chemical Geology. 314-317: 96-112. 



References 

 274 

Rice CM, Ashcroft WA, Batten DJ, Boyce AJ, Caulfield JBD, Fallick AE, Turner G. 
1995. A Devonian auriferous hot spring system, Rhynie, Scotland. 
Journal of the Geological Society, London. 152(2): 229-250. 

Rice CM, Trewin NH, Anderson LI. 2002. Geological setting of the Early Devonian 
Rhynie cherts, Aberdeenshire, Scotland: an early terrestrial hot spring 
system. Journal of the Geological Society London.  159(2):203-14. 

Ritchie JA. 1961, Arsenic and antimony in some New Zealand waters: New 
Zealand Joural of Science, 4, 218-229.  

Rodgers KA, Browne PRL, Buddle TF, Cook KL, Greatrex RA, Hampton WA, Teece 
CIA. 2004. Silica phases in sinters and residues from geothermal fields of 
New Zealand. Earth-Science Reviews. 66(1–2): 1-61. 

Rodgers KA, Cook KL, Browne PRL, Campbell KA. 2002. The mineralogy, texture 
and significance of silica derived from alteration by steam condensate in 
three New Zealand geothermal fields. Clay Minerals, 37(2): 299-322.  

Rothschild LJ, Mancinelli RL. 2001. Life in extreme environments. Nature 409: 
1092-1101. 

Rowland JV, Bahiru EA, Schofield S, Hamilton A, Pickle R, Zuquim M, Eccles JD. 
2016. Tectonic and structural controls on late Miocene-to-recent 
epithermal gold–silver mineralisation, northern New Zealand. In: 
Christie AB, editor. Mineral deposits of New Zealand: exploration and 
research. Carlton: Australasian Institute of Mining and Metallurgy; p. 
247–258. Monograph series (Australasian Institute of Mining and 
Metallurgy) 31. 

Rowland JV, Sibson RH. 2004. Structural controls on hydrothermal flow in a 
segmented rift system, Taupo Volcanic Zone, New Zealand. Geofluids. 
4(4): 259-283. 

Rowland JV, Simmons SF. 2012. Hydrologic, magmatic, and tectonic controls on 
hydrothermal flow, Taupo Volcanic Zone, New Zealand: Implications for 
the formation of epithermal vein deposits  Economic Geology, 107, 427-
457.  

Ruff SW, Farmer JD. 2016. Silica deposits on Mars with features resembling hot 
spring biosignatures at El Tatio in Chile. Nature Communications, 7: 
13554.  

Ruff SW, Farmer JD, Calvin WM, Herkenhoff KE, Johnson JR, Morris RV, Rice MS, 
Arvidson RE, Bell III JF, Christensen PR, Squyres SW. 2011. 
Characteristics, distribution, origin, and significance of opaline silica 
observed by the Spirit rover in Gusev crater, Mars. Journal of 
Geophysical Research. 116, 1-48. 

Ruff SW, Campbell KA, Van Kranendonk MJ, Rise SR, Farmer JD. 2019. The case 
for ancient hot springs in Gusev Crater, Mars. Astrobiology, 19 (12), 1-25. 

Sanchez-Yanez C, Reich M, Leisen M, Morata D, Barra F. 2017. Applied 
Geochemistry. 80, 112-133. 

Saunders JA. 1990. Colloidal transport of gold and silica in epithermal precious 
metal systems: evidence from Sleeper deposit, Humbolt County, Nevada. 
Geology, 18: 757-760. 

Saunders JA. 1994. Silica and gold textures in bonanza ores of the Sleeper deposit 
Humbolt County, Nevada: Evidence for colloids and implications for 
epithermal ore-forming processes. Economic Geology, 89: 628-638. 

Saunders JA, Burke M. 2017. Formation and aggregation of gold (electrum) 



References 

 275 

Nanoarticles in epithermal ores. Minerals, 163-174. 
Seward TM. 1973. Thio complexes of gold and the transport of gold in 

hydrothermal ore solutions. Geochimica et Cosmochimica Acta, 37: 379-
399. 

Seward TM, Sheppard D. 1986. Waimangu Geothermal Field. In: Henley, R.W., 
Hedenquist, J.W., Roberts, P.J. (Eds.), Guide to the Active Epithermal 
(Geothermal) Systems and Precious Metal Deposits of New Zealand. 
Monograph Series on Mineral Deposits. Gebruder Borntraeger, Berlin, 
Stuttgart, pp. 81–91. 

Schinteie R, Campbell KA, Brown KL. 2007. Microfacies of stromatolitic sinter 
from acid-sulphate-chloride springs at Parariki stream, Rotokawa 
geothermal field, New Zealand. Palaeontologia Electronica. 10(1): 33. 

Schubotz F, Meyer-Dombard DR, Bradley AS, Fredricks HF, Hinrichs KU, Shock 
EL, Summons RE. 2013. Spatial and temporal variability of biomarkers 
and microbial diversity reveal metabolic and community flexibility in 
Streamer Biofilm Communities in the Lower Geyser Basin, Yellowstone 
National Park. Geobiology, 11(6): 549-569.  

Seebeck H, Nicol A, Giba M, Pettinga J, Walsh J. 2014. Geometry of the subducting 
Pacific Plate since 20 Ma, Hikurangi margin, New Zealand. Journal of the 
Geological Society. 171(1): 131-143. 

Sherlock RL, Tosdal RM, Lehrman NJ, Graney JR, Losh S, Jowett EC, Kesler SE. 
1995. Origin of the McLaughlin mine sheeted vein complex; metal 
zoning, fluid inclusion, and isotopic evidence. EconomicGeology. 90(8):  
2156-2181. 

Sillitoe RH. 1993. Epithermal models: genetic types, geometric controls and 
shallow features. Special Paper – Geological Association of Canada. 40: 
403-417. 

Sillitoe RH. 2015. Epithermal paleosurfaces. Mineralium Deposita. 50(7): 767-
793. 

Simmons SF, Browne PRL. 2000. Hydrothermal minerals and precious metals in 
the Broadlands-Ohaaki geothermal system: Implications for 
understanding low-sulfidation epithermal environments: the Bulletin of 
the Society of Economic Geologists: Economic Geology v. 95, 971-999. 

Simmons SF, Brown KL. 2007. The flux of gold and related metals through a 
volcanic arc, Taupo Volcanic Zone, New Zealand. Geology. 35(12): 1099-
1102. 

 Simmons SF, Brown KL, Tutolo BM. 2015. Hydrothermal transport of Ag, Au, Cu, 
Pb, Te, Zn, and other metals and metalloids in New Zealand geothermal 
systems: spatial patterns, fluid-mineral equilibria, and implications for 
epithermal mineralization. Economic Geology. 111: 589-618. 

Simmons SF, White NC, John DA. 2005. Geological characteristics of epithermal 
and precious base metal deposits Economic Geology 100th Anniversary 
Volume(485-522).  

Simon G, Huang H, Penner-Hahn JE, Kesler SE, Kao L-S. 1999. Oxidation state of 
gold and arsenic in gold-bearing arsenian pyrite: American Mineralogist,  
84, 1071-1079. 

Simpson MP, Mauk JL, Kendrick RG. 2004. Telescoped porphyry- style and 
epithermal veins and alteration at the central Maratoto valley prospect, 
Hauraki goldfield, New Zealand. New Zealand Journal of Geology and 



References 

 276 

Geophysics. 47:39–56. 
Simpson MP, Mauk JL. 2007. The Favona epithermal gold silver deposit, Waihi, 

New Zealand. Economic Geology. 102(5): 817-839. 
Skinner DNB. 1986. Neogene volcanism of the Hauraki volcanic region. In: I. E. M. 

Smith, editor. Cenozoic volcanism in New Zealand. Vol. 23. Wellington: 
The Royal Society of New Zealand Bulletin; p. 21-47. 

Skinner DNB. 1995. Geology of the Mercury Bay Area. Scale 1:50000. In: Institute 
of Geological & Nuclear Sciences geological map 17. 1 sheet + 56 p. Lower 
Hutt. 

Sorulen TT, Takahashi R, Tanaka S, Suzuki K, Imai A, Watanabe Y, Kikuchi S. 
2019. Mineralogical and geochemical characteristics of the Utanobori 
gold deposit in northern Hokkaido, Japan. Resource Geology. 69, 402-
429. 

Spurr JE. 1905. Geology of the Tonopah mining district, Nevada. US Geologocal 
Survey Professional Papers. 42: 254-256. 

Stefánsson, A., Arnórsson, S., 2005. The geochemistry of As, Mo, Sb and W in 
natural geothermal waters, Iceland. In: Proceedings World Geothermal 
Congress 2005, Antalaya, Turkey.  

Stratford WR, Stern TA. 2008. Geophysical imaging of buried volcanic structures 
within a continental back-arc basin: the Central Volcanic Region, North 
Island, New Zealand. Journal of Volcanology Geothermal Research. 174: 
257-268. 

Sun S, McDonough WF. 1989. Chemical and isotopic systematics of oceanic 
basalts: implications for mantle composition and processes.. Geological 
Society, London, Special Publications, 42(1): 313.  

Swindale LD, Hughes ID. 1968. Hydrothermal association of pyrophyllite, 
kaolinite, diaspore, dickite, and quartz in the Coromandel Area, New 
Zealand. New Zealand Journal of Geology and Geophysics, 11:5, 1163-
1183. 

Taksavasu T, Monecke T, Reynolds TJ. 2018. Textural Characteristics of 
Noncrystalline Silica in Sinters and Quartz Veins: Implications for the 
Formation of Bonanza Veins in Low-Sulfidation Epithermal 
Deposits. Minerals, 8: 331. 

Tobler DJ, Stefánsson A, Benning LG, 2008. In-situ grown silica sinters in 
Icelandic geothermal areas. Geobiology 6: 481-502.  

Torckler LK, Hobbins J, Christie AB. 2016. Mining and exploration of the 
epithermal gold–silver deposits at Waihi, Hauraki goldfield. In: Christie 
AB, editor. Mineral deposits of New Zealand – exploration and research. 
Calton: The Australasian Institute of Mining and Metallurgy Monograph. 
31; p. 303–312. 

Tosdal RM, Dilles JH, Cooke DH. 2009. From source to sinks in auriferous 
magmatic hydrothermal porphyry and epithermal deposits. Elements. 5: 
289-295. 

Trewin NH. 1994. Depositional environment and preservation of biota in the 
Lower Devonian hot-springs of Rhynie, Aberdeenshire, Scotland. Earth 
and Environmental Science Transactions of the Royal Society of 
Edinburgh, Earth and Environmnetal Science 84(3-4), 433-442.  

Trzcinski BH, Humayun M, Gibbons JA, Zanda B, Colas F, Egal A, Maquet L, Reich 
M and Sanchez Yanez C. 2018. The sources of titanium in siliceous 



References 

 277 

sinters from Chilean hot springs: implications for Martian silica. 49th 
Lunar and Planetary Science Conference, 19–23 March, 2018, The 
Woodlands, Texas, USA, abstract # 1271.  

Ullrich MK, Pope JG, Seward TM, Wilson N, Planer-Friedrich B. 2013. Sulfur redox 
chemistry governs diurnal antimony and arsenic cycles at Champagne 
Pool, Waiotapu, New Zealand. Journal of Volcanology and Geothermal 
Research. 262: 164-177. 

Uysal IT, Gasparon M, Bolhar R, Zhao J.-x, Feng Y-x, Jones G. 2011. Trace element 
composition of near-surface silica deposits—A powerful tool for 
detecting hydrothermal mineral and energy resources. Chemical 
Geology, 280(1): 154-169.  

Vikre PG. 2007. Sinter-vein correlations at Buckskin Mountain, National District, 
Humboldt County, Nevada. Economic. Geolology. 102: 193–224. 

Vikre PG, John DA, du Bray EA. Fleck RJ. 2015. Gold-silver mining districts, 
alteration zones, and paleolandforms in the Miocene Bodie Hills Volcanic 
Field, California and Nevada (Scientific Investigations Report SIR-2015-
5012). US Geological Survey. 

Vitale MV, Gardner P, Hinman NW. 2008. Surface water–groundwater interaction 
and chemistry in a mineral-armored hydrothermal outflow channel, 
Yellowstone National Park, USA. Hydrogeology Journal, 16: 1381-1393. 

von Hochstetter F. 1864. Geologie von Neu-Seeland, translated by C.A. Flemming 
(1959). Wellington: Government Printers. p. 320. 

Waikato Regional Council 2007-2008. Lidar Data, Licensed under CC BY 4.0. 
Wallace AR. 2003. Geology of the Ivanhoe Hg-Au District, Northern Nevada: 

Influence of Miocene Volcanism, Lakes, and Active Faulting on 
Epithermal Mineralization. Economic Geology. 98: 409-427. 

Walter MR. 1976. Stromatolites. Amsterdam: Elsevier. 
Walter MR, Des Marais D, Farmer JD, Hinman NW. 1996. Lithofacies and 

biofacies of mid-Paleozoic thermal spring deposits in the Drummond 
Basin, Queensland, Australia. PALAIOS. 11(6): 497-518. 

Walter MR, Grotzinger JP, Schopf JW. 1992. Proterozoic stromatolites, In Schopf 
JW Klein C, (Ed), The Proterozoic Biosphere: a multidisciplinary study. 
Cambridge University Press, UK, 253-260. 

Walter MR, Mclouglin S, Drinnan AN, Farmer JD. 1998. Palaeontology of 
Devonian thermal spring deposits, Drummound Basin, Australia. 
Alcheringa: An Australian Journal of Palaeontology, 22(4): 285-314. 

Walther J. 1894. Einleitung in die Geologie als historische Wissienchaft. In: 
Lithogenesisder Gegenwart. Jena: G. Fischer; p. 1055. 

Warren, I., Simmons, S. F., Mauk, J.L. 2007. Whole-Rock geochemical techniques 
for evaluating hydrothermal alteration, mass changes, and conpositional 
gradients associated with epithermal Au-Ag mineralisation. Ecomomic 
Geology, 102, 923-948. 

Watts-Henwood N, Campbell KA, Lynne, BY, Guido DM, Rowland JV, Browne, 
PRL. 2017. Snapshot of hot-spring sinter at Geyser Valley, Wairakei, New 
Zealand, following anthropogenic drawdown of geothermal reservoir. 
Geothermics, 68, 94-114. 

Weissberg B. 1969. Gold–silver ore-grade precipitates from New Zealand 
thermal waters. Economic Geology. 64: 95–108. 



References 

 278 

Weed WH. 1889. The diatom marshes and diatom beds of the Yellowstone 
National Park. Botanical Gazette, May 1889, p. 117-120.  

Westall F, Campbell KA, Bréhéret JG, Foucher F, Gautret P, Hubert A,  Guido DM. 
2015. Archean (3.33 Ga) microbe-sediment systems were diverse and 
flourished in a hydrothermal context. Geology, 43(7): 615-618.  

Westall F, Hickman-Lewis K, Hinman N, Gautre, P, Campbell KA, Bréhéret JG, 
Brack A. 2018. A Hydrothermal-Sedimentary Context for the Origin of 
Life. Astrobiology, 18(3): 259-293.  

White DE. 1955. Thermal springs and epithermal ore deposits.Economic 
Geology. 50th Anniversary: 99-154.  

White DE, Brannock WW, Murata KJ. 1956. Silica in hotspring waters. 
Geochimica et Cosmochimica Acta. 10: 27-59. 

White DE, Hutchinson RA, Keith TEC. 1988. The geology and remarkable thermal 
activity of Norris Geyser Basin, Yellowstone National Park, Wyoming. US 
Geological Survey Professional Paper. 1456: 1-84. 

White DE, Thompson GA, Sandberg CH. 1964. Rocks, structure, and geologic 
history of Steamboat Springs Thermal Area, Washoe County, Nevada. US 
Geological Survey Professional Paper. 458-B: B1–B63. 

White DE. 1992. The Beowawe Geysers, Nevada, Before Geothermal 
Development. US Geological Bulletin (1998)  

White NC, Hedenquist JW. 1990. Epithermal environments and styles of 
mineralization: variations and their causes, and guidelines for 
exploration. Journal of Geochemical Exploration, 36: 445-474.  

Williams-Jones AE, Heinrich CA. 2005. Vapor transport of metals and the 
formation of magmatic-hydrothermal ore deposits. Econmic Geology, 
100: 1287-1312. 

Wilson CJN, Houghton BF, McWilliams MO, Lanphere MA, Weaver SD. and Briggs 
RM. 1995. Volcanic and structural evolution of Taupo Volcanic Zone, 
New Zealand: a review. New Zealand Journal of Geology and Geophysics, 
68: 1-28.  

Wilson CJN, Rowland JV. 2016. The volcanic, magmatic and tectonic setting of the 
Taupo Volcanic Zone, New Zealand, reviewed from a geothermal 
perspective. Geothermics. 59: 168–187. 

Yamasaki T. 2018. Contamination from mortars and mills during laboratory 
crushing and pulverizing. Bulletin of the Geological Survey of Japan, 
69(3): 201-210. 

Zimmerman BS, Larson PB. 1994. Epithermal gold mineralization in a fossil hot 
spring system, Red Butte, Oregon. Economic Geology. 89: 1983–2002. 



Appendix 1 

 279 

Appendix 1 
 
Appendix 1 is the full suite of trace element concentrations within the 18 

silicified deposits of the Miocene Whitianga Volcanic Centre, Coromandel 

Volcanic Zone, New Zealand. 75 different elements were analysed for at ALS 

Canada using the ‘Super Trace 4-acid’ procedure (4 acid digest) with Inductively 

Coupled Plasma Mass Spectrometry (ICPMS) method (ME-MS61L-REE) for 61 

separate elements, including pathfinder, immobile and rare earth elements. 

ICPAES was used to detect Au (Au-ICP21) and low temperature aqua regia with 

ICP-MS was used to determine Hg (Hg- MS42). 
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Ag Al As Ba Be Bi Ca Cd 

 
ppm % ppm ppm ppm ppm % ppm 

Detection limit  0.01 0.01 0.05 10 0.02 0.01 0.01 0.02 
Sinter Deposits         

Big Kaitoke Plant-rich 0.02 0.16 8.4 30 1.47 0.01 0.01 <0.02 
Kaitoke Plant-rich  0.1 0.13 0.9 20 0.28 <0.01 0.01 <0.02 
Kohuamuri  Geyserite 1.76 0.1 4.9 20 2.61 0.01 0.01 <0.02 
Kohuamuri Plant-rich  1.2 0.38 3.4 50 1.44 0.01 0.04 <0.02 
Dalmeny Geyserite 0.15 0.83 64.9 160 1.1 0.25 0.06 0.02 
Hepburn Plant-rich 0.17 0.11 1.6 530 0.95 0.01 0.01 <0.02 
Diggers Sinter 
Geyserite 0.07 0.23 1.7 40 0.35 0.02 <0.01 <0.02 
Diggers Sinter 
Geyserite 0.03 0.25 4 120 1.08 0.01 0.01 <0.02 

Chalcedonic Veins 
        Purangi Vein 0.48 4.69 233 430 1.5 0.28 0.04 0.02 

Diggers Vein 0.13 3.77 89.4 270 0.26 0.04 0.07 <0.02 
Mud Pool Sediments 

        Air Strip 0.09 0.06 40.5 160 2.43 0.08 <0.01 <0.02 
Diggers Mud  1.28 0.2 10.2 300 2.46 0.03 0.01 0.02 

Fluvial Sediments 
        Whenuakite River 1.24 1.54 18.2 50 0.57 0.05 0.05 <0.02 

Lake Sediments 
        Big Kaitoke Lake 0.04 0.12 3.7 60 0.77 0.02 0.01 <0.02 

Kaitoke Lake 0.11 0.08 2.9 80 0.2 <0.01 0.01 <0.02 
Silicified Volcanics 

        Kaitoke Volcanics 1.06 1.05 50.7 180 0.49 0.09 0.05 0.02 
Rangitoto 0.09 4.58 221 230 0.26 0.14 0.05 <0.02 
Rangitoto 0.06 0.85 0.6 1330 0.45 0.04 0.05 <0.02 
Huruhurutakimo 0.03 5.9 41 730 1.82 0.12 0.48 0.02 
Purangi Hill 0.03 0.18 22 90 0.59 0.02 0.02 <0.02 
Digger Hill 0.03 0.19 0.6 60 0.27 1.54 0.02 <0.02 
Lee's Road 0.07 1 2 340 0.15 0.3 0.05 <0.02 
Lee's Road 0.03 1.78 2.2 620 0.29 0.02 0.07 <0.02 
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Ce Co Cr Cs Cu Fe Ga Ge 

 
ppm ppm ppm ppm ppm % ppm ppm 

Detection limit  0.01 0.3 0.01 0.02 0.01 0.002 0.05 0.05 
Sinter Deposits         

Big Kaitoke Plant-rich 1.63 0.4 159 1.54 3.3 0.38 3.19 0.06 
Kaitoke Plant-rich  0.65 115 14 0.75 1.3 0.04 0.63 0.1 

Kohuamuri  Geyserite 0.55 0.6 281 2.44 5.9 0.57 
16.4

5 0.12 
Kohuamuri Plant-rich  0.28 98.3 12 10.4 1.3 0.03 9.43 0.13 
Dalmeny Geyserite 10.6 0.5 139 18.2 5.1 3.18 3.46 0.05 
Hepburn Plant-rich 0.32 57.9 15 0.93 0.5 0.13 0.35 0.12 
Diggers Sinter 
Geyserite 0.83 1 641 0.11 8.1 0.65 0.82 <0.05 
Diggers Sinter 
Geyserite 0.61 1.4 894 1.09 10.5 0.94 0.92 <0.05 

Chalcedonic Veins 
        Purangi Vein 40.8 14.3 3 9.45 3.6 0.97 13.8 0.14 

Diggers Vein 31.2 17.5 2 59.7 0.8 0.29 
10.2

5 0.12 
Mud Pool Sediments 

        Air Strip 0.54 81.4 23 1.19 0.9 0.99 0.79 0.11 
Diggers Mud  1.09 43.2 17 0.77 1.6 3.87 0.8 0.07 

Fluvial Sediments 
        Whenuakite River 8.01 0.4 95 7.24 2.5 1.02 7.68 <0.05 

Lake Sediments 
        Big Kaitoke Lake 0.63 34.7 11 0.61 1.2 0.64 1.32 0.1 

Kaitoke Lake 0.17 106 13 3.57 1.4 0.01 1.22 0.07 
Silicified Volcanics 

        
Kaitoke Volcanics 

19.7
5 0.6 267 9.59 7 0.72 3.15 0.05 

Rangitoto 29.3 3.3 10 6.1 8.1 6.27 53.4 0.12 
Rangitoto 9.04 81.2 27 7.09 2.2 0.03 6.46 0.13 

Huruhurutakimo 53.5 0.2 16 11.1 2.2 0.48 
14.2

5 0.12 
Purangi Hill 2.15 0.5 268 2.66 5 0.38 3.37 0.05 
Digger Hill 1.33 94.6 12 0.87 0.2 0.01 0.48 0.13 
Lee's Road 7.48 46.7 4 2.94 0.9 0.07 4.71 0.12 
Lee's Road 9.63 21.2 <1 3.01 0.8 0.16 11.9 0.12 
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Hf In K La Li Mg Mn Mo 

 
ppm ppm % ppm ppm % ppm ppm 

Detection limit  0.1 0.005 0.01 0.5 0.2 0.01 5 0.02 
Sinter Deposits         

Big Kaitoke Plant-rich 0.1 <0.005 0.01 0.9 30.7 <0.01 62 7.94 
Kaitoke Plant-rich  <0.1 <0.005 0.01 <0.5 18.7 <0.01 19 0.57 
Kohuamuri  Geyserite 0.1 0.006 0.02 <0.5 23.1 <0.01 66 14.85 
Kohuamuri Plant-rich  0.1 <0.005 0.05 <0.5 140 <0.01 38 0.9 

Dalmeny Geyserite 2.2 0.019 0.05 7.7 
107.

5 0.01 287 10.3 
Hepburn Plant-rich <0.1 <0.005 0.01 <0.5 3.9 <0.01 13 0.8 
Diggers Sinter 
Geyserite 0.2 <0.005 0.01 <0.5 0.9 <0.01 68 37.2 
Diggers Sinter 
Geyserite 0.1 <0.005 0.01 <0.5 2.4 <0.01 86 50 

Chalcedonic Veins 
        Purangi Vein 3.4 0.019 2.15 21.5 106 0.04 96 2.73 

Diggers Vein 3 0.019 0.05 17.2 6.1 0.01 20 2.01 
Mud Pool Sediments 

        Air Strip <0.1 <0.005 0.01 <0.5 3.8 <0.01 47 1.47 
Diggers Mud  0.2 <0.005 0.01 <0.5 2.9 <0.01 49 1.92 

Fluvial Sediments 
        Whenuakite River 1.1 0.007 0.73 4.3 200 0.01 71 6.29 

Lake Sediments 
        Big Kaitoke Lake 0.1 <0.005 0.01 <0.5 3.3 <0.01 61 0.72 

Kaitoke Lake <0.1 <0.005 0.02 <0.5 20.1 <0.01 7 0.39 
Silicified Volcanics 

        
Kaitoke Volcanics 3.5 0.066 0.16 11 

170.
5 0.01 89 18.35 

Rangitoto 3 0.112 0.06 14.4 341 0.02 12 1.85 
Rangitoto 3.6 0.007 0.05 5.6 62.4 <0.01 28 2.84 
Huruhurutakimo 3.3 0.057 2.92 29.2 12.1 0.04 71 2.71 
Purangi Hill 2.1 0.008 0.02 1 11.2 <0.01 25 16.25 
Digger Hill 7 0.063 0.03 <0.5 9.7 <0.01 10 1.41 
Lee's Road 4.9 0.015 0.36 5.5 0.6 <0.01 45 1.37 
Lee's Road 3.5 0.017 0.65 10.3 1.2 0.02 34 0.63 
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Na Nb Ni P Pb Rb Re S Sb 

 
% ppm ppm ppm ppm ppm ppm % ppm 

Detection limit  0.001 0.1 0.08 10 0.5   0.002 0.01 0.02 
Sinter Deposits  

Big Kaitoke Plant-rich 0.01 0.2 7.5 20 0.8 0.8 <0.002 <0.01 236 
Kaitoke Plant-rich  0.01 0.1 0.6 50 0.5 0.7 0.004 <0.01 5.82 

Kohuamuri  Geyserite 0.01 0.2 12.7 10 <0.5 1.8 <0.002 <0.01 
112.

5 
Kohuamuri Plant-rich  0.01 0.3 0.6 20 <0.5 6.3 0.005 0.01 352 
Dalmeny Geyserite 0.07 6.6 6.4 100 5.9 7.8 <0.002 0.01 21.4 
Hepburn Plant-rich 0.01 0.2 0.7 10 44.3 0.6 0.003 0.03 24.1 
Diggers Sinter 
Geyserite 0.01 0.5 27.7 10 1.7 0.4 0.003 <0.01 0.42 
Diggers Sinter 
Geyserite 0.01 0.5 37.1 10 6.2 1 0.004 0.01 4.93 

Chalcedonic Veins 
         Purangi Vein 0.05 6.8 3 50 32.1 164 0.002 0.02 41.2 

Diggers Vein 0.02 6.3 0.3 50 12.2 10.3 <0.002 0.05 8.23 
Mud Pool Sediments 

         Air Strip 0.01 0.1 1.5 50 17.3 0.6 0.005 0.01 66.4 
Diggers Mud  0.01 0.4 1.4 230 61.5 0.6 <0.002 0.04 3.16 

Fluvial Sediments 
         Whenuakite River 0.01 2.2 4.8 30 2.7 53.4 <0.002 0.01 24.6 

Lake Sediments 
         Big Kaitoke Lake 0.01 0.3 0.5 20 0.6 0.5 0.002 0.01 31.9 

Kaitoke Lake 0.01 <0.1 0.7 <10 3.1 2.3 0.002 0.01 14.7 
Silicified Volcanics 

         Kaitoke Volcanics 0.02 5.9 12.9 40 13.6 18 0.002 0.01 29 

Rangitoto 0.03 4.8 0.2 310 9 6.1 <0.002 0.05 
163.

5 
Rangitoto 0.04 7.6 1.1 100 8.7 5.1 0.005 0.01 0.44 

Huruhurutakimo 2.54 8.6 1 70 16.8 
123.

5 <0.002 0.01 5.4 
Purangi Hill 0.08 7.2 12.7 50 2.3 3.7 <0.002 0.01 199 
Digger Hill 0.02 2.4 0.6 10 1.5 2 0.004 <0.01 0.64 
Lee's Road 0.06 9.3 0.3 30 12.1 10.9 <0.002 0.58 0.43 
Lee's Road 0.09 7.8 0.3 100 24 8.8 <0.002 1.1 0.32 
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Sc Se Sn Sr Ta Te Th Ti Tl 

 
ppm ppm ppm ppm ppm ppm ppm % ppm 

Detection limit  0.1 1 0.2 0.02 0.05 0.05 0.004 0.005 0.02 
Sinter Deposits  

Big Kaitoke Plant-rich 0.3 <1 0.3 1.6 <0.05 <0.05 0.2 0.006 0.04 
Kaitoke Plant-rich  0.1 1 0.3 1.2 <0.05 <0.05 0.12 <0.005 0.04 
Kohuamuri  Geyserite 0.1 <1 0.5 3.3 <0.05 <0.05 0.17 0.008 0.05 
Kohuamuri Plant-rich  0.8 1 0.5 11.3 <0.05 <0.05 0.33 0.009 2.39 
Dalmeny Geyserite 1.5 1 2 17.8 0.53 <0.05 6.25 0.048 0.32 
Hepburn Plant-rich 0.1 1 <0.2 8.3 <0.05 <0.05 0.06 0.005 0.05 
Diggers Sinter 
Geyserite 0.2 <1 0.5 0.7 <0.05 <0.05 0.56 0.009 <0.02 
Diggers Sinter 
Geyserite 0.1 <1 0.6 1.7 <0.05 <0.05 0.31 0.007 <0.02 

Chalcedonic Veins 
         Purangi Vein 4.2 1 1.9 22.3 0.65 <0.05 10.2 0.049 1.6 

Diggers Vein 1.9 1 2.8 44.5 0.57 <0.05 7.22 0.058 0.42 
Mud Pool Sediments 

         Air Strip 0.2 2 <0.2 2.2 <0.05 <0.05 0.25 <0.005 0.03 
Diggers Mud  0.8 1 0.2 6.1 <0.05 <0.05 0.69 0.01 0.13 

Fluvial Sediments 
         Whenuakite River 1.9 1 0.8 8.1 0.17 <0.05 2.24 0.044 0.82 

Lake Sediments 
         Big Kaitoke Lake 0.3 1 0.2 2 <0.05 <0.05 0.3 0.008 0.03 

Kaitoke Lake 0.2 1 0.3 2.4 <0.05 <0.05 0.06 <0.005 0.06 
Silicified Volcanics 

         Kaitoke Volcanics 0.9 <1 1.6 14.1 0.54 <0.05 4.45 0.043 0.36 
Rangitoto 13.5 2 1.2 69.5 0.33 <0.05 5.36 0.345 0.49 
Rangitoto 0.8 1 1.4 42.3 0.43 <0.05 5.81 0.081 0.12 
Huruhurutakimo 4.3 <1 3.2 57.4 0.8 <0.05 11.6 0.069 1.1 
Purangi Hill 0.7 <1 1.7 4.2 0.67 <0.05 5.37 0.088 0.04 
Digger Hill 0.7 1 2.2 4.8 0.06 <0.05 3.8 0.064 0.06 
Lee's Road 0.6 1 3 9 0.85 <0.05 4.94 0.066 0.26 
Lee's Road 2.7 2 2.3 29.4 0.71 <0.05 9.56 0.055 0.16 
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U V W Y Zn Zr Dy Er 

 
ppm ppm ppm ppm ppm ppm ppm ppm 

Detection limit  0.1 1 0.008 0.01 2 0.5 0.05 0.03 
Sinter Deposits  

Big Kaitoke Plant-rich 0.1 1 0.3 2.8 <2 3.4 0.36 0.31 
Kaitoke Plant-rich  0.2 1 980 0.8 2 1.5 0.12 0.09 
Kohuamuri  Geyserite 0.1 2 0.8 0.4 <2 3.3 0.06 0.05 
Kohuamuri Plant-rich  0.1 2 800 0.7 <2 4.5 0.15 0.11 
Dalmeny Geyserite 2.6 10 2.7 20.5 4 72.8 3.67 2.5 
Hepburn Plant-rich <0.1 1 570 0.3 <2 1.3 <0.05 0.03 
Diggers Sinter 
Geyserite 0.7 5 0.7 0.4 <2 4.9 0.05 0.05 
Diggers Sinter 
Geyserite 0.6 6 1.4 0.5 2 3.4 0.09 0.06 

Chalcedonic Veins 
        Purangi Vein 2.2 3 184.5 17.5 6 106.5 2.94 1.91 

Diggers Vein 0.8 1 123 4 3 77.7 0.75 0.5 
Mud Pool Sediments 

        Air Strip 1.4 1 710 0.9 8 1.3 0.16 0.15 
Diggers Mud  0.8 6 359 5 12 5.5 0.45 0.43 

Fluvial Sediments 
        Whenuakite River 0.5 8 12.3 5.4 2 34.6 0.99 0.69 

Lake Sediments 
        Big Kaitoke Lake 0.2 8 332 0.4 2 3.3 0.07 0.05 

Kaitoke Lake <0.1 <1 930 0.5 <2 0.5 0.08 0.06 
Silicified Volcanics 

        Kaitoke Volcanics 1.5 2 2.9 7.4 9 128 1.37 0.82 
Rangitoto 1.1 74 43.3 6.7 2 113 2.13 0.96 
Rangitoto 1 1 700 9.7 <2 110.5 1.83 1.06 
Huruhurutakimo 2.7 2 3.6 18.5 18 97 3.46 2 
Purangi Hill 6.5 9 8.9 3.8 <2 56.6 0.64 0.48 
Digger Hill 2.1 <1 740 6.7 <2 177 1.12 0.87 
Lee's Road 1.7 <1 176.5 6 5 141 1.13 0.74 
Lee's Road 1.3 1 139.5 7.5 6 100.5 1.47 0.89 
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Eu Gd Ho Lu Nd Pr Sm 

 
ppm ppm ppm ppm ppm ppm ppm 

Detection limit  0.03 0.05 0.01 0.01 0.01 0.03 0.03 
Sinter Deposits  

Big Kaitoke Plant-rich 0.03 0.27 0.08 0.07 0.9 0.22 0.19 
Kaitoke Plant-rich  <0.03 0.09 0.03 0.02 0.3 0.08 0.07 
Kohuamuri  Geyserite <0.03 0.06 0.01 0.01 0.3 0.07 0.06 
Kohuamuri Plant-rich  <0.03 0.1 0.03 0.02 0.2 0.04 0.07 
Dalmeny Geyserite 0.34 2.54 0.75 0.35 3.6 0.94 1.46 
Hepburn Plant-rich <0.03 <0.05 0.01 0.01 0.2 0.05 0.04 
Diggers Sinter 
Geyserite <0.03 0.06 0.01 0.01 0.3 0.06 0.06 
Diggers Sinter 
Geyserite <0.03 0.08 0.02 0.01 0.4 0.09 0.1 

Chalcedonic Veins 
       Purangi Vein 0.39 2.53 0.63 0.31 14 3.84 2.73 

Diggers Vein 0.12 0.81 0.16 0.08 9.4 2.95 1.29 
Mud Pool Sediments 

       Air Strip <0.03 0.12 0.05 0.05 0.3 0.09 0.11 
Diggers Mud  <0.03 0.33 0.12 0.1 0.6 0.14 0.19 

Fluvial Sediments 
       Whenuakite River 0.27 0.85 0.2 0.1 4 0.97 0.86 

Lake Sediments 
       Big Kaitoke Lake <0.03 0.06 0.02 0.01 0.2 0.06 0.05 

Kaitoke Lake <0.03 0.07 0.02 0.01 0.1 0.03 0.05 
Silicified Volcanics 

       Kaitoke Volcanics 0.16 1.29 0.25 0.11 7.6 1.96 1.6 
Rangitoto 0.96 2.88 0.39 0.11 18 3.64 5.15 
Rangitoto 0.08 1.43 0.36 0.13 3.3 0.9 0.96 
Huruhurutakimo 0.7 3.62 0.65 0.29 22.3 5.94 4.13 
Purangi Hill 0.04 0.35 0.15 0.09 1.2 0.28 0.3 
Digger Hill <0.03 0.73 0.24 0.18 1.3 0.23 0.57 
Lee's Road 0.04 0.9 0.24 0.11 3.4 0.86 0.84 
Lee's Road 0.06 1.23 0.29 0.13 5.5 1.55 1.32 
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Tb Tm Yb Au Hg 

 
ppm ppm ppm ppm ppm 

Detection limit  0.01 0.01 0.03 0.005 0.01 
Sinter Deposits  

Big Kaitoke Plant-rich 0.05 0.05 0.37 <0.001 0.012 
Kaitoke Plant-rich  0.02 0.01 0.09 0.009 0.074 
Kohuamuri  Geyserite 0.01 0.01 0.06 <0.001 0.093 
Kohuamuri Plant-rich  0.02 0.02 0.12 0.003 0.049 
Dalmeny Geyserite 0.49 0.34 2.43 <0.001 0.233 
Hepburn Plant-rich 0.01 <0.01 0.03 <0.001 0.133 
Diggers Sinter 
Geyserite 0.01 <0.01 0.04 <0.001 0.016 
Diggers Sinter 
Geyserite 0.01 0.01 0.07 <0.001 0.01 

Chalcedonic Veins 
     Purangi Vein 0.43 0.33 2.06 0.001 0.082 

Diggers Vein 0.12 0.08 0.53 0.004 1.81 
Mud Pool Sediments 

     Air Strip 0.03 0.03 0.29 <0.001 4.68 
Diggers Mud  0.06 0.08 0.57 <0.001 0.759 

Fluvial Sediments 
     Whenuakite River 0.14 0.1 0.7 0.022 0.083 

Lake Sediments 
     Big Kaitoke Lake 0.01 0.01 0.07 <0.001 0.282 

Kaitoke Lake 0.01 0.01 0.08 <0.001 0.257 
Silicified Volcanics 

     Kaitoke Volcanics 0.2 0.11 0.8 0.001 1.67 
Rangitoto 0.36 0.13 0.77 0.013 0.157 
Rangitoto 0.27 0.15 0.94 <0.001 0.158 
Huruhurutakimo 0.52 0.29 2 <0.001 0.805 
Purangi Hill 0.09 0.07 0.58 <0.001 0.61 
Digger Hill 0.14 0.15 1.14 <0.001 0.274 
Lee's Road 0.15 0.12 0.8 <0.001 1.06 
Lee's Road 0.21 0.13 0.85 <0.001 0.168 
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Sample   Zn 
WT% 

  Hg 
WT% 

  Fe 
WT% 

  Cu 
WT% 

   S 
WT% 

  As 
WT% 

  Sb 
WT% 

  Ag 
WT% 

  Au 
WT% 

   
TOTAL Mineral 

Broken Hills 1 0.000 0.011 43.94 0.001 51.29 0.483 0.038 0.000 0.000 95.77 Pyrite 
Broken Hills 1 0.000 0.037 44.06 0.000 52.23 0.459 0.043 0.000 0.016 96.85 Pyrite 
Broken Hills 1 0.013 0.008 31.79 0.017 46.48 0.502 0.040 0.001 0.021 78.88 Pyrite 
Broken Hills 1 0.004 0.000 44.75 0.000 46.71 1.093 0.100 0.007 0.002 92.67 Pyrite 
Broken Hills 1 0.534 0.001 0.05 0.000 0.47 0.000 0.007 0.003 0.008 1.07 Sphalerite 
Broken Hills 1 1.204 0.000 0.09 0.002 1.15 0.000 0.002 0.003 0.001 2.45 Sphalerite 
Broken Hills 1 0.006 0.049 39.78 0.006 48.95 0.404 0.006 0.000 0.016 89.23 Pyrite 
Broken Hills 1 0.008 0.002 45.76 0.004 51.86 0.180 0.008 0.007 0.004 97.84 Pyrite 
Broken Hills 1 0.000 0.033 45.76 0.008 52.45 0.179 0.005 0.002 0.000 98.44 Pyrite 
Broken Hills 1 0.007 0.022 46.25 0.001 53.01 0.148 0.007 0.010 0.000 99.46 Pyrite 
Broken Hills 1 0.000 0.000 46.69 0.010 52.11 0.156 0.006 0.003 0.000 98.97 Pyrite 
Broken Hills 1 0.010 0.016 46.11 0.026 51.19 2.437 0.000 0.011 0.001 99.80 Pyrite 
Broken Hills 1 0.005 0.015 46.33 0.018 51.71 1.928 0.000 0.005 0.014 100.03 Pyrite 
Broken Hills 1 0.000 0.049 46.59 0.019 53.59 0.173 0.000 0.008 0.000 100.42 Pyrite 
Broken Hills 1 0.008 0.043 46.22 0.028 53.43 0.069 0.008 0.220 0.009 100.04 Pyrite 
Broken Hills 1 0.024 0.034 46.07 0.023 51.43 1.744 0.015 0.006 0.023 99.36 Pyrite 
Broken Hills 1 0.006 0.031 42.12 0.530 49.88 0.243 0.159 4.344 0.019 97.33 Pyrite 
Broken Hills 1 0.009 0.050 34.76 0.427 44.37 0.045 0.009 2.763 0.046 82.48 Pyrite 
Broken Hills 1 0.009 0.062 39.14 0.680 52.86 0.035 0.053 4.553 0.055 97.44 Pyrite 
Broken Hills 1 0.009 0.017 46.07 0.019 52.64 0.438 0.009 0.128 0.022 99.35 Pyrite 
Broken Hills 1 0.009 0.007 45.26 0.088 51.91 0.194 0.007 0.536 0.012 98.02 Pyrite 
Broken Hills 1 0.005 0.024 44.22 0.039 52.44 0.013 0.002 0.154 0.029 96.92 Pyrite 
Broken Hills 1 0.006 0.011 39.72 0.997 51.05 0.030 0.003 4.745 0.016 96.58 Pyrite 
Broken Hills 1 0.016 0.000 40.82 0.569 51.16 0.017 0.000 3.910 0.000 96.49 Pyrite 

 



Appendix 2 

 290 

Sample   Zn 
WT% 

  Hg 
WT% 

  Fe 
WT% 

  Cu 
WT% 

   S 
WT% 

  As 
WT% 

  Sb 
WT% 

  Ag 
WT% 

  Au 
WT% 

   
TOTAL Mineral 

Broken Hills 1 0.021 0.000 38.65 0.736 51.67 0.128 0.255 7.095 0.004 98.55 Pyrite 
Broken Hills 1 0.012 0.000 45.39 0.015 52.53 0.315 0.011 0.017 0.000 98.29 Pyrite 
Broken Hills 1 0.009 0.031 46.18 0.013 52.67 0.145 0.000 0.009 0.000 99.06 Pyrite 
Broken Hills 1 0.014 0.005 46.00 0.000 52.93 0.265 0.005 0.001 0.016 99.23 Pyrite 
Broken Hills 1 0.009 0.009 43.75 0.009 48.42 0.623 0.000 0.014 0.000 92.83 Pyrite 
Broken Hills 1 0.005 0.097 20.66 0.004 34.19 0.204 0.006 0.008 0.010 55.19 Pyrite 
Broken Hills 1 0.003 0.039 45.92 0.024 53.79 0.003 0.000 0.054 0.019 99.86 Pyrite 
Broken Hills 1 0.001 0.054 44.16 0.173 53.60 0.007 0.008 0.185 0.000 98.18 Pyrite 
Broken Hills 1 0.003 0.014 45.01 0.243 53.38 0.000 0.000 0.497 0.000 99.15 Pyrite 
Broken Hills 1 0.010 0.009 44.62 0.066 53.19 0.028 0.007 0.201 0.004 98.14 Pyrite 
Broken Hills 1 0.006 0.036 43.36 0.028 51.65 0.002 0.004 0.019 0.019 95.12 Pyrite 
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Sample   Zn 
WT% 

  Hg 
WT% 

  Fe 
WT% 

  Cu 
WT% 

   S 
WT% 

  As 
WT% 

  Sb 
WT% 

  Ag 
WT% 

  Au 
WT% 

   
TOTAL Mineral 

Northern Waiotapu 
1 0.000 0.021 46.06 0.002 50.18 0.347 0.049 0.000 0.008 96.67 Pyrite 
Northern Waiotapu 
1 0.015 0.000 46.67 0.000 50.50 0.232 0.035 0.000 0.020 97.47 Pyrite 
Northern Waiotapu 
1 0.003 0.028 45.74 0.006 49.63 0.294 0.053 0.000 0.019 95.78 Pyrite 
Northern Waiotapu 
1 0.003 0.056 46.21 0.002 51.33 0.147 0.022 0.006 0.030 97.81 Pyrite 
Northern Waiotapu 
1 0.005 0.000 42.58 0.007 50.08 2.677 0.327 0.014 0.016 95.71 Pyrite 

 
Sample   Zn 

WT% 
  Hg 
WT% 

  Fe 
WT% 

  Cu 
WT% 

   S 
WT% 

  As 
WT% 

  Sb 
WT% 

  Ag 
WT% 

  Au 
WT% 

   
TOTAL Mineral 

Te Kopia 1 0.16 0.33 23.15 24.62 31.40 0.08 1.76 0.42 0.00 89.59 Chalcopyrite 
Te Kopia 1 0.03 0.00 45.47 0.02 53.20 0.01 0.00 0.00 0.00 98.90 Pyrite 
Te Kopia 1 0.02 0.01 45.37 0.02 52.95 0.00 0.00 0.00 0.02 98.51 Pyrite 
Te Kopia 1 0.01 0.03 35.46 0.03 44.15 0.03 0.01 0.00 0.00 90.10 Pyrite 
Te Kopia 1 0.00 0.06 38.74 0.03 46.96 0.04 0.00 0.00 0.02 94.28 Pyrite 
Te Kopia 1 0.01 0.00 39.90 0.01 47.78 0.03 0.00 0.00 0.02 95.00 Pyrite 
Te Kopia 1 0.00 0.06 45.72 0.02 53.11 0.02 0.01 0.00 0.00 99.09 Pyrite 
Te Kopia 1 0.00 0.00 46.06 0.02 52.75 0.02 0.01 0.00 0.00 99.00 Pyrite 
Te Kopia 1 0.00 0.00 45.09 0.03 52.63 0.03 0.01 0.01 0.00 98.18 Pyrite 
Te Kopia 1 0.00 0.01 45.13 0.04 52.84 0.04 0.00 0.00 0.02 98.66 Pyrite 
Te Kopia 1 0.00 0.00 40.04 0.04 47.64 0.02 0.01 0.00 0.00 94.91 Pyrite 
Te Kopia 1 0.01 0.01 44.05 0.01 52.29 0.04 0.01 0.01 0.00 98.38 Pyrite 
Te Kopia 1 0.01 0.00 40.61 0.04 42.18 0.03 0.02 0.06 0.03 86.01 Pyrite 
Te Kopia 1 0.00 0.00 8.93 0.03 11.59 0.00 0.00 0.01 0.00 48.37 Pyrite 
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Te Kopia 1 0.01 0.01 44.38 0.02 50.85 0.08 0.02 0.00 0.00 97.10 Pyrite 
Te Kopia 1 0.00 0.00 33.62 0.02 39.42 0.03 0.01 0.00 0.00 87.22 Pyrite 
Te Kopia 1 0.01 0.02 45.28 0.03 52.45 0.02 0.00 0.00 0.00 98.08 Pyrite 
Te Kopia 1 0.00 0.00 45.33 0.06 52.69 0.09 0.00 0.00 0.00 98.42 Pyrite 
Te Kopia 1 0.00 0.01 44.52 0.02 52.12 0.06 0.00 0.01 0.00 97.91 Pyrite 
Te Kopia 1 0.00 0.06 45.41 0.02 52.74 0.02 0.00 0.00 0.00 98.44 Pyrite 
Te Kopia 1 0.01 0.00 44.01 0.06 51.25 0.20 0.01 0.00 0.00 96.09 Pyrite 
Te Kopia 1 0.01 0.03 44.79 0.01 52.64 0.02 0.01 0.00 0.00 98.22 Pyrite 

 
 
 

Sample   Zn 
WT% 

  Hg 
WT% 

  Fe 
WT% 

  Cu 
WT% 

   S 
WT% 

  As 
WT% 

  Sb 
WT% 

  Ag 
WT% 

  Au 
WT% 

   
TOTAL Mineral 

Purangi 1 0.00 0.03 44.73 0.01 50.98 2.28 0.21 0.01 0.00 98.38 Pyrite 
Purangi 1 0.00 0.01 44.69 0.01 51.50 1.58 0.15 0.00 0.00 98.06 Pyrite 
Purangi 1 0.01 0.04 45.14 0.00 51.93 1.29 0.13 0.00 0.00 98.65 Pyrite 
Purangi 1 0.01 0.04 45.33 0.01 52.24 0.41 0.10 0.01 0.00 98.28 Pyrite 
Purangi 1 0.01 0.00 45.64 0.02 52.63 0.19 0.11 0.01 0.01 98.68 Pyrite 
Purangi 1 0.00 0.03 45.76 0.00 52.31 0.13 0.15 0.00 0.00 98.44 Pyrite 
Purangi 1 0.01 0.04 45.53 0.00 51.20 0.15 0.15 0.00 0.01 97.26 Pyrite 
Purangi 1 0.01 0.00 45.34 0.01 52.23 0.79 0.13 0.00 0.00 98.59 Pyrite 
Purangi 1 0.03 0.03 45.26 0.01 51.01 1.44 0.13 0.00 0.00 98.00 Pyrite 
Purangi 1 0.00 0.00 44.92 0.00 50.76 2.30 0.17 0.00 0.00 98.25 Pyrite 
Purangi 1 0.01 0.00 44.90 0.01 51.21 2.06 0.16 0.00 0.00 98.55 Pyrite 
Purangi 1 0.01 0.04 44.06 0.01 50.43 2.41 0.23 0.00 0.00 97.59 Pyrite 
Purangi 1 0.01 0.00 43.58 0.02 49.72 3.76 0.26 0.01 0.00 97.87 Pyrite 
Purangi 1 0.01 0.01 41.64 0.01 47.78 3.97 0.25 0.01 0.00 95.46 Pyrite 
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Purangi 1 0.00 0.00 44.21 0.00 50.36 3.55 0.17 0.00 0.00 98.37 Pyrite 
Purangi 1 0.02 0.05 44.67 0.00 51.41 2.01 0.12 0.00 0.01 98.38 Pyrite 
Purangi 1 0.00 0.01 43.94 0.00 50.43 2.70 0.47 0.00 0.00 97.64 Pyrite 
Purangi 1 0.00 0.00 43.76 0.01 49.71 3.19 0.19 0.00 0.01 97.33 Pyrite 
Purangi 1 0.00 0.00 43.69 0.02 50.06 3.16 0.23 0.00 0.01 97.85 Pyrite 
Purangi 1 0.00 0.01 44.10 0.03 50.49 0.54 0.12 0.01 0.00 96.01 Pyrite 
Purangi 1 0.02 0.03 44.43 0.01 49.94 2.96 0.10 0.00 0.00 97.60 Pyrite 
Purangi 1 0.02 0.07 44.15 0.00 49.76 2.34 0.08 0.00 0.00 96.58 Pyrite 
Purangi 1 0.01 0.08 44.45 0.01 50.00 3.46 0.09 0.00 0.01 98.25 Pyrite 
Purangi 1 0.02 0.06 43.60 0.01 45.87 5.97 0.15 0.00 0.00 95.87 Pyrite 
Purangi 1 0.00 0.04 44.41 0.01 49.81 0.25 0.05 0.01 0.00 94.73 Pyrite 

Sample   Zn 
WT% 

  Hg 
WT% 

  Fe 
WT% 

  Cu 
WT% 

   S 
WT% 

  As 
WT% 

  Sb 
WT% 

  Ag 
WT% 

  Au 
WT% 

   
TOTAL Mineral 

Purangi 1 0.01 0.01 43.62 0.01 48.30 4.31 0.07 0.00 0.00 96.94 Pyrite 
Purangi 1 0.01 0.02 42.33 0.01 47.25 3.82 0.09 0.00 0.01 95.88 Pyrite 
Purangi 1 0.00 0.00 5.50 0.00 8.67 0.78 0.03 0.00 0.01 49.51 Pyrite 
Purangi 1 0.00 0.06 46.46 0.01 46.24 0.20 0.21 0.00 0.00 93.60 Pyrite 
Purangi 1 0.01 0.03 45.56 0.01 49.73 0.21 0.25 0.00 0.00 95.98 Pyrite 
Purangi 1 0.01 0.05 44.73 0.00 51.05 2.16 0.29 0.00 0.00 98.40 Pyrite 
Purangi 1 0.00 0.08 45.41 0.00 51.80 0.79 0.15 0.00 0.01 98.30 Pyrite 
Purangi 1 0.00 0.04 29.90 0.01 37.26 0.58 0.13 0.01 0.01 67.95 Pyrite 
Purangi 1 0.01 0.02 44.35 0.01 49.66 2.88 0.46 0.00 0.02 97.99 Pyrite 
Purangi 1 0.00 0.04 32.06 0.01 0.02 8.98 0.02 0.00 0.00 41.22 As pyrite 
Purangi 1 0.03 0.05 31.12 0.00 0.05 13.25 0.08 0.00 0.01 46.05 As pyrite 
Purangi 1 0.16 0.00 50.91 0.01 0.08 2.84 0.34 0.00 0.02 54.60 Fe phase 
Purangi 1 0.19 0.00 52.30 0.00 0.08 2.60 0.32 0.00 0.02 55.77 Fe phase 
Purangi 1 0.18 0.02 51.23 0.01 0.07 2.69 0.36 0.00 0.00 54.78 Fe phase 
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Purangi 1 0.02 0.00 57.76 0.00 0.29 1.15 0.09 0.00 0.00 59.57 Fe phase 
Purangi 1 0.03 0.03 57.45 0.01 0.15 1.04 0.06 0.00 0.01 59.39 Fe phase 
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