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Abstract 

The Lihir gold deposit (also known as Ladolam), Papua New Guinea, has a 56 Moz resource and 

is the world’s largest alkalic gold deposit in terms of contained gold. The gold deposit is in an 

amphitheater, inferred to be a remnant of the original ~ 1.1 km high volcanic cone that underwent 

northeast-directed sector collapse(s) and prolonged tropical weathering. The ore deposit is situated in 

the foot wall of the sector collapse detachment surface and consists of several orebodies.  

Late-stage, gold-rich, alkalic low-sulfidation epithermal mineralization was superimposed upon 

early-stage, porphyry-style alteration. A three-fold vertical alteration architecture at Lihir is interpreted 

to broadly represent this evolution. With increasing depth, the alteration zones consist of: (1) a 

surficial, generally barren, steam-heated clay alteration zone that is a product of modern high-

temperature geothermal activity; (2) a high-grade (> 3 g/t Au), refractory sulfide and adularia alteration 

zone that represents the ancient epithermal environment; and (3) a comparatively low-grade (< 1 g/t 

Au) zone rich in anhydrite ± carbonate, coupled with biotite alteration, that represents the ancient 

porphyry-style environment.  

Early porphyry-style hydrothermal activity in the Lienetz orebody resulted in a magmatic-

hydrothermal breccia complex and associated hydrothermal veins, most of which contain anhydrite. A 

spectacular anhydrite ± carbonate vein array is exposed in the deeper levels of the Lienetz open pit and 

reveals a dynamic structural evolution where veins were reactivated, but with grossly similar 

geometries and kinematic histories.  

Early localized compression is evident from low-angle thrust faults and tensile vein arrays with 

both sub-vertical and sub-horizontal dips. This occurred in the porphyry-style environment, under low 

differential stress, an oscillating sub-horizontal to sub-vertical σ1, and temporarily elevated fluid-

pressures that resulted from mineral sealing. The variable stress conditions, and nucleation of vein 

arrays with low-angle dips, are interpreted to relate principally to instabilities in the volcanic-magmatic 

environment, triggered in part by volume changes within the underlying magma chamber and 

exsolution of hydrothermal volatiles. Protracted or multistage northwest-directed extension with a 

mostly sub-vertical σ1 predominated for the rest of the porphyry- to epithermal-stage evolution, 

possibly reflecting the greater control of far field tectonic stresses and instabilities in the shallow 

volcanic environment. This is best documented by the principal vein array at Lienetz, which consists of 

large hybrid to shear veins with low-angle dips (~ 30°) to the north. Linking these large, low-angle 

veins are sets of tensile to hybrid veins and breccia veins with high-angle dips (~ 65°) to the northwest. 
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Kinematic indicators record dominantly extensional displacement, with north- to northwest-directed, 

top-block down sense of shear. 

Significant modification of the early formed veins and breccias occurred during the transition 

from porphyry-style to epithermal conditions, leading to recrystallization, dissolution seams, stylolites, 

volume loss and solution collapse breccias. The modified veins localized some shear and may have had 

some control of lubrication for the sector collapse event(s), however, they are not kinematically linked.   

High-grade, epithermal-style, gold mineralization followed vein modification and sector 

collapse(s). Mineralization was partly facilitated by preconditioning provided by porphyry-stage 

events, as auriferous hydrothermal fluids flowed through cavities created by the dissolution of early 

formed anhydrite. Mineralization was also localized at depth by northeast-striking faults. Continued 

extension with top-block down to the northwest preferentially reactivated the principal vein array with 

low-angle dips to the north. Porphyry-stage veins were modified during epithermal mineralization due 

to reactivation under extensional conditions. Reactivation produced northeast-striking tensile to hybrid 

veins and breccia veins with high-angle dips and rhombic dilational jogs that localized high-grade gold. 

The northeast to east-northeast-striking structural grain, evident at both the island scale and the 

deposit scale, was inherited from the basement. These structures were weaknesses that were reactivated 

throughout the evolution of Lienetz. Similarly oriented deep-seated faults contributed to the northeast-

elongation of the volcanic amphitheater, and were fundamental for the structural control of vein 

formation and gold localization. 

The unique characteristics of the Lihir gold deposit, in particular the preserved relationships of 

hybrid ore and volcanic architecture, provides insights into transitional processes between porphyry 

and epithermal end-members. Reactivated structures and anhydrite dissolution were significant factors 

in gold mineralization in the Lienetz orebody. As such, they should be regarded in the exploration and 

understanding of other magmatic-hydrothermal ore deposits. 

 

Introduction 

The Lihir gold deposit, also known as Ladolam, is one of the most well-endowed (57 Moz), and 

youngest (< 1 Ma) gold deposits in the world (Davies and Ballantyne, 1987; Moyle et al., 1990; 

Carman, 1994, 2003; Newcrest Mining Ltd., 2016). It contains an active high-temperature geothermal 
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system that continues to alter rocks, cause brecciation and carry gold (e.g., Pichler et al., 1999; 

Simmons and Brown, 2006). Remarkably, the volcanic edifice within which the deposit resides is 

reasonably well-preserved. It is a breached strato-volcanic cone, cored by hypabyssal intrusive rocks 

and diatreme breccia facies (Carman, 2003; Blackwell, 2010; Lawlis et al., 2015). A complex history of 

alteration has affected the core of the amphitheater, extending to > 400 m below its base.  

Lihir is the exemplar of a telescoped magmatic-hydrothermal system, whereby volcanic sector 

collapse led to superposition of shallow level auriferous epithermal mineralization upon pre-existing, 

but genetically related, porphyry-style alteration (Carman, 1994; Sillitoe, 1994). High-grade refractory 

sulfide gold ores at Lihir largely reside in a near-surface zone of adularia ± illite alteration. This near 

neutral pH alteration assemblage, along with an association of alkaline host rocks, provides the basis 

for the deposit’s alkalic epithermal gold classification, similar to the Cripple Creek and Porgera gold 

deposits (e.g., Richards, 1995; Jensen and Barton, 2000; Simmons et al., 2005). Beneath the adularia 

alteration zone at Lihir is a broad zone of biotite ± K-feldspar-altered rocks that contain thick (0.1 to > 

30 m) anhydrite ± carbonate veins and breccias. The mineralogy of this zone, coupled with dominantly 

magmatic signatures obtained from sulfur and strontium isotope studies (Müller et al., 2002; Carman, 

2003; Sykora, 2016), and again, the association with alkaline igneous rocks, are compatible with alkalic 

porphyry Cu ± Au deposits (e.g., Galore Creek – Lang et al., 1995; Bissig and Cooke, 2014). In 

contrast to the shallow-level epithermal domain, high-grade gold within the deeper-level anhydrite-rich 

zone at Lihir are erratic and the controls on their distribution are poorly understood.  

Globally, both epithermal gold and gold-rich porphyry deposits are major sources for gold and 

highly sought after by producers. While telescoping is a reasonably common phenomenon in some 

porphyry-epithermal districts (e.g., Wafi-Golpu, PNG – Rinne et al., this volume; Tumpangpitu, 

Indonesia – Harrison et al., this volume, Maryano et al. this volume), the widespread overprinting of 

epithermal-style features upon the porphyry-related veins and breccias at Lihir, within the relatively 
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well-preserved dissected volcanic edifice, provides a rare opportunity to understand the physical 

evolution of magmatic-hydrothermal activity in a giant, hybrid gold deposit. This paper focuses on the 

structural processes that operated throughout the porphyry-epithermal transition, by examining the 

formation and evolution of spectacular vein arrays in the deeper levels of Lienetz, largely within an 

anhydrite-rich zone. The geometric and kinematic features of various vein stages are used to provide 

constraints on the relative roles of tectonic, magmatic, hydrothermal and gravitational forces that led to 

broad-scale permeability and porosity development. The deposit-scale structural template is used to 

examine the distribution of gold within the anhydrite-rich zone in Lienetz, and to place constraints on 

gold introduction, remobilization, and precipitation throughout the evolution from porphyry- to 

epithermal-style conditions. 

 

Tectonic setting of Lihir Island 

Lihir Island is located northeast of New Ireland, Papua New Guinea, as part of the young (< 4 

Ma), evenly distributed (~ 80 km spacing) Tabar-Lihir-Tanga-Feni island chain (Fig. 1A–B). The 

tectonic setting is complex, involving a mosaic of rotated and translated microplates, driven principally 

by protracted, oblique, westward convergence of the Pacific Plate with the Australian Plate, which 

initiated around 50 to 42 Ma (Gordon et al., 1978; Hall, 2002; Sharp and Clague, 2006). Convergence 

was in part accommodated by subduction along the Melanesian Trench, until Oligocene docking of the 

Ontong Java Plateau caused near-complete cessation of magmatism along the Melanesian Arc (Curtis, 

1973; Falvey and Pritchard, 1982; Weissel et al., 1982; Kroenke and Rodda, 1984; Coffin and Eldholm, 

1993; Martinez and Taylor, 1996; Petterson et al., 1997; Tregoning et al., 1998; Hall, 2002; Kroenke et 

al., 2004; Mann and Taira, 2004; Knesel et al., 2008). A reversal in subduction polarity with the birth 

of the markedly northward-convex New Britain Trench at ~ 10 Ma led to reactivation of parts of the 

older Melanesian chain, and the initiation of a new northward-dipping subduction zone (i.e., south-
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facing arc; Fig. 1A; Weissel et al., 1982; Cooper and Taylor, 1985; Wessel and Kroenke, 2000; Hall, 

2002). Pliocene to Recent subduction along the New Britain Trench was coeval with: (1) micro-plate 

segmentation associated with back-arc spreading in the Manus Basin; (2) volcanism along New Britain; 

(3) sinistral northwest-directed transposition (~ 400 km) of New Ireland relative to New Britain, and; 

(4) formation of the Tabar-Lihir-Tanga-Feni island chain (Fig. 1A–B; Pascal, 1979; Taylor, 1979; 

Taylor et al., 1994; Martinez and Taylor, 1996).  

A linked array of transforms and spreading ridges, defining the Bismarck Sea Seismic Lineation, 

separates and accommodates oblique motions of the two main microplates in the region, the North and 

South Bismarck Plate (Fig. 1A; Pascal, 1979; Taylor, 1979). The Bismarck Sea Seismic Lineation 

extends to the southeast across New Ireland as a major northwest-striking sinistral transform fault, 

which partly links to an ill-defined trench-trench-transform triple junction at the prominent inflection in 

the New Britain Trench (Fig. 1A; Taylor, 1979; Falvey and Pritchard, 1982; Taylor and Karner, 1983; 

Lindley, 1988). Tregoning et al. (2000) labeled the triple junction a ‘broad deformation zone’ based on 

modern plate velocity data. The section of the North Bismarck Plate where the Tabar-Lihir-Tanga-Feni 

island chain is located has been noted to be decoupled from, but still moving with, the Pacific Plate 

(Bruns et al., 1989). The reported ~ 400 km northwestward transposition of New Ireland (Taylor, 1979) 

was most likely accommodated by the major northwest-striking transform segment that transects New 

Ireland (Fig. 1A).  

The Melanesian Trench defines the current, arcuate boundary of the North Bismarck Plate with 

the Pacific Plate. Aside from localized evidence of reactivated or continuing southward subduction 

beneath the Solomon Islands (Cooper and Taylor, 1985; Petterson et al., 1997) and minor modern 

earthquake activity (Bruns et al., 1989; Bird, 2003; Benz et al., 2011), the Melanesian Trench is 

considered largely inactive in this region today (Fig. 1A). Perturbations in the form of the Solomon Sea 
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Plate at depth are evident in deep earthquake data beneath the Tabar-Lihir-Tanga-Feni island chain, and 

these have been modelled to represent a tear and overturned segment of the slab (O’Kane, 2008). 

The Tabar-Lihir-Tanga-Feni island lavas are shoshonitic, alkali- and volatile-rich, silica-

undersaturated, and highly oxidized with elevated large-ion lithophile elements (Johnson et al., 1976; 

Johnson et al., 1978; Kennedy et al., 1990a; Kennedy et al., 1990b; McInnes and Cameron, 1994; 

Stracke and Hegner, 1998; McInnes et al., 2001; Kamenov et al., 2008). Their hybrid geochemical 

characteristics are consistent with Pliocene to Pleistocene partial melting of an already metasomatized, 

oxidized and hydrous mantle wedge, originally formed by the Miocene Melanesian subduction zone 

(Johnson et al., 1978; Kennedy et al., 1990a; Kennedy et al., 1990b; McInnes and Cameron, 1994; 

Stracke and Hegner, 1998). Partial melting was most likely caused by adiabatic decompression due to 

transtensional or extensional tectonics, or alternatively due to the development of a local deep-seated 

heat source (e.g., Johnson et al., 1978; McInnes and Cameron, 1994; Lindley, 1988; Lindley, 2016). It 

may be that migration of the asthenospheric mantle wedge towards the extended, over-steepened 

segments of the down-going slab, or asthenospheric upwelling through the inferred slab tear, provided 

a local heat source that triggered melting of the subduction modified mantle below the island chain. 

Volcanism could have also occurred during progressive northwestward transposition and 

counterclockwise rotation of the North Bismark Plate relative to the South Bismarck Plate during the 

last ~ 3.5 m.y., possibly aided by the preexisting island arc architecture associated from the paleo-

Melanesian subduction zone (Sykora, 2016). This scenario explains the strong statistical correlation of 

the Tabar-Lihir-Tanga-Feni island chain’s elongation of island long-axes, the angular discordance of 

long-axes from one island group to the next, and an apparent younging of volcanism to the southeast. 

Further studies are required to confirm the prevalent tectonic environment for the formation of the 

Tabar-Lihir-Tanga-Feni island chain, as this evidently was unique and certainly an important factor in 

creating what is now one of the most well-endowed metallogenic regions of the world.  
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Lihir Island and Luise Amphitheater Geology 

Lihir Island is composed of volcanic lavas, volcaniclastic deposits and fringing limestone reef 

deposits (Fig. 2A; Wallace et al., 1983). Only gentle uplift has occurred during the Quaternary 

(Wallace et al., 1983). Five volcanic centers, presently inactive, were identified from geomorphological 

mapping (Fig. 2A). Three of the volcanoes are characterized by seaward-breached amphitheaters, each 

of which is believed to have formed via sector collapse. The most prominent of the amphitheaters, 

Luise, hosts the Lihir gold deposit (Fig. 2A–C). 

The Luise amphitheater is 4 × 3.5 km wide, and elongated and breached to the northeast (Fig. 2B). 

The pre-mining depth of the amphitheater floor was 80 m relative to sea level (rsl) and the height of the 

walls are 640 m rsl (Blackwell, 2010). The original volcanic cone height is estimated to have been ~ 

1100 m rsl, determined by extrapolating the dip of the amphitheater walls and assuming a symmetrical 

cone (Wallace et al., 1983; Blackwell, 2010). Seafloor mapping adjacent to the Luise amphitheater has 

identified hummocky topography and marginal levees extending ~ 10 km offshore, which are features 

considered to represent offshore debris avalanche deposits of the sector collapse event(s) that formed 

the Luise amphitheater (Herzig et al., 1998; Blackwell, 2010; White et al., 2010).  

The pre-ore evolution of the Luise amphitheater consisted of multiple phases of constructional 

volcanism and magmatism, involving basaltic to andesitic volcano-sedimentary strata and emplacement 

of equigranular to porphyritic intrusions (Davies and Ballantyne, 1987; Moyle et al., 1990; Carman, 

1994; Blackwell, 2010). 

 

Lihir Gold Deposit: Evolution and Alteration Zones 
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The Lihir gold deposit is nested within the Luise amphitheater and consists of several adjacent and 

partly overlapping orebodies (Figs. 2C, 3). Intense alteration from the ancient and modern 

hydrothermal system has obscured many of the primary rock types. The alteration extends beyond the 

ore both vertically and laterally with poorly constrained limits, but is particularly texturally destructive 

at upper levels of the deposit. A broad three-fold zonation exists in terms of alteration type and 

intensity, which corresponds in part to gold tenor and distribution (Fig. 3A–B). The mine geological 

model uses this zonation to classify ore types (Table 1; Fig. 3A–B). With increasing depth, these 

alteration zones include: (1) a surficial, generally low-grade to barren, steam-heated clay alteration 

zone, with a flat-lying base that sub-parallels the present-day floor of the Luise amphitheater; (2) a 

high-grade (> 3 g/t Au) refractory sulfide and adularia alteration zone, again with broadly sub-

horizontal form, but in detail, a crenulate base; and (3) a comparatively low-grade to barren zone of 

anhydrite ± carbonate veins, intergranular cement and breccias, coupled with biotite alteration, which 

extends both laterally and to depth beyond ore and limits of resource drilling (Table 1; Fig. 3A–B; 

Davies and Ballantyne, 1987; Moyle et al., 1990; Carman, 1994). Rough age constraints of 

hydrothermal minerals related to the three-fold alteration zones have been determined by Davies and 

Ballantyne (1987), Moyle et al. (1990), Rytuba et al. (1993) and Carman (1994) using 40K–40Ar and 

40Ar–39Ar methods (e.g., Table 1), however, thermal resetting of radiometric ratios has been questioned 

due to the modern high-temperature geothermal system.  

The three alteration zones overprint each other at their basal contacts, and are conventionally 

interpreted to record distinct stages in the evolution of the magmatic-hydrothermal system (Davies and 

Ballantyne, 1987; Moyle et al., 1990; Carman, 1994). The lower anhydrite zone records an early 

porphyry-style magmatic-hydrothermal stage (~ 0.9 to 0.3 Ma), the sulfide – adularia zone represents a 

transition to an epithermal environment (~ 0.61 to 0.19 Ma), whereas the surficial zone of intense clay 

alteration is a product of the modern geothermal system (~ 0.15 Ma to Present; Table 1; Fig. 3A–D; 
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Davies and Ballantyne, 1987; Moyle et al., 1990; Carman, 1994). Episodic volcanism has occurred 

during the modern geothermal-stage, with the emplacement of several volcanic-hydrothermal 

(diatreme) breccia bodies (> 0.06 Ma; Lawlis et al., 2015; Lawlis, unpublished data, 2016), which 

cross-cut both anhydrite- and sulfide – adularia-dominant alteration zones. 

There is significant heterogeneity within these broad, simplified alteration zones. Only the 

geothermal-stage, encompassed by the clay zone, is a relatively uniform layer (Fig. 3A–D). Within 

porphyry- and epithermal-stage zones, there is considerable variability, both in terms of gold grades 

(Fig. 3A–B), and the distribution of anhydrite veins, breccias and disseminations (Fig. 3C–D; Carman, 

1994). Although the porphyry-stage zone is atypical of calc-alkalic porphyry Cu + Mo deposits due to a 

lack of stockwork quartz veining (c.f., Braxton et al., this volume; Rinne et al., this volume; Orovan et 

al., this volume; Harrison et al., this volume), it has similarities to more silica-understatured alkalic 

porphyry Cu ± Au deposits (e.g., Richards, 1995; Sillitoe, 2000; Sillitoe, 2010; Wolfe and Cooke, 

2011; Bissig and Cooke, 2014). 

 

Previous Structural Studies at Lihir 

Mapping and identifying faults on Lihir Island has been hindered by the island’s poor exposure, 

tropical rainforest cover, and rugged terrain. Work by the Geological Survey of Papua New Guinea 

(Wallace et al., 1983), and subsequent unpublished consultant reports (e.g., Pridmore, unpublished 

report to Kennecott Exploration Ltd., 1991), relied heavily on interpreting aerial photography, with 

supplementary sideways looking radar, and airborne geophysical datasets to produce basic lineament 

maps (Fig. 4A). Of the geometrically distinct lineament sets, those with east-northeast (i.e., strikes 

between 065° and 090°) and northeast trends are most prevalent and coincide with aligned offshore 

islands, aeromagnetic features and elongation of inferred volcanoes and intrusions (Fig. 4A). By 

contrast, north, northwest and west-northwest trending elements are less common, but are also defined 
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by magnetic lineaments and truncations. The combination of each set contributes to the overall wedge-

shaped, southward-tapering form of the island (Fig. 4A). 

Further structural analyses of the Luise amphitheater, largely presented in unpublished reports to 

Lihir mining operations, integrated aerial and ground geophysical surveys, aerial photography, 

synthetic aperture radar images, photogrammetry, borehole temperature maps, drill-core geotechnical 

data and limited surface mapping to define similar trending lineaments (Fig. 4B, Williamson, 1983; 

Moyle et al., 1990; Corbett et al., 2001; Müller et al., 2002; Haneberg et al., 2005; Vogwill et al., 

2009). Lineaments within the amphitheater have been proposed to define a complex array of faults 

(e.g., Moyle et al., 1990; Corbett et al., 2001), but these inferred structures have poor kinematic 

constraints and imprecise positions, with only the east-northeast- and northeast-striking lineaments 

relatable to mappable faults. Additionally, east-northeast, northeast and northwest trends conform to 

boundaries, or long-axes, of high-grade gold isosurfaces that define orebodies (Fig. 4B). The most 

notable example is the east-northeast-striking, steeply to moderately northward-dipping Minifie shear, 

which marks the southern margin of the Minifie orebody (Fig. 4B). Both the east-northeast and 

northeast lineaments are loci for the presently active high-temperature geothermal system (Fig. 4B). 

The northeast-striking lineaments also parallel the steep bathymetric ridges of the Luise amphitheater 

that project offshore (Fig. 4B). 

 

Methods 

Data were collected primarily through open-pit mapping of the deepest levels of the Lienetz 

orebody. Although exposure of the vein array is excellent, working in areas of active mining and 

geothermal outflow presented a number of logistical hazards. Average bench heights are approximately 

12 m with steep faces (i.e., 65 to 80°), resulting in overhanging and unstable rocks. The modern high-

temperature geothermal system has surficial discharge points in the bottom and walls of the Lienetz 
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open pit, resulting in areas of potential geothermal outbursts with boiling springs and steaming ground, 

hot mud pools, and local rock temperatures > 60°C. In the current study, inaccessible areas were 

mapped remotely with the aid of spatially referenced high-resolution photographs, and supplemented 

with drill-core data. A 3-D pdf of the vein array exposure on the open-pit wall is available in the digital 

appendix to this paper. The drill cores are unoriented, but the very substantial thicknesses (> 10 m) and 

distinct textures of certain vein arrays has permitted correlation across the Lienetz orebody. Thick 

intervals of anhydrite were identified and modeled as isosurfaces over an area larger than Lienetz, from 

photographs of ~ 410 drillholes. Core-loss was also modeled from Lihir’s geotechnical database of ~ 

1050 drillholes and Lihir’s geothermal database of open-space cavities encountered during mining. A 

short movie of the 3-D LeapfrogTM model is available as a digital appendix to this paper.  

Both veins and hydrothermal breccias are abundant within the Lienetz orebody. There is a textural 

and morphological continuum of these features, such that differentiation between veins and breccias is 

not always straightforward. A large vein with wall-rock clasts was distinguished from a cement-rich 

hydrothermal breccia based on its geometry (i.e., semi-tabular or sheet-like) and cement component of 

> 70% relative to clasts in cement – clast – matrix ternary diagram (cf. Woodcock and Mort, 2008; 

Sykora, 2016). The term ‘breccia vein’ can be applied for these features, whereas the term ‘vein’ is 

applied more generally, particularly when wall-rock components are < 5%. In this paper, veins and 

breccia veins are the focus. 

Vein stages were distinguished principally by their composition and textures, associated alteration 

halos and cross-cutting relationships. These relationships were obscured in many veins due to 

multistage reactivation that occurred under diverse chemical and physical conditions. Complexities 

caused by reactivation of veins have been accounted for in the classification scheme by assigning vein 

stages with an “M” subscript to denote vein modification after formation. This nomenclature is 

introduced early to aid the description of vein development, but supported throughout this paper with 
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textural and geometrical evidence. Vein-opening mechanisms and interpretations of their kinematic 

significance were partly determined from internal fabric elements, including vein fibers and inclusion 

bands where present (Fig. 5A, C; e.g., Cox and Etheridge, 1983; Ramsay and Huber, 1983; Cox, 1987; 

Urai et al., 1991). The form of vein arrays, and geometric relationships with non-mineralized fractures, 

provided additional kinematic constraints (Fig. 5B, D). Veins locally possess folded internal fabrics. 

Local inclusions of wall rocks with asymmetric tails, similar to porphyroclasts in shear zones (Fig. 5E), 

were also used to define relative wall-rock displacement histories. 

To examine relationships between structural elements in the Lienetz open pit and gold 

mineralization, high-grade gold isosurfaces from gold assay composites (i.e., a blend of blasthole and 

drillhole fire Au assays) were constructed for depths below −100 m rsl. Data were modeled using 

interpolants in LeapfrogTM, and subdivided into a suite of geometrically, and to a lesser extent spatially, 

distinct ellipsoidal isosurfaces. Mineralized high-grade isosurfaces are defined by > 1.5 g/t Au. 

Geometric data were generated by digitizing ‘structural disks’ on the margins of ellipsoidal isosurfaces.  

Gold grades within vein stages were determined from samples collected during open-pit mapping 

and core logging. Selected samples were assayed for gold using a fire assay method on-site at the Lihir 

gold mine, or using a fire assay, 30 g charge (FA301) method at Newcrest Laboratory Services, 

Orange, New South Wales, Australia. Gold assays (i.e., on-site fire assays) of specific drill-core 

intervals were acquired from the historic drilling database of the Lihir mine.  

 

Vein Stages in Lienetz 

Eight stages of veins have been distinguished at Lienetz (Table 2; Fig. 6). These are summarized 

in Table 2, where they are also compared to Carman’s (1994, 2003) paragenetic scheme. Veins have 

distinctive mineral assemblages (Table 2), textures (Fig. 7), and cross-cutting relationships (Fig. 8).  
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Interpretations for each vein stage are summarized in Figure 6A–B. Figure 6C also shows the 

temperature stability ranges of minerals, as determined from active geothermal systems and 

experimental modeling (e.g., Browne, 1978, Hemley et al., 1980; Henley and Ellis, 1983; Reyes, 1990). 

Highlighted in Figure 6C are mineral assemblages typical of porphyry-, epithermal- and geothermal-

stages at Lihir (e.g., Table 1; Davies and Ballantyne, 1987; Moyle et al., 1990; Carman, 2003). 

 

Anhydrite – biotite veins (V1bio) 

Anhydrite veins with biotite halos (V1bio) are the earliest-formed veins in Lienetz (Table 2). 

Individual veins are on average < 1 cm thick, but locally up to 20 cm thick, with minor crackle to 

mosaic wall-rock fragments along edges. The distinguishing characteristic of V1bio veins are 

moderately to intensely developed alteration halos of biotite ± phlogopite (Fig. 7D). The vein halos are 

0.3 to 15 cm wide. There has been little modification of primary vein textures in V1bio veins. Pyrite has 

selectively replaced primary mafic minerals within the surrounding wall rock, and only occurs as trace 

to < 1% within veins (Table 2).  

 

Anhydrite – chlorite ± epidote veins (V1chl–epi) 

A weakly developed set of thin (< 0.5 cm wide), wispy veinlets compose V1chl–epi (Table 2). These 

veinlets are infilled by chlorite, calcite ± epidote, and have compositionally similar alteration halos that 

are up to 0.5 cm wide. There is a predominance of chalcopyrite over pyrite, with trace amounts of 

galena, although sulfides typically comprise trace to < 1% of the veinlets (Table 2). 

 

Anhydrite – K-feldspar veins (V1ksp) 
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V1ksp veins contain anhydrite and quartz, and are < 0.5 to 5 cm thick with planar margins (Table 

2). Distinct pink to grey K-feldspar alteration halos, up to 3 cm wide, are characteristic of this vein 

stage. V1ksp veins have cross-cut or re-opened V1bio veins (Table 2; Fig. 8C). 

 

Irregular anhydrite veins and breccia veins (V1M1) 

The V1M1 veins and breccia veins are one of the most volumetrically significant hydrothermal 

stages at Lienetz. They vary from 3 cm to 30 m thick. They probably originated as V1bio or V1ksp veins, 

but have experienced modification that led to a variety of textures and irregular forms. V1M1 consist 

chiefly of recrystallized anhydrite, with lesser celestine, barite, phyllosilicates and sulfides (Table 2; 

Figs. 7E–I; 8A–B). Fragments of wall-rock material in anhydrite are common (i.e., ~ 15 to 30%; e.g., 

Fig. 7G). V1M1 veins have irregular, diffuse and serrated margins with the surrounding wall rock and 

internal wall-rock fragments (Fig. 7G). Variable, but typically intense, alteration halos of 

cryptocrystalline K-feldspar and biotite are common, with local coarse biotite and phlogopite crystals 

up to 2 cm in diameter (Fig. 7E).  

V1M1 veins and breccia veins commonly contain < 0.01 to 0.03 cm thick, crenulated seams with 

dark green-grey accumulations of least-soluble wall-rock material (Fig. 7H). These are interpreted 

herein as dissolution seams or stylolites. Their origins are discussed in following sections. Anhydrite, 

with lesser inclusions of celestine, surround the stylolites and display recrystallized grain boundaries. 

Stylolites and dissolution seams are composed of wall-rock inclusions, chlorite, biotite, 

magnesioriebeckite, celestine and barite with trace amounts of pyrite, galena, monazite, molybdenite, 

orthobrannerite and sphalerite (Table 2). 

 

Pyrite – anhydrite veins (V2py) 
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The V2py stage comprises thin (< 0.5 cm wide), wispy veins, rich in pyrite both internally and in 

alteration halos (Table 2). They contain pyrite, anhydrite, chlorite ± muscovite ± K-feldspar ± quartz ± 

biotite. This stage is not well-developed at Lienetz, but enough examples were observed to permit 

temporal relationships to be constrained with earlier vein stages (Fig. 8D). 

 

Adularia – pyrite veins and breccia veins (V3adu) 

V3adu are irregular veins and breccia veins that are transitional and equivalent to hydrothermally 

cemented breccias (i.e., Bx3py–adu; Fig. 6). As such, they are classified here as veins, breccia veins and 

related Bx3py–adu hydrothermal breccias. V3adu typically is composed of > 15% pyrite, and is porous 

with > 10% open space (Table 2). Intensely developed adularia ± quartz ± illite alteration is also 

associated with V3adu (Table 2). 

 

Quartz – anhydrite veins, breccia veins and vug-fill (V4qtz) 

V4qtz veins and breccia veins have irregular geometries, and V4qtz material has also partly filled 

vugs above a large breccia complex (i.e., Bx1). Within V4qtz, quartz is the most abundant component, 

followed by anhydrite that is characterized by distinct thickly bladed textures (Fig. 7A). V4qtz also 

contains chalcedony, adularia, pyrite, and marcasite. V4qtz veins are cross-cut only by V1M2. V4qtz veins 

have strongly developed, pervasive adularia and quartz alteration and contain ± free gold ± tellurides 

(Table 2). 

 

Calcite – anhydrite – quartz veins and breccia veins (V1M2) 

V1M2 is the final stage of veins and breccia veins at Lienetz (Table 2; Fig. 6), and is also one of 

the most voluminous vein stages. As with V1M1, V1M2 veins and breccia veins probably started as 
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V1bio,V1ksp or V1M1 veins. They subsequently experienced modification, leading to a variety of textural 

changes and volume increase due to significant mineral precipitation of calcite, quartz, anhydrite and 

adularia. V1M2 are largely breccia veins, ranging from 1 cm to 35 m thick, with angular, lenticular to 

blocky wall-rock inclusions. V1M2 veins and breccia veins vary along strike, both in terms of their 

internal textures and thickness (e.g., Fig. 8D), and cross-cut all previous vein stages (e.g., Fig. 8B–D). 

They are composed of calcite, anhydrite and quartz ± adularia ± pyrite (Table 2). Inner adularia and 

outer biotite alteration halos are typical of V1M2 veins (Table 2). Textures include massive and 

cockscomb banded calcite, anhydrite and quartz ± adularia (Fig. 7B). Banding occurs as irregular 

discontinuous laminae, defined by aligned K-feldspar-altered and sulfide-rich (i.e., pyrite, chalcopyrite, 

galena) wall-rock fragments typically at oblique angles to the vein-wall rock margin (Fig. 7B). Internal 

porosity is high (locally 5 to 15%), with local examples infilled by 0.3 to 3 cm long, euhedral crystals 

of anhydrite (thinly bladed; Fig. 7C), calcite and quartz. 

 

Hydrothermal Breccias in Lienetz 

A series of large hydrothermal breccia bodies are abundant within the Lienetz orebody, and to a 

lesser degree within the Minifie orebody (Fig. 9A; Blackwell et al., 2014). Hydrothermal breccias have 

pre-, syn- to post-mineralization timing relationships. They cross-cut rocks that were produced via 

constructional volcanism and magmatism of the Luise volcano or an older volcanic phase (i.e., 

volcaniclastic breccias, mudstones, and basaltic to andesitic lavas and microdiorite stock; Fig. 9A). 

There are three main breccia facies (i.e., Bx1, Bx2 and Bx3), which are composed of five distinct 

subfacies, including: (1) syenite-cemented breccias ± dikes (Bx1syenite); (2) biotite – anhydrite-cemented 

breccias (Bx1bio–anh; Fig. 10); (3) anhydrite vein-clast breccias (Bx1anh-clast); (4) pebble breccia dikes 

(Bx2pebble); and (5) pyrite – adularia-cemented breccias (Bx3py–adu). Hydrothermal breccia facies Bx1, 

Bx2 and Bx3 are related to veins on the basis of cross-cutting relationships, if present, spatial 
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distribution and similar minerals assemblages and textures (i.e., Fig. 6). Figure 6A correlates the 

hydrothermal breccias investigated in this study with those described by Blackwell (2010), Ageneau 

(2012) and Blackwell et al. (2014) from the Lienetz, Minifie and Kapit orebodies.  

 

Breccia facies relationships with veins 

Bx1 breccia facies are temporally and genetically associated with V1 veins (Fig. 6A). Clasts of 

truncated V1bio, V1chl–epi, V1ksp and V1M1 veins in Bx1bio–anh (e.g., Fig. 10D–E), imply that veins formed 

prior to or synchronous with prolonged Bx1 brecciation. V1M1 and V1M2 veins variably cross-cut 

Bx1bio–anh, implying that veins formed syn- to post-brecciation. Within, but not limited to, Bx1 breccias 

are significant continuous intervals (i.e., up to 35 m thick) of anhydrite ± carbonate veins and breccias 

veins, dominantly belonging to V1M1 and V1M2 (Fig. 11). There is an apparent spatial relationship with 

these veins, cavities and core-loss (Fig. 11). Increased core-loss was noted consistently during logging 

above veins (Fig. 11A, F–G), and also in areas within thick anhydrite ± carbonate veins (Fig. 11B, F–

G).  

There is no synchronous relationship between Bx2 facies and any vein stage. Breccias of the Bx3 

facies are temporally and genetically associated with V3adu and V4qtz veins, breccia veins and vug-fill 

(Fig. 6A). Bx3py–adu is also spatially related to areas of significant core-loss (i.e., < 75% recovery; e.g., 

Sykora, 2016). 

 

Structure and Kinematic Domain Analysis 

Figure 9 shows a plan map of rock types and faults in Lienetz and Minifie. Figures 12 and 13 

show unrolled profiles maps of the Lienetz open pit. Geometric and kinematic analysis of structures in 
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the Lienetz open pit has been conducted in four broadly lithologically homogeneous domains (i.e., Fig. 

9B), three of which are highlighted in Figures 12 and 13. 

 

Domain I 

Domain I, located in the southeast of the Lienetz open pit (Figs. 9B, 12A–B, 13A) consists 

primarily of basalts and volcaniclastic breccias and sandstones. These rock types are cross-cut by faults 

and V1bio, V1chl–epi, V1ksp, V1M1 and V1M2 veins (Figs. 12A, 13A).  

The majority (~ 85%) of veins in domain I are the earliest stages, V1bio, V1ksp ± V1M1, with 

typical low-angle dips (~ 25°) to the south (Fig. 13A). However, least modified V1bio veins define four 

distinct populations with low- to high-angle dips to the southwest, southeast, east and north-northwest 

(Fig. 13A). Vein opening modes and kinematic indicators, deduced from blocky anhydrite crystal 

elongation (Fig. 14A), inclusion bands, inclusion trails and wall rock fragments (Fig. 14B), reveal both 

tensile and hybrid failure modes, and a general top-block to the west-northwest sense of shear. 

A fault array with low-angle dips (~ 5 to 35°) to the southeast and northwest is evident in domain 

I (Figs. 13A, 15A–C). Along these fault planes, evidence for local drag of V1M1 and V1bio veins is 

apparent (Fig. 15A–B, D). A conjugate tensile vein array of V1bio is linked to the faults with low-angle 

dips (Fig. 15E). Stress conditions deduced from the conjugate fault-tensile vein relationships are 

consistent with a southeast and/or northwest hanging wall transport direction (Fig. 15E). The en 

échelon vein array with local vein drag along fault planes is therefore interpreted to indicate local 

compression and an approximately sub-horizontal maximum principal stress (σ1), with top-block up to 

the southeast and/or northwest sense of shear of the conjugate faults with low-angle dips (Fig. 15F; 

e.g., Beach, 1975; Rickard and Rixon, 1983). 
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A subset of V1M1 veins in domain I have moderate-angle dips (~ 50°) to the south with internal 

modification fabrics, defined by dissolution seams (Fig. 16A–B). The dissolution seams within these 

V1M1 veins have moderate-angle dips to the south (Fig. 16B). Initial kinematics are indeterminable for 

this modified vein set, however, the geometry of veins and dissolution seams implies an oblique σ1 

orientation. 

The youngest veins in domain I are thick V1M2 veins with low-angle dips (~ 25°) to the northwest 

(Fig. 16C). V1M2 veins have contorted internal textures and are hybrid veins, with a top-block down to 

the northwest sense of shear (Fig. 16C). This is in contrast to the neighboring V1bio veins, which are 

tensile veins with prominent rhombic geometries (Fig. 16C).  

 

Domain II 

Domain II, located in the southwest of the Lienetz open pit (Figs. 9B, 12A–B, 13B) consists 

primarily of a microdiorite intrusion that has brecciated contacts, proximal to faults with high-angle 

dips. The northern contact of the microdiorite is proximal to a normal fault with a high-angle dip (~ 

80°) to the south (i.e., fault Fp; Figs. 9A, 13B). The eastern contact is brecciated, with clasts of basalt 

units cemented by microdiorite. There is a fault 0 to 30 m from the contact (i.e., fault Fs; Figs. 9A, 

13B). The northern contact is highly brecciated, with K-feldspar-altered syenite-cemented breccias ± 

dikes (Bx1syenite; Figs. 9A, 12C, 13B). Along the northern contact, the Bx1syenite, and a late pebble dike 

(Bx2pebble), have eastward-elongation with high-angle dips, similar to the Fp fault (Figs. 9A, 13B). 

The competent and broadly isotropic character of the microdiorite has contributed to the 

development and preservation of an extensive and systematic anhydrite vein array, which has 

experienced little macroscopic-scale modification compared to the anhydrite veins in neighboring 

breccia-hosted domains (Fig. 13B). At the macroscopic (open pit) scale, it is evident that the main vein 
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array dominantly consists of thick veins with low-angle dips (~ 30°) to the north, linked with a series of 

thinner veins and breccia veins with high-angle dips (~ 70°) to the northwest (angular relationship ω = 

48°; Fig. 13B). In local areas, this vein array has rhombic forms, and amplifies to large linking 

dilational jogs of breccia veins (Fig. 13B). The variable compositions, geometries and kinematic 

indicators of veins in domain II are illustrated in detail with the aid of a bench map (Fig. 17), located 

along the −260 m rsl bench in domain II (i.e., Fig. 12B).  

Veins in Figure 17A account for ~ 40% of the exposed bench face. Most veins have brown biotite 

alteration halos that range from 1 to 10 cm in width. Evidence of vein reactivation under illite and 

adularia stable conditions is widespread, with the majority of veins having narrow (~ 3 cm wide) grey 

adularia alteration halos, ascribed to the V1M2 stage. 

Earliest vein stages include V1bio with high-angle dips (~ 75°) to the northwest, with lesser-

developed V2py veins with high-angle dips (~ 85°) to the south, and V1M1 veins with sub-horizontal 

dips (Fig. 17B). Later vein stages include the volumetrically dominant V1M2 veins and breccia veins 

(Fig. 17B). V1M2 has two geometric subsets: (1) 1 to 50 cm wide veins and breccia veins with high-

angle dips (~ 75°) to the northwest (Fig. 17A–B); and (2) 20 to 300 cm wide veins and breccia veins 

with low-angle dips (~ 35°) to the north (Fig. 17A–B). These V1M2 vein sets are interconnected at both 

macro- and mesoscopic-scales, resulting in a consistent, and probably synchronously developed, 

rhombic fracture pattern that is evident in Figure 13B. In the northern half of the bench map (Fig. 17A), 

low-angle V1M2 veins have locally overprinted and cross-cut V1M2 and V1bio vein sets with high-angle 

dips, indicating preferential reactivation of the veins with low-angle dips (Fig. 17A). 

The dominant vein stage (i.e., V1M2) in domain II preserves evidence of complex multi-stage 

reactivation histories (Figs. 13B, 17A). As such, kinematic indicators for early vein formation have 

been obscured by overprinting and modification events. This is exemplified by the complex V1M2 vein 

in Figure 17C–D. This vein formed initially as a V1bio (evident by outer biotite alteration halos), and 
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then experienced some modification, producing dissolution seams similar to those in V1M1. Subsequent 

V1M2 reactivation is evidenced by inner adularia and illite alteration halos, and vein infill of calcite – 

quartz – anhydrite (thinly bladed; Fig. 17D). 

Although this complex history of multi-stage vein reactivation is dominant, some sparsely 

preserved examples of original crystal elongations in the earliest V1bio veins with high-angle dips (~ 

80°) to the northwest indicate a tensile failure mode under an approximately sub-vertical σ1 (Fig. 17E). 

The V1M1 veins locally contain sub-horizontal dissolution seams, and in areas, low-amplitude 

stylolites, indicating a flattening fabric parallel to the dominantly sub-horizontal boundaries of the 

veins, possibly indicative of a sub-vertical σ1. V1M2 veins and breccia veins have intricate internal 

fabrics (e.g., Fig. 17D). The arrangement of wall rock inclusions becomes progressively more complex 

from the margins to the centers of veins. Clasts located near the vein-wall rock contact typically have a 

crackle to mosaic arrangement, with fragments elongated sub-parallel to the vein margins, whereas 

inclusions within the central parts exhibit evidence for rotation (Fig. 17F). V1M2 veins with low-angle 

dips contain large, lenticular, locally spalled out and sheared wall-rock fragments which occur at 

oblique angles to the wall-rock margin (Fig. 17D, G). Veins also locally contain internal rhombic 

dilational jogs, filled with thinly bladed anhydrite, that parallel the vein’s strike (Fig. 17D). These 

configurations are interpreted to indicate that the veins are not simply tensile fractures, but record 

variable components of shear, and as such are interpreted to be hybrid to shear veins (Fig. 17B; e.g., 

Cox, 1987; Fowler, 1996; Jébrak, 1997). Kinematic indicators, coupled with an association of thin, 

planar, steeply northwest-dipping tensile veins projecting from the margins of the low angle sets (Fig. 

17D, H), are interpreted to indicate top-block down to the northwest sense of shear. The V1M2 veins 

with high-angle dips contain similar hybrid features. Some V1M2 veins have crystal elongations 

perpendicular to the wall rock margins and less shear fabrics than the V1M2 veins with low-angle dips, 

indicating a more tensile to hybrid failure mode for the steeply dipping vein set (Fig. 17B). The 
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relationship of both hybrid to shear failure modes of V1M2 vein with low-angle dips, and tensile to 

hybrid failure modes of V1M2 veins with high-angle dips, are consistent σ1 oriented sub-vertically (Fig. 

17B).  

 

Domain III 

Domain III, located in the northwest of the Lienetz open pit (Figs. 9B, 12A–B, 13C) consists 

primarily of Bx1bio–anh and Bx1anh-clast breccias. Veins in domain III are not as well-developed as in the 

neighboring domains (I and II). Many veins have irregular and/or discontinuous boundaries (Figs. 13C, 

18A). Most veins in domain III belong to stages V1M1 or V4qtz (Fig. 13C).  

The first geometrically distinct set of veins in domain III is an array of V1M1 veins, ~ 2 to 5 m 

thick, with moderate-angle dips (~ 55°) to the north and southwest (Fig. 13C). They have been partly 

offset and attenuated by conjugate faults with high-angle dips to the north and south (ω = 61°; Fig. 

13C). Although there are no measurable kinematic indicators for this vein set, the observed geometric 

relationships are consistent with a conjugate normal hybrid vein array that would have formed under a 

sub-vertical σ1 (e.g., Rickard and Rixon, 1983; Sibson, 1996; Belayneh and Cosgrove, 2010). 

The second geometrically distinct set are 1 to 30 m thick V1M1 veins with sub-horizontal dips, 

located largely in the northern and upper levels (i.e., above −240 m rsl) of domain III (Figs. 13C, 18B–

C). V1M2 veins are also locally present in these upper levels of domain III (Fig. 18D), where they 

appear to have overprinted and/or reopened the V1M1 veins. While most of these veins were outside of 

the open-pit mapping area, the distinctive textural characteristics of V1M1, and to a lesser extent V1M2, 

allowed these veins to be readily identified in drill-core photographs (e.g., Fig. 18C–D). Analysis of ~ 

150 drillholes within the Lienetz orebody indicates a fairly restricted distribution of V1M1 ± V1M2 veins 

in the upper northwest section. The modeled continuous shells of these veins have sub-horizontal to 
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low-angle dips (~ 15°) to the north (Figs. 13C, 18B). This is similar to the dips of V1M1 veins located 

on the −260 m rsl bench in domain III (Fig. 18A–B).  

The V1M1 veins with sub-horizontal dips have moderate- to well-developed stylolites (i.e., more 

intense textural destruction of original material in seams and greater density of seams), also with sub-

horizontal to low-angle dips (Fig. 18B–C). The stylolites are separated by recrystallized anhydrite ± 

celestine ± barite (e.g., Fig. 7H). In veins where stylolites are not well-developed, larger wall-rock 

fragments exhibit serrated, irregular and corroded boundaries that are locally bounded by dissolution 

seams, and have asymmetrical textures similar to shear-related porphyroclasts (Fig. 18E). These 

features imply that some dissolution and strain localization occurred during vein modification. 

Stylolites and syn-modification shear sense is consistent with mostly sub-vertical σ1 ± top-block down 

to the north sense of shear. At deeper levels in the open pit (i.e., below −250 m rsl), the stylolitic V1M1 

veins occur as randomly oriented clasts, in the anhydrite vein-clast breccia (i.e., Bx1anh-clast; Figs. 13C, 

18F). 

Anhydrite-poor sub-horizontal areas with flat-lying cavities and V4qtz veins and vug-fill occur in 

the shallower levels of the Lienetz open pit, particularly in domain III (Fig. 13C). The open-space 

cavities are large (i.e., ~ 4 m wide, Fig. 18G), and local contain V4qtz vein minerals (i.e., anhydrite 

(thickly bladed) – quartz – pyrite) as partial vug-fill (Fig. 18H), and are spatially associated with strong 

quartz ± adularia alteration (Fig. 12E–F). Similar cavities are ubiquitous above most preserved 

intervals of V1M1 veins in drill core (e.g., Figs. 8A, 11). This indicates that the irregular V4qtz vug-fill 

are spatially, and temporally, related to areas where partial dissolution of V1M1 veins and breccia veins 

had occurred. 

 

Domain IV 
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Domain IV, located in the northeast corner of the open pit (Fig. 9B), consists primarily of Bx3py–

adu breccias (Fig. 19A–B). Bx3py–adu breccias correspond compositionally and temporally to V3adu veins 

and breccia veins (e.g., Fig. 6A). The lower extents of Bx3py–adu breccia/V3adu veins and breccia veins 

are apparently bounded by faults that have sharp contacts with the Bx1bio–anh (Fig. 19A). Faults in 

domain IV have moderate-angle dips (~ 65°) to the northwest (Fig. 19A). Some faults have minor 

listric splays, while some of the larger faults flare upward to undetermined extents (Fig. 19A). 

 

Spatial Relationships between Structures and Mineralization 

Gold grades vary significantly within vein stages (Table 2). Fire assay results of hand samples of 

veins ± wall-rock alteration halos reveal V1bio, V1chl–epi, V1ksp generally have low gold contents, with 

mean (x̅) values of ~ 0.2 to 0.5 g/t Au (Table 2). The volumetrically dominant V1M1 veins and breccia 

veins are also typically low-grade (x̅ = 0.3 g/t Au). The highest gold grades belong to V3adu and V4qtz, 

with x̅ = 5.9 and 5.4 g/t Au, respectively. The standard deviation (σ) in gold grades is higher for these 

vein stages, particularly V4qtz with σ = 5.4. V1M2 veins and breccia veins have moderate- to high-

grades of x̅ = 3.7 g/t Au, but grades are the most erratic, with σ = 8.9 (Table 2). Fire assay results of 

breccias reveal that Bx1bio–anh are low- to moderate-grade with x̅ = 1.3 g/t Au (σ = 1.0, n = 6). The 

highest, yet most erratic, gold grades came from the Bx3 facies with x̅ = 6.9 g/t Au (σ = 4.1, n = 94).  

In order to evaluate macroscopic-scale patterns and structural controls of grade distribution, gold 

assay composites (i.e., a blend gold fire assay values from 10 m intervals of bench-face blast holes, and 

2 m intervals of surface-collared drillholes), were compiled into polygons and projected onto domain II 

and III’s open-pit exposures (Fig. 20A). Macroscopic patterns were examined in order to assess 

geometrical relationships and spatial distributions of high-grade gold across both Lienetz and Minifie 

(Fig. 20B, D). A number of discrete, ellipsoidal high-grade (> 1.5 g/t Au) isosurfaces were defined 

geometrically in LeapfrogTM (i.e., Fig. 20B, D). The geometries (i.e., strikes and dips) of ellipsoidal 
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isosurfaces were then extracted for representation via stereograms, as shown in Figure 20C. Of these, 

four ellipsoidal isosurfaces were defined: (1) two tabular ellipsoidal isosurfaces with high-angle dips 

and prominent east-northeast and northeast strikes (i.e., Au1 and Au2; Fig. 20C); and (2) two broader 

ellipsoidal isosurfaces with low-angle dips (i.e., Au3 and Au4; Fig. 20C). 

Moderate gold-grades (~ 0.8 to 1.5 g/t Au) characterize most of breccia-hosted domains III and 

IV. The basalt- and microdiorite-hosted domains I and II have lower average grades (~ 0.1 to 0.8 g/t 

Au), implying that physical lithological controls (i.e., porosity and permeability of host rocks) 

influenced gold grades a Lienetz (Fig. 20A, D).  

High-grade gold (i.e., > 1.5 g/t Au) within Lienetz has several structural controls. In domain II 

there is a strong correlation of 1.5 to 3.0 g/t Au and 3.0 to 5.0 g/t Au polygons with the V1M2 vein array 

(Fig. 20A). In particular, the northeast-striking, tensile to hybrid V1M2 with high-angle dips to the 

northwest, and the dilational jogs of breccia veins, control gold distribution within this more competent 

domain (Fig. 20A). This is notable near the boundary of domains II and III, as well as the steeply 

dipping, east-northeast-striking Fp fault (Fig. 20A). On the macroscopic scale this high-grade zone 

corresponds spatially and geometrically with Au1 and Au2 ellipsoidal isosurfaces (i.e., Fig. 20B–D). 

The east-northeast-striking, steeply dipping ellipsoids that comprise Au1 project across, and are 

apparent on multiple levels, in the Lienetz and Minifie open pits (Fig. 20B, D). One of the Au1 

ellipsoids corresponds to the Minifie shear zone (Fig. 20D). Northeast-striking Au2 ellipsoids are more 

prominent in domain IV (Fig. 20B, D). Au2 correlates with northeast-striking, moderately to steeply 

dipping faults that controlled the distribution of V3adu veins and breccia veins and Bx3py–adu breccias in 

the deeper levels of Lienetz (e.g., Fig. 19). 

In domain III, high-grade 3.0 to 5.0 g/t Au and > 5.0 g/t Au polygons correlate with the anhydrite-

poor, broadly sub-horizontal area with flat-lying cavities (Fig. 20A). They also correlated with V4qtz ± 

V3adu irregular veins and vug-fill that are in upper-levels of Bx1bio–anh and Bx1anh-clast breccias (Fig. 
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20A). At the macroscopic scale, these high-grade polygons correspond spatially and geometrically with 

the Au3 and Au4 ellipsoidal isosurfaces (Fig. 20B–D). The high-grade Au3 and Au4 isosurfaces have 

low-angle to sub-horizontal dips, and are more laterally continuous in the upper levels (i.e., above −120 

m rsl) of Lienetz (Fig. 20C). As such, these broad ellipsoid isosurfaces most likely relate to Bx3py–adu, 

which crops out above the mapped area. 

There is a local area containing 1.5 to 5.0 g/t Au in domain III (Fig. 20A). This high-grade area is 

interpreted to relate to a more permeable area at the contact of the Bx1anh-clast. It is an area that lacks 

anhydrite veins and vein-clasts. There are, however, multiple small fractures, along which recent 

geothermal activity has caused jarosite staining (Fig. 20A).  

 

Discussion 

Structural mapping in the Lienetz orebody has revealed multiple stages of veins, together with 

evidence for structural controls of their emplacement. A combination of several compositional and 

textural features common to veins (e.g., Fig. 6), as well as fluid inclusions studies (Carman, 1994; 

Ageneau, 2012) of correlated vein stages (e.g., Table 2), are used to indicate the prevailing conditions 

during their formation, as either porphyry-style (i.e., biotite-dominant alteration with inferred 

temperatures of formation > 300°C), or epithermal-style (i.e., adularia- and illite-dominant alteration 

with temperatures of formation < 300°C; e.g., Beane, 1974; Henley and Ellis, 1983; Browne, 1978; 

Heald et al., 1987; Reyes, 1990; Carman, 2003).  

Many veins were reactivated, but with grossly similar geometries and kinematic histories. Overall, 

sets of veins record a history of early compression and protracted, or multistage, northwest-directed 

extension, with predominant east-northeast and northeast strikes for both veins and faults (Fig. 21A). 

The best kinematic and geometric relationships of veins and breccia veins are preserved within the 
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lithologically competent domains I and II, whereas domains III and IV had poorer preservation of 

kinematic and geometric relationships, partly due to the less competent nature of the host breccias and 

the considerable amount of anhydrite dissolution. 

 

Initial vein formation, geometries and kinematics under porphyry-style conditions 

V1 veins (apart from V1chl–epi), are interpreted have formed under porphyry-style potassic 

alteration conditions (e.g., Fig. 6). Evidence supporting this interpretation includes: (1) the presence of 

hydrothermal biotite and K-feldspar as alteration halos of veins; (2) vein infill assemblages of anhydrite 

and biotite ± K-feldspar ± chalcopyrite ± magnetite; (3) local spatial association with porphyritic 

syenite dikes ± syenite-cemented breccias of similar composition (i.e., Bx1syenite); and (4) high salinity 

(5 to > 40 eq. wt. % NaCl) fluid inclusions in related vein stages documented by Carman (2003; Table 

2; Fig. 6). In addition, V1chl–epi veins are interpreted to have formed under porphyry-style propylitic 

alteration conditions related to the potassic-altered veins and breccias at Lihir.  

Although Lihir is commonly referred to as an alkalic epithermal deposit (e.g., Carman, 1994, 

2003), the volume of relatively early porphyry-related veins and breccias is significant, particularly at 

depths. A paucity of typical A- and B-type quartz veins is atypical of calc-alkalic porphyry Cu ± Mo 

deposits, but is consistent with more silica-undersaturated alkalic porphyry Cu ± Au deposits (e.g., 

Richards, 1995; Sillitoe, 2000; Sillitoe, 2010; Bissig and Cooke, 2014). 

V1 stage veins have both high- and low-angle dips throughout all domains (Fig. 21A). Kinematic 

indicators of the least-modified V1bio ± V1ksp tensile vein arrays in domains I and II provide evidence 

of early northwest and/or southeast-directed compression (Fig. 21A–B). Evidence for early extension in 

the form of top-block to the west-northwest displacement is also apparent (Fig. 21A–C). These early 

tensile vein arrays, with both sub-vertical and sub-horizontal dips, are compositionally and temporally 
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similar. The vein geometries and kinematic indicators are therefore consistent with formation under a 

dynamic stress regime where σ1 was oscillating between sub-vertical and sub-horizontal (Fig. 21A–C).  

 

Vein and breccia modification, dissolution, solution collapse and block rotation 

Stage V1M1 veins and breccia veins, and parts of the Bx1 breccia facies, are interpreted to have 

been modified after initial formation at > 300°C, likely during the transition to more epithermal-style 

conditions (Fig. 6). This event reopened and modified some V1 veins, producing V1M1 veins (Fig. 6). 

Evidence for vein modification includes: (1) V1M1 veins having hydrothermal biotite and K-feldspar 

alteration halos; (2) assemblages of anhydrite and biotite ± K-feldspar ± chalcopyrite ± magnetite; (3) 

dissolution seams; (4) stylolites; (5) irregular and partly dissolved anhydrite-wall rock boundaries; (6) 

irregular and partly dissolved wall-rock inclusions in anhydrite-rich veins and breccia veins; and (7) 

high salinity (5 to > 40 eq. wt. % NaCl) fluid inclusions documented by Carman (2003; Table 2; Fig. 

6). Additionally, fluid inclusions from Ageneau’s (2012) vein stage 2A/B, which are correlated with 

stage V1M1 veins at Lienetz, support porphyry-style to transitional conditions, with variable salinities 

and temperatures of homogenization (i.e., temperatures from ~ 215 to 350°C, and salinities from ~ 1 to 

20 eq. wt. % NaCl; Ageneau, 2012; Sykora, 2016). Fluid inclusions homogenisation temperatures 

measured from anhydrite must always be treated with caution, however, because of the possibility of 

post-entrapment modification of the fluid inclusion by stretching or deformation (e.g., Cooke and 

Bloom, 1990). 

V1M1 textural modifications were facilitated by anhydrite dissolution and recrystallization, 

probably due to changing temperatures ± pressures ± salinities. Anhydrite, as well as celestine, has 

retrograde solubility at < 350°C (Blount and Dickson, 1969; Hanor, 2000). Therefore lower 

temperature conditions will most likely facilitate anhydrite dissolution by cool groundwater. Anhydrite 

has been shown to recrystallize at ~ 120°C (possible as low as 80°C), and flow readily at 150° to 
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180°C, with strain rates of 10−14/s (Müller et al., 1981; Schreiber and Helman, 2005). Therefore, 

anhydrite can also be affected significantly by low to moderate degrees of stress, resulting in significant 

preferential dissolution (i.e., preferential to less soluble minerals), as well as recrystallization. This can 

result in mylonitic-like foliation and flow textures within anhydrite, as opposed to surrounding 

competent rock layers that will exhibit more brittle deformation (e.g., Schreiber and Helman, 2005). 

Brittle components of wall rocks can be incorporated into anhydrite, breaking up, disintegrating, 

rotating and fracturing into smaller pieces, leaving behind a trail of broken, fine-grained residue along 

the shear plane (e.g., Schreiber and Helman, 2005). These textures are analogous to the textures 

observed in V1M1. The presence of stylolites, which are interpreted to form by pressure solution, also 

implies reduction of porosity and permeability in the V1M1 veins and breccia veins (e.g., Nenna and 

Aydin, 2011). While dissolution of anhydrite is typically not reported in ore deposits studies, anhydrite 

karst systems are not uncommon (e.g., Carlsbed Caverns karst systems in New Mexico – Hill, 1987; 

tunnels in Switzerland – Gysel, 2002). 

Early V1 porphyry-style veins underwent partial dissolution and recrystallization in all domains, 

but particularly in domain III (Fig. 21D). Dissolution fabrics are typically oriented sub-horizontally, 

parallel to the vein-wall rock boundary, except in domain I where they have moderate-angle dips to the 

south within a subset of southward-dipping V1M1 veins (Fig. 21A). In domain III, the moderately north- 

and southwest-dipping conjugate V1M1 hybrid veins, and sub-horizontal stylolites in V1M1 are 

consistent with conditions where σ1 was, at least temporarily, sub-vertical (Fig. 21A, C). Shear-related 

modification fabrics of V1M1 within domain III indicate top-block down to the north transport (Fig. 

21A, C). During V1M1 modification, local block rotation occurred in domain I, with back rotation to the 

south-southeast (Fig. 21D). Local block rotation in domain I can explain the V1M1 veins that have the 

same sense of shear as veins with low-angle dips in other domains, but with different dip directions 

(Fig. 21A, D). Continued anhydrite dissolution occurred in domains III and IV. The same modification 
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event that affected V1M1 also resulted in parts of Bx1bio–anh and most of Bx1anh-clast undergoing partial 

dissolution, leading to local volume loss and local collapse (Fig. 21E). The modified breccias are 

interpreted to be dissolution breccias. This is evident by: (1) serrated margins of anhydrite and wall-

rock clasts; (2) dissolution seams in cement; (3) randomly oriented V1M1 anhydrite vein-clasts with 

stylolites, which were mapped in situ in the upper-levels with dominantly sub-horizontal orientations; 

and (4) open-space cavities in the upper-levels of the breccias and associated veins. At least partial 

dissolution occurred prior to fragmentation, since clasts of vein material with strong dissolution fabrics 

(e.g., stylolitic V1M1 veins) occur within Bx1bio–anh and Bx1anh-clast. 

 

Epithermal-style gold and faults 

V3 and V4 (and possibly V2) veins are interpreted to have formed under epithermal conditions 

(e.g., Fig. 6). Evidence for this includes: (1) the presence of hydrothermal adularia and illite alteration; 

(2) vein assemblages, and breccia cement, of pyrite and marcasite ± adularia ± quartz ± anhydrite 

(bladed); and (3) low salinity (2 to 7 eq. wt. % NaCl) fluid inclusions (Carman, 2003; Table 2; Fig. 6). 

Fluid inclusions from Ageneau’s (2012) vein stage 3A, which is correlated with stage V4qtz veins at 

Lienetz, provide additional evidence for epithermal conditions, with the mean values of 

homogenization temperatures and salinities around ~ 175 to 250°C and 2 to 5 eq. wt. % NaCl; 

Ageneau, 2012; Sykora, 2016). 

Epithermal-style veins and breccias are common in the upper levels of Bx1bio–anh. They also occur 

in the lower levels of Bx1bio–anh along northeast and east-northeast-striking faults with moderate- to 

high-angle dips (Fig. 21E). Void space created by prior, or synchronous, partial leaching and 

dissolution of anhydrite formed open-space cavities and permeable and sub-horizontal, highly 

permeable and porous zones (Fig. 21E). These provided conduits for auriferous hydrothermal fluids 

that partly sealed areas and deposited V3adu and V4qtz, with high to bonanza gold grades (Fig. 21E). 
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These events occurred under a regime of northwest-directed extension with σ1 dominantly sub-vertical 

(Fig. 21A, E).  

 

Late-stage vein reactivation and modification 

Many veins, particularly those with low-angle dips to the north, were preferentially reactivated 

and modified during V1M2. This was during late-stage hydrothermal activity under epithermal 

conditions, evident by: (1) the presence of inner illite and adularia alteration assemblages in the wall 

rocks around V1M2 veins that overprint broader biotite alteration halos; (2) assemblages of massive and 

cockscomb banded calcite, quartz and anhydrite (thinly bladed) ± pyrite ± adularia; and (3) low salinity 

(2 to 7 eq. wt. % NaCl) fluid inclusions (Carman, 2003; Table 2; Fig. 6). Additionally, fluid inclusions 

from Ageneau’s (2012) vein stage 3B, which are correlated with stage V1M2, support epithermal 

conditions (i.e., mean values of homogenization temperatures and salinities cluster around ~ 150 to 

200°C and 0 to 4 eq. wt. % NaCl; Ageneau, 2012; Sykora, 2016). 

Kinematic indicators in V1M2 veins provide evidence for continued northwest to north-northwest-

directed extension (Fig. 21E–F). This is illustrated by the two geometric subsets of V1M2 veins and 

breccia veins: (1) tensile to hybrid veins and breccia veins with high-angle dips to the northwest; and 

(2) hybrid to shear veins and breccia veins with low-angle dips to the north (Fig. 21F). The V1M2 vein 

array records protracted or multistage extension and top-block down to the northwest to north-

northwest sense of shear along a system of interconnected veins with low-angle dips to the north (Fig. 

21A, F). Shear-related preferential slip and dilation of veins with low-angle dips, combined with 

sealing by anhydrite ± carbonate, created irregular to rhombic voids and dilational jogs. This allowed 

influx of late-stage epithermal-style fluids along V1 veins, which produced crustiform and cockade 

bands of calcite – quartz ± adularia ± anhydrite (thinly bladed), and linking steeply dipping breccia 

vein arrays, all with variable localized high-grade gold (Fig. 21F).  
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With the transition to an epithermal environment, a hydrostatically pressured regime was most 

likely dominant. This would explain the reactivation and modification of V1M2 veins, as these pre-

existing structures would have strongly influenced hydrothermal fluid flow (Fig. 21F; e.g., Hedenquist 

and Henley, 1985; Rowland and Simmons, 2012; Clark and Gemmell, this volume). 

 

Triggers for vein development 

Dynamic conditions with fluctuations in stress states were required at Lienetz in order to form the 

tensile to hybrid veins arrays (V1) with both low- and high-angle dips. These veins are interpreted to 

have formed at depth prior to sector collapse, likely ~ 1 to 2 km under the original volcanic cone: as 

determined by upward extrapolation of the remnant amphitheater walls, assuming only gentle uplift for 

the past ~ 1 m.y. along the Tabar-Lihir-Tanga-Feni island chain (Wallace et al., 1983), and accounting 

for the current position of the vein array at −50 to greater than −350 m rsl.  

Given the interpreted paleo-position and paleo-conditions for veins, three possible triggers are 

considered for their formation (Fig. 22): (1) a tectonic trigger, (2) a gravitational spreading trigger, and 

(3) a magmatic and/or hydrothermal volatile exsolution trigger.  

The first vein formation scenario is a tectonic trigger. A deep-seated, tectonically generated 

northeast- to east-northeast-striking structural grain underpins Lihir Island, and is evident at both 

regional- and deposit-scales (e.g., Figs. 1, 4, 9, 20–21). This fault array may be explained by a 

combination of oblique structures that were produced by transposition and counterclockwise rotation of 

Tabar-Lihir-Tanga-Feni island chain during their northwestward migration over the past ~ 1 to 3 

million years. The northeast- to east-northeast-striking structural grain clearly controlled the 

preferential orientation of veins and faults, however, this was not likely the cause for their dynamic 

stress conditions and high- and low-angle geometries. If the tectonic forces were transtensional, and 
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northeast- to east-northeast-striking structures were oblique strike-slip faults active during vein 

formation, then transmission of stresses from below the free surface to near the surface environment 

may have resulted in an extensional strike-slip duplex in plan and a negative flower geometry in cross-

section with convex-downward normal faults striking sub-parallel to the main northeast- to east-

northeast fault trace (Fig. 22B; e.g., Woodcock and Fischer, 1986). While an oblique strike-slip duplex 

could explain some of the vein geometries, it is inconsistent with the majority of faults and veins which 

do not display the predicted systematic dip angles and direction. It also fails to explain the oscillating 

σ1, unless subtle changes in far field stresses or heterogeneities in the volcanic substrate are invoked, 

such as a transient change to regional transpression resulting in a positive flower geometry with 

upward-convex thrust faults striking sub-parallel to the main fault trace (Fig. 22B), or regional 

compression resulting in low-angle thrusts and associated veins. 

Alternatively, internal volcano deformation may be in part, at least, attributable to transient and 

localized stress conditions caused by the inherent gravitational instability of the edifice, or deeper level 

magmatic processes (Fig. 22C, D). While processes largely active on the periphery of a volcanic cone 

(e.g., minor flank collapse driven by oversteepening, hydrothermal weakening, or sea level fluctuation) 

will have little impact on stress conditions and potential vein development in its core, many modern 

volcanoes show evidence of, or have been modelled to experience, penetrative forces transmitted to 

their core and substrate (e.g., Voight and Elsworth, 1997; van Wyk de Vries and Francis, 1997; Byrne 

et al., 2013). Processes such as ‘volcano sagging’ and ‘gravitational spreading’, driven principally by 

the weight of the volcano have been argued to cause incremental compressive and extensional strains 

that modify the outer form of the edifice (e.g., lateral ‘bulging’), but also including thrust faults with 

low-angle dips and normal faults with high-angle dips that penetrate deep within the cone, and down-

flexing of underlying ‘basement’ rocks (e.g., Voight and Elsworth, 1997; Borgia et al., 2000; van Wyk 

de Vries and Francis, 1997; Paguican et al., 2012). The modelling studies of Byrne et al. (2013) 
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indicate that which strain patterns tend to develop depend in part upon the degree of cohesion between 

the base of the volcano and its substrate, but in general, there is a tendency for compressional forces to 

act on the lower peripheries of the edifice, whereas the upper parts and lower core deform 

extensionally. It is plausible then, that the vein geometries and kinematics identified at Lienetz are in 

part, at least, a product of gravitational instability and varying stress conditions at the volcano’s base. 

Changes in the mechanical properties of the volcano with time, perhaps related to alteration or 

emplacement of intrusions into volcano-sedimentary strata, may have affected the degree of cohesion 

with ‘basement’, the form of the edifice, and distribution of compressional and extensional domains. 

However, while this scenario attractively accounts for the documented oscillating stress states at 

Lienetz, the tensile veins with low-angle dips and associated thrust faults positioned in the interpreted 

core of the volcano are at odds with the modelling studies wherein a dominantly extensional stress state 

is predicted. Furthermore, gravitational spreading of a symmetrical cone typically results in the 

development of radial, or more commonly curved fault traces concentrically distributed about the cone 

axis. The lack of radial pattern may, however, be explained by the inherited tectonic structural fabric 

that resulted in planar elements with systematic northeast- and east-northeast-strikes. 

Volumetric changes within a high-level magma chamber (e.g., ~ 4 km below the edifice) have 

also been considered drivers for deformation within overlying stratovolcanos or calderas (e.g. Walter 

and Troll, 2001; Lundgren et al., 2004; Hardy, 2008). Transient upward- and downward-directed forces 

related to magma recharge and depletion, respectively, may again account for vein development under 

oscillating stress conditions, in particular within or towards the base of the edifice core if it directly 

overlays the magma reservoir (Fig. 22D). Hardy (2008) demonstrated, in analogue models, the 

progressive upsection propagation of convex-upward reverse faults related to magma withdrawal 

(vertical σ3), which display a remarkable similarity to the fracture distribution at Lienetz, and would be 

expected to be accompanied by sub-horizontal vein development (Fig. 22D). Subsequent magma 
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recharge (vertical σ1) potentially led to reactivation of the fractures with low-angle dips with a hybrid 

shear history, development of subhorizontal stylolitic seams within the veins, as well as new sets of 

sub-vertical tensile veins and fractures. While again attractive in both geometric and dynamic senses, 

the model has weaknesses in that there is no evidence of the necessary syn-vein volcanic activity 

associated with magma withdrawal (phreatomagmatic diatreme activity at Lihir is manifestly post-

veining), or the expected radial and/or concentric fault patterns developed with respect to the magma 

chamber.  

The observed fault patterns aside, changes in magma volume without eruption were perhaps 

achieved through volatile exsolution during magma ascent. According to Burnham and Ohmoto (1980), 

the increase in volume of a water-saturated magma body via volatile exsolution may exceed 40% as it 

transitions 3 to 2 km from the Earth’s surface. Under such conditions, deformation, principally 

extensional, of the magma chamber’s roof would seem inevitable. Sudden fluid and vapor release into 

the fractured roof could lead to volume loss within the magma chamber (Girona et al., 2014), and a 

mechanical/dynamic scenario akin to eruption-related magma deflation (i.e. vertical σ3). The obvious 

attraction of this model is the clear magmatic-hydrothermal origin of the early stage veins and breccias 

(i.e., V1 and Bx1), comprising anhydrite precipitated from a magmatic sulfate source (Müller et al., 

2002; Carman, 2003; Sykora, 2016) and porphyry-style alteration halos of hydrothermal biotite ± K-

feldspar. Moreover, the cyclicity of degassing events recorded from modern volcanoes is remarkably 

short (months to a few years; Girona et al., 2014), meaning that pressure fluctuations and associated 

changes in stress state may be abrupt and numerous. Once a fracture array is developed above a 

shallow-level magma chamber, however, changes in stress state would be expected to result in different 

modes of reactivation, leading to reorganization of existing fractures, rather than generation of 

fundamentally new arrays. 
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Thus, our favored scenario is that veins likely formed due to temporarily elevated fluid-pressures 

(i.e., Pf > Pl + τ) of early magmatic-hydrothermal fluids prior to sector collapse, aided by inflation and 

deflation due to magmatic and/or hydrothermal volatile exsolution and controlled by a  pre-existing 

structural northeast- to east-northeast-striking tectonic fabric. In porphyry-style environments fluid 

pressures are typically near-lithostatic, which aids in the formation of abundant stockwork veins (e.g., 

Fournier, 1999; Muntean and Einaudi, 2001). Estimated low pressures from fluid inclusion studies by 

Carman (2003) highlight that lithostatic fluid pressures would have been difficult to maintain. Thus, 

rocks probably became less permeable due to anhydrite ± carbonate precipitation, causing pore fluid 

pressures to increase and thus temporarily elevating fluid-pressures above the rock tensile strength and 

σ3 ± σ1 during porphyry-style vein formation (e.g., Sibson et al., 1988; Cosgrove, 1995; Cox, 1995; 

Sibson, 1996; Fournier, 1999). 

A similar example of veins with low-angle dips that formed where σ1 was sub-horizontal and fluid 

pressures were elevated transiently (i.e., Pf > Pl) are the mineralized ‘flat-makes’ at the Emperor low-

sulfidation epithermal Au vein deposit in Fiji (Begg, 1996; Begg and Gray, 2002). Extensional veins 

with low- and high-angle dips have been documented in other ore deposits, attributed therein to local 

pressure perturbations triggered by exsolution of magmatic-hydrothermal fluids (e.g., Panasqueira, 

Portugal – Kelly and Rye, 1979; Bingham Canyon, USA – Gruen et al., 2010; Cadia East, Australia – 

Fox et al., 2015). Exploitation of existing lithological weaknesses is also a key factor, and thought to 

have facilitated the formation of tensile vein sets with low-angle dips at least at Panasqueira (Kelly and 

Rye, 1979). Other documented examples of magmatic-hydrothermal induced extension include quartz 

stockwork veins in felsic magmatic systems that formed at depths of 2 to 6 km (Burnham and Ohmoto, 

1980; Fournier, 1999).  

 

Mechanisms of hybrid to shear failure on veins with low-angle dips 
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Lienetz contains a number of normal faults with high-angle dips (> 60°) and a relatively small 

population of similarly oriented veins that record components of tensile and hybrid failure modes (e.g., 

Fig. 21). However, most of the vein arrays define hybrid fracture systems with low-angle dips. This 

includes the association of thick hybrid to shear veins with low-angle dips to the north, and relatively 

thin tensile to hybrid veins with high-angle dips to the northwest (e.g., Fig. 21F). There are also broader 

breccia veins, commonly linked to the thick hybrid to shear veins with low-angle dips, which together 

produce rhombic dilational jog configurations (e.g., Fig. 21F). The thick veins with low-angle dips 

record a progressive history of modification via dissolution, flattening, and continued top-block down 

to the northwest sense of shear, which is consistent with a sub-vertically oriented σ1 (Fig. 21). 

The physics of friction of isotropic rocks (µ ≈ 0.6 to 0.85) should limit normal faulting on surfaces 

dipping < 65° to 70° in the upper 1 km of the brittle crust when σ1 is vertical (Anderson, 1951). 

However, the presence of minerals with weak rheological properties such as talc, calcite, anhydrite, 

serpentine and phyllosilicates can allow frictional slip to occur at low-angle dips (< 30°) in the brittle 

regime (e.g., Holdsworth, 2004; Numelin et al., 2007; Abers, 2009; Collettini et al., 2009; Collettini, 

2011). At Lienetz, the accumulation of frictionally weak bands of anhydrite ± carbonates ± 

phyllosilicates promoted decoupling and shear at low-angle dips (Fig. 21F). Continuous weakening was 

induced by dissolution and subsequent re-precipitation of anhydrite, possibly coupled with variable 

periods of hydrothermal mineral sealing. This potentially led to elevated fluid pressures (i.e., Pf >> σ3; 

with Pf ≈ σ1), promoting slip on misoriented fractures, including reactivated fractures and veins that 

formed via early compression under low differential stress and temporarily elevated fluid-pressures.  

 

Sector collapse at Lihir: influence of faults and veins 

Veins and faults exposed at depth in the anhydrite-rich zone of Lienetz may have preserved 

evidence for some of the geometries and kinematics related to the sector collapse event(s) that were 
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vital to the formation of the bulk mineable resource at Lihir (e.g., Sillitoe, 1994). Volcanoes are 

generally internally unstable, deforming under their own weight plastically, and/or via catastrophic 

sector collapse (Dieterich, 1988; Borgia et al., 2000; Byrne et al., 2013). Edifice failure via collapse can 

impact significantly on a potential ore-forming system, as rapid decreases in confining pressure, and 

ingress of meteoric and/or seawater to the magmatic-hydrothermal environment can occur rapidly and 

may induce hydrothermal brecciation, boiling and epithermal-style gold precipitation (e.g., Sillitoe, 

1994; Carman, 2003). The mass-wasting event(s) that shaped the Luise amphitheater most likely had a 

basal surface above the present-day exposures in the floor of the amphitheater. The basal slip plane was 

most likely removed by erosion and/or masked by texturally destructive clay alteration, because it has 

not been identified during this or any previous study. The detachment surface may have been localized 

along a hydrothermally clay-altered zone of low shear strength, as has been observed in other edifices 

(e.g., López and Williams, 1993; Voight and Elsworth, 1997; Reid et al., 2001). However, given that 

the intense clay alteration that affects the upper levels of Lihir is interpreted to be a product of post-

sector collapse (Moyle et al., 1990), modern high-temperature geothermal activity is likely to have 

been superimposed on and below the detachment surface, rather than being a causative feature. If the 

collapse was progressive or multistage, there may have been earlier-formed clay alteration areas 

positioned above the present-day steam-heated clay alteration zone that facilitated sector collapse. 

Alternatively, edifice weakening could have been in part, at least, facilitated by dissolution of, 

and/or shear along, thick anhydrite veins similar to those preserved at depth in Lienetz. V1M1 veins 

have the appropriate low-angle to sub-horizontal dips for a décollement surface. Local textures of V1M1 

veins are consistent with strain localization and other features common to deformed anhydrite, such as 

the textures produced around décollement surfaces in evaporites (e.g., Davis and Engelder, 1985; 

Schreiber and Helman, 2005). However, the kinematics recorded by V1M1 ± V1M2 veins and breccia 

veins at Lienetz do not coincide with the northeast-direction of the sector collapse. Instead, they 
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provide evidence for a history of more north- to northwest-directed extension. Therefore the anhydrite 

veins and breccia veins are not kinematically linked to the collapse event(s). Nonetheless, they still 

may have had some control on the geometry of, and lubrication for, sector collapse. If this was the case, 

it would seem more likely that the sector collapse was at least in part incremental, rather than 

catastrophic. 

The northeast-elongated geometry of the Lihir amphitheater, and the sector collapse event(s), may 

have been inherited and triggered from the underlying, deep-seated, tectonically generated northeast to 

east-northeast-striking structural array. Studies of other sector-collapsed volcanoes have demonstrated 

that movement along inherited faults can tectonic trigger volcano edifice instabilities (e.g., Iriga, 

Philippines, and Mt. St. Helens, USA – Lagmay et al., 2000; Mathieu and van Wyk de Vries, 2011; 

Mathieu et al., 2011). Additionally, regional differential stress and/or pre-existing fractures will favor 

construction of elongated volcanic edifices, which in turn have steeper and unstable flanks, making 

them more susceptible to sector collapse (e.g., Mathieu et al., 2011; Sielfeld et al., 2017). Even though 

Lihir Island’s, and indeed the entire Tabar-Lihir-Tanga-Feni island chain’s, formation is still enigmatic, 

there seems to have been important roles for the faults that contributed to the elongate form of each of 

the islands and their offshore ridges, and faults that are at acute angles (clockwise) to the island’s long-

axes. Kinematic indicators of faults associated specifically with the sector collapse at Lihir cannot be 

studied as they have been eroded, however, it is suspected that the northeast-elongated geometry of the 

amphitheater and collapse were inherited from the pre-existing northeast- to east-northeast-striking 

structural grain, as expressed in both Lienetz and Minifie (e.g., Figs. 4, 9, 13, 17, 19–21). 

 

Conclusions 



41 
 

Veins in Lienetz, broadly encompassed within the anhydrite-rich zone, record a dynamic 

structural evolution that spans early porphyry-style alteration, subsequent vein modification and 

dissolution, and overprinting by late-stage epithermal-style mineralization and alteration.  

Early localized northwest and/or southeast-directed compression and west-northwest-directed 

extension was linked with vein formation during early porphyry-style alteration, under low differential 

stress, an oscillating sub-horizontal to sub-vertical σ1, and temporarily elevated fluid-pressures from 

mineral sealing. The complex history of varying stress conditions recorded by vein morphology is 

considered best explained by local instabilities in the volcanic-magmatic environment. While far field 

tectonic forces, inheritance of basement structural grain, and gravitational collapse may have each 

influenced the structural geometry, volume changes within the underlying magma chamber together 

with exsolution of magmatic-hydrothermal volatiles is the most plausible mechanism for the 

development of vein arrays and associated thrust faults with dominantly low-angle dips within a near 

surface environment. Following vein nucleation, protracted or multistage northwest-directed extension 

is recorded during porphyry- to epithermal-stage vein development, with a greater control now of far 

field tectonic stresses and instabilities in the shallow volcanic environment. This is most evident in the 

principal vein array that consists of hybrid to shear veins with low-angle dips to the north, linked with 

thinner tensile to hybrid veins, or broader breccia veins, with high-angle dips to the northwest.  

Initial vein formation was followed by modification via anhydrite dissolution, along with some 

block-rotation and collapse brecciation. Textural evidence of modification of anhydrite-rich veins and 

breccias was widespread, indicating fundamental changes in physicochemical conditions during the 

porphyry-epithermal transition, which in turn appear to have influenced permeability and porosity 

evolution at the deposit scale. Modified veins localized some shear, and their sub-horizontal to low-

angle northward-dipping orientations may have had some control on the geometry of, and lubrication 
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for, sector collapse event(s). However, structures appear not to be kinematically linked to the northeast-

directed collapse event(s) due to their top-block to the northwest or north-northwest sense of shear. 

 High-grade epithermal-style gold mineralization occurred after sector collapse(s). Mineralization 

was partly facilitated by the creation of open spaces during the dissolution of anhydrite (e.g., Figs. 13, 

18, 20, 21), and was localized at depth by northeast-striking faults (e.g., Figs. 19, 20, 21).  

Continued extension with top-block down to the northwest preferentially reactivated the large 

vein array with low-angle dips to the north. Veins were modified during epithermal mineralization due 

to reactivation under extensional conditions (e.g., Fig. 21F). Reactivation produced northeast-striking 

tensile to hybrid veins and breccia veins with high-angle dips and rhombic dilational jog that localized 

high-grade gold (e.g., Fig. 20A). 

The northeast to east-northeast-striking faults, evident at both the island scale and the deposit 

scale, were inherited from a tectonically generated structural grain. The faults were reactivated 

throughout the evolution of Lienetz. Similarly oriented deep-seated faults are considered to have 

contributed to the northeast-elongation of the volcanic amphitheater, and provided fundamental 

structural controls on vein formation and gold mineralization.  

This study highlights that reactivated structures and anhydrite dissolution were significant factors 

in gold mineralization in the Lienetz orebody. As such, they should be regarded in the exploration and 

understanding of other magmatic-hydrothermal ore deposits. 
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Figure Captions 

FIG. 1 Present day location and tectonic elements around Lihir Island, Papua New Guinea. A) 

Major tectonic elements around Papua New Guinea (modified after Taylor et al., 1994; Tregoning et 

al., 1998; Tregoning, 2002). B) Bathymetry (500 m contour spacing) and major geological structures 

around the Tabar-Lihir-Tanga-Feni island chain, New Britain and Manus Basin (modified from 

Lindley, 2015, after Chase et al., 1988). BSSL = Bismarck Sea Seismic Lineation; CP = Caroline Plate; 
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MB = Manus basin; MT = Melanesian Trench; NBP = North Bismarck plate; NBT = New Britain 

trench; SBP = South Bismarck plate; SSP = Solomon Sea plate; WB = Woodlark Basin. 

 

FIG. 2 Lihir Island geological map and position of the Lihir gold deposit within the Luise 

volcanic amphitheater. A) Geological map with five Plio-Pleistocene volcanic blocks, interpreted 

from geomorphological features (Wallace et al., 1983, modified by Lawlis, unpublished data, 2016). B) 

Plan view of the Lihir gold deposit, within the Luise amphitheater. Gold grades are from 3-D 

isosurfaces projected to 100 m rsl. C) Insert of the Lihir gold deposit with polygons around, and names 

of, all orebodies. 

 

FIG. 3 Alteration zones and gold grades within the Minifie, Lienetz, Kapit and Kapit NE 

orebodies. South to north long-sections, looking west, of the Lihir gold deposit along mine-grid easting 

of A) 9300 E and B) 9600 E. Note the extent and distribution of the porphyry-stage: anhydrite zone is 

poorly constrained. C) Alteration long-sections (Carman, 2003), looking west, of the Minifie and 

Lienetz orebodies showing distribution of porphyry-, epithermal- and geothermal-stage features 

including veins, breccias, pyritic ore, anhydrite and D) alteration. Location is shown in Figure 2B. 

 

FIG. 4 Structures interpreted on Lihir Island and within the Luise amphitheater. A) Airborne 

magnetic data reduced to pole of Lihir Island, with inferred faults (Wallace et al., 1983; Pridmore, 

unpublished report to Kennecott, 1991; Komyshan, unpublished report to Lihir Mining Ltd., 1999; 

Reid and Eade, unpublished report to Lihir Mining Ltd., 2010). B) Amphitheater-scale structural 

lineaments, recognized from previous workers and consultants at Lihir mine, and surface expressions 

of high-temperature geothermal activity (Williamson, 1983; Vogwill et al., 2009).  

 

FIG. 5 Kinematic indicators for veins. A) Tensile, hybrid and shear failure modes of vein opening 

(e.g., Anderson, 1951; Phillips, 1972; Cosgrove, 1995). B) En échelon vein arrays (e.g., Beach, 1975; 

Olson and Pollard, 1991). C) Inclusion bands and trails (e.g., Ramsay, 1980; Cox and Etheridge, 1983; 

Ramsay and Huber, 1983; Cox, 1987; Urai et al., 1991; Koehn and Passchier, 2000). D) Vein 

asymmetry and cross-cutting relationships (e.g., Atkinson, 1987). E) Wall-rock clast with asymmetrical 

shape symmetry, similar to δ-porphyoclast systems (e.g., Passchier and Simpson, 1986). 
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FIG. 6 Relationships between veins and hydrothermal breccias, and inferred depositional 

conditions. A) Time-space relationship between emplacement of veins and breccia veins (V) and 

hydrothermal breccias (Bx), semi-quantified in this figure by the size of schematic explosion icons. 

Interpreted porphyry-style and epithermal conditions are shown relative to vein stages (brown and 

orange lines, respectively). Relative abundances of minerals in vein stages are show with increasing 

line thickness representing increasing abundances. 1 = Each vein and breccia vein stage, as well as 

hydrothermal breccia facies, are correlated with Carman (1994), Blackwell (2010) and Ageneau (2012) 

interpreted stages for Lienetz (L), Minifie (M) and Kapit (K), which are provided below each stage in 

italics and brackets. B) Mineral assemblages typical of the interpreted geothermal-, epithermal- and 

porphyry-stages at Lihir between 100 and 350°C (e.g., Table 1). Inferred temperature ranges for 

formation ± stability of hydrothermal minerals were deduced from active geothermal systems and 

experimental modeling (modified after Browne, 1978, Hemley et al., 1980; Henley and Ellis, 1983; 

Reyes, 1990). 

 

FIG. 7 Textures of veins and breccia veins at Lienetz. A) Thickly bladed (1:4 aspect) anhydrite with 

quartz, pyrite and marcasite (V4qtz; LH14SS075). B) Cockade banded anhydrite, calcite and quartz 

around K-feldspar- and quartz-altered wall-rock fragments (V1M2; LH13SS031). C) Vug with 

projecting crystals of thinly bladed (1:16 aspect) anhydrite (V1M2; LH13SS056). D) Massive-textured 

anhydrite vein with a selectively pervasive biotite alteration halo (V1bio; LH13SS052). E) Large biotite 

and phlogopite books with disseminated pyrite as a halo to an anhydrite vein (V1M1; LH13SS068), 

inset = biotite books. F) Recrystallized, sugary anhydrite (V1M1; LH13SS059), inset = recrystallized 

texture. G) Serrated, irregular and partly dissolved wall-rock fragments in recrystallized-textured 

anhydrite vein (V1M2; LH14SS042). Grey < 2 mm thick bands are asymmetrically developed about 

wall-rock fragments, exhibiting partial stylolitization and apparent non-coaxial shearing. H) Stylolites 

of phyllosilicates, sulfides and other less-soluble minerals within recrystallized anhydrite ± celestine ± 

barite (V1M1; LH13SS082), inset = close-up of stylolities. I) Tabular anhydrite crystals (V1M1; 

LH13SS061). 

 

FIG. 8 Vein examples and cross-cutting relationships. A) Annotated drill core DDHL1144 from 208 

to 244 m, with two meter fire assay gold values in left column. B) Drill core DDHL0791 from 199 m, 
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showing V1M2 vein cross-cutting and overprinting stylolitic V1M1 vein. C) V1ksp vein cross-cut by 

V1M2 vein in Lienetz open pit at −284 m rsl. D) Annotated map of a bench in Lienetz (−260 m rsl) 

illustrating overprinting relationships between V1bio, V2py, V1M1 and V1M2 veins and breccia veins. 

 

FIG. 9 Lienetz and Minifie geological plan map with structures and outline of domains. A) 

Simplified geological map of Lienetz and Minifie orebodies with data projected from ~ 25 m on each 

side of a −125 m rsl elevation slice. B) Insert of the Lienetz open pit showing the four domains 

analyzed in this study, and the trace and markers (i.e., yellow line and stars) for the pit-profile map of 

Figures 12 and 13. 

 

FIG. 10 Examples of biotite – anhydrite-cemented breccias (Bx1bio–anh). A) Cut drill-core specimen 

of Bx1bio–anh with clasts of Bx1bio–anh and magnetite-veined basalt. Clast margins and magnetite veins 

are outlined in dashed white lines. Weakly developed dissolution seams are the irregular dark lines in 

anhydrite-cement (sample 166 m in DDHL0791). B) Cut hand-sample specimen of Bx1bio–anh 

(LH14SS086). C) Grey-scale plan map of Lienetz orebody, with coloured unit of interest. D) Bench 

outcrop of Bx1bio–anh showing large clasts of anhydrite veins with weakly to strongly developed 

dissolution seams. Note the irregular serrated edges of anhydrite clasts. Hammer in bottom right corner 

for scale. E) Bench outcrop of Bx1bio–anh showing clasts with truncated veins of V1ksp and V1chl–epi. 

Scribe in bottom image for scale. 

 

FIG. 11 Examples of drill core and 3-D model of large anhydrite ± carbonate veins (i.e., ~ V1M1 

and V1M2), as well as and relationship to core-loss and cavities. A) DDHL1991 (164 to 168 m) drill 

core with significant core-loss. B) DDHL1991 (255 to 270 m) drill core with large intervals of 

anhydrite intermixed with significant intervals of core-loss. C) DDHL1991 (294 to 298 m) drill core 

with significant intervals of continuous anhydrite veins. Within this significant anhydrite vein interval 

is a large cavity/core-loss interval. D) DDHL1991 (441 to 445m) drill core of Bx1bio–anh. E) Legend and 

plan maps showing the extent of the 3-D modeled thick anhydrite ± carbonate veins and core-loss (i.e., 

< 75% recovery) isosurfaces. High-grade (5 g/t Au) isosurfaces are also projected on plan maps. F–G) 

Cross-sections with data projected from ~ 140 m on each side, showing the 3-D model of anhydrite ± 

carbonate (purple) and core-loss (grey). Locations of (A), (B), (C) and (D) are also shown. A short 
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movie of the 3-D LeapfrogTM model from which Fig. 11F–G is based on is available in the digital 

appendices to this paper.  

 

FIG. 12 Lienetz open-pit profile geological map. A) Unrolled profile the Lienetz open pit with 

draped geological features. Rock types, veins and structures were compiled from bench mapping and 

supplemented by spatially referenced photos. Yellow stars are fixed orientation points. White dashes 

are boundaries to analyzed structural domains (Fig. 9B). B) A ~ 180° photo panorama of the open pit. 

A 3-D photo collage that captures two-thirds of the Lienetz open-pit exposure is available as a pdf in 

the digital appendices to this paper. Yellow boxes indicate locations of figures. C) to F) Distribution 

and intensity of hydrothermal alteration of C) biotite, D) K-feldspar (orthoclase), E) quartz and, F) 

adularia. 

 

FIG. 13 Domains of the Lienetz open-pit profile map and summary stereograms. Legend is 

depicted in Figure 12A. All stereograms are equal-area and show the mean plane ± contoured poles. A) 

Domain I, looking to the southeast. Inserts are stereograms of V1bio, V1ksp and V1M1 veins (i.e, ~ 85% 

of all veins in domain I; n = 160) showing overall low-angle dips to the south, and stereogram of the 

relatively unmodified V1bio veins with four geometric clusters (n = 98). B) Domain II, looking to the 

southwest. Insert is stereogram of V1M2 veins and breccia veins (n = 117) that represent the majority of 

veins in domain II, which are thick veins with low-angle dips (~ 30°) to the north, linked with a series 

thinner veins and breccia veins with high-angle dips (~ 70°) to the northwest. Local rhombic forms and 

dilational jogs containing large breccia veins are also evident. C) Domain III, looking northwest. 

Inserts are stereograms of the majority of veins: V1M1 ± V1M2 veins. Veins have with low-angle to sub-

horizontal dips (n = 14), however, a subset of veins are related to conjugate faults and have high-angle 

dips (n = 4). 

 

FIG. 14 Kinematics of V1bio veins in domain I. A) Tensile V1bio vein with low-angle dip (27°) to the 

south, kinematics evident by anhydrite crystal elongation at high-angles (85°) to the vein-wall rock 

margin. B) Oblique (44°) inclusion bands of sulfides and wall rock fragments, and vein off-sets, 

indicative of top-block to the west-northwest (i.e., to the right) sense of shear. 
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FIG. 15 Conjugate thrust faults and veins with low-angle dips and vein drag in domain I. A) 

Bench −272 m rsl, looking approximately south, with large V1M1 veins. B) Close-up of V1M1 vein with 

moderate-angle dips to the south, showing attenuation and drag along faults with low-angle dips and 

top-block up to the southeast sense of shear. Vein dip is steeper toward the fault plane, as well as 

attenuated and less dilatant. C) Stereogram of thrust faults with low-angle dips (n = 7). D) Thrust fault 

with low-angle dips to the northwest, with local vein drag. E) Conjugate faults and tensile V1bio vein 

array with low-angle dips. Stereograms represent the fault-tensile vein relationship which is indicative 

of northwest and/or southeast hanging wall transport. F) Schematic diagram of en échelon vein array 

with local vein drag, from conjugate thrust faults with low-angle dips. 

 

FIG. 16 South-dipping veins, modification fabrics and late cross-cutting and reactivated vein in 

domain I. A) V1M1 veins with moderate-angle dips to the south, and summary stereogram (n = 37). B) 

Vein stage V1M1 modification fabrics, define by dissolution seam, and summary stereogram (n = 38). 

C) V1bio vein with rhombic tensile geometry and top-block to the west (i.e., to the right) sense of shear. 

V1M2 hybrid vein with contorted internal fabrics, low-angle dips to the northwest, and top-block down 

to the west-northwest sense of shear. 

 

FIG. 17 Bench map with geometries and kinematics of veins in domain II. A) Geological map, and 

image of stitched photographs, of open-pit bench (−260 m rsl) in domain II. Geometries and kinematics 

of vein stages are highlighted, with colours corresponding to symbols beside stereograms in (B). 

Geological map legend is depicted in Figure 12A. Yellow boxes on stitched photograph image indicate 

locations of subsequent figures (C) to (H). B) Equal-area stereograms (contoured poles and a mean 

plane) of veins in domain II, largely represented in the bench map (A). C) Multi-stage (i.e., reactivated) 

V1M2 hybrid vein with a low-angle dip to the north. The hanging wall consists of tensile veins with 

high-angle dips to the northwest. D) Annotated example of the reactivated V1M2 vein with top-block 

down to north sense of shear. Vein contains lenticular, dragged wall-rock clasts, anhydrite (thinly 

bladed)-filled vugs and dilational jogs parallel to the vein strike, as well as dissolution seams near the 

lower vein-wall rock contact. Broader outer biotite (brown) alteration halos have been overprinted by 

narrower adularia (grey) alteration halos. E) V1bio veins with high-angle dips and biotite alteration 

halos. A subset of V1bio veins have little internal modification and are indicative of tensile failure 

modes. F) V1M2 tensile to hybrid vein with broad biotite alteration halo and high-angle dip to the north. 
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Within vein are plucked and rotated lenticular wall rock fragments. G) Large V1M2 hybrid to shear 

breccia vein with dragged-out wall rock inclusions, indicative of top-block down to north-northwest 

sense of shear. H) Array of V1M2 tensile veins in the hanging wall of a V1M2 hybrid vein with a low-

angle dip to the north, indicative of a synchronous relationship and top-block down to the north sense 

of shear. 

 

FIG. 18 Bench map of transition from domain II to III, with geometries, kinematics and 

photographs of veins in domain III. A) Geological map of open-pit bench (−248 m rsl) at the 

transition from domain II to III. Geometries and kinematics of vein stages are highlighted, with colours 

corresponding to symbols beside stereograms in (B). Geological map legend is depicted in Figure 12A. 

Yellow boxes indicate locations of (H). Locations of (E) to (G) are shown in Figure 12B. B) Equal-area 

stereograms (contoured poles and a mean plane) of dominant veins in domain III. C) Photograph of 

V1M1 vein in drill core, exhibiting dissolution seams and stylolites with low-angle dips (i.e., < 30° from 

horizontal), all within massive recrystallized anhydrite (from 270 m in drillhole DDHL0771, azimuth 

180°, dip 71°). D) Photograph of V1M2 vein in drill core, exhibiting low- to moderate-angle (< 50° 

from horizontal) contorted cockade calcite – anhydrite – quartz ± adularia bands (from 210 m in 

drillhole DDHL1169, azimuth 183°, dip 67°). E) Example of a V1M1 vein in outcrop, with irregular and 

corroded edges at the vein-wall rock contact, as well as around wall-rock clasts within the vein. 

Dissolution seams and asymmetrical textures are similar to shear-related porphyroclasts systems, 

indicative here of a top-block down to the north sense of shear. F) Photograph of outcrop of anhydrite 

vein-clast breccia (Bx1anh-clast) with randomly oriented clasts of V1M1 anhydrite veins with stylolites. G) 

Photograph of a large open-space cavities (bench −224 m rsl; e.g., Fig. 12B). H) Vug-fill of quartz – 

pyrite – anhydrite (thickly bladed), belonging to the V4qtz stage, in an area proximal to abundant open-

space cavities (e.g., Fig. 12B). 

 

FIG. 19 Bench map of northeast corner in domain IV. A) Geological map and, B) image of stitched 

photographs, of domain IV. Faults have moderate- to high-angle dips to the northwest, and are 

summarized in an equal-area stereogram with a mean plan (n = 8). Bx3py–adu breccias correspond 

compositionally and temporally to the V3adu veins and breccia veins. Uncertainty increases in the 

upper-levels due to inaccessible mapping areas and poor exposures on open-pit benches. 
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FIG. 20 High-grade gold distribution in Lienetz and Minifie. A) Open-pit profile map of domain II 

and III (i.e., Fig. 13B–C), with projected polygons of 0.8 to 1.5 g/t Au, 1.5 to 3.0 g/t Au, 3.0 to 5.0 g/t 

Au and > 5.0 g/t Au, from composite 10 m blast-hole Au assays obtained along benches from current 

mining. B) Plan map of −200 m rsl elevation slice with high-grade gold ellipsoidal isosurfaces 

projected on slice. Light grey background is digital terrain model (DTM) of the open pits. C) Equal-

area stereograms (contoured poles and a mean plane) representing the four geometrically distinct high-

grade gold ellipsoidal isosurfaces: Au1, Au2, Au3 and Au4. D) Same map at (B) but on a −120 m rsl 

elevation slice. Dashed yellow circles in (A), (B) and (D) outline the spatial distribution of the four 

distinct high-grade gold ellipsoidal isosurfaces Au1 to Au4.  

 

FIG. 21 Structural evolution of Lienetz, with summary stereograms, stresses, transport 

directions and schematic block diagrams. A) Stereogram of all major faults within Lienetz ± Minifie, 

insert of plan map showing domains I to IV (i.e., Fig. 9B), and table with summary stereograms of vein 

stages, summary stress (σ1) and transport directions for each structural domain. All stereograms are 

equal-area with a mean plane, and small companion stereograms represent modification fabrics in 

veins. Summary σ1 is shown relative to the Earth’s surface (dashed black line), and summary transport 

direction is shown in plan-view looking down at the Earth’s surface. B) to E) Schematic block 

diagrams of the structural evolution of the anhydrite zone in Lienetz. See text for details. F) Schematic 

diagram of reactivated V1M2 veins with top-block down to the northwest sense of shear along a system 

of interconnected veins. Shear related dilation of some veins created irregular to rhombic voids and 

jogs. Preferential slip on veins with low-angle dips was combined with mineral sealing, leading to 

variable elevated fluid pressures, further promoting slip on misoriented fractures and resulting in tensile 

veins and breccia veins, locally within dilational jogs. 

 

FIG. 22 Schematic cross-section of different triggers for early vein formation at Lienetz. A) Plan 

view of the Luise amphitheater and the Lihir gold deposit. Location of the Lienetz orebody is shown in 

black. Schematic southwest to northeast cross-section across the amphitheatre shows the inferred 

paleo-edifice, the detachment surface and the location of Lienetz. B) to D) Three different scenarios 

proposed for the trigger of early vein formation where σ1 was fluctuating resulting in veins with both 

low- and high-angle dips. See text for more detail. Note that in Fig. 22B the positive (light grey) and 

negative (dark grey) flower structures are drawn 90° from their expected position for clarity. 
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Tables 

TABLE 1. Alteration zones of the Lihir gold mine 

Alteration 
zone 

Gold 
grade 

Age 
(Ma) 

Diagnostic 
mineralogy Geometry 

Alteration 
interpretation 

Interpretation 

Clay zone Low to 
barren  

(< 0.3 g/t 
Au) 

0.15 to 
0.001 

kaolinite, K-alunite, 
smectite, illite, 
montmorillonite ± 
opal 

~ 250 m thick, 
sub-parallel to 
basal topography 
of amphitheater 

Argillic ± 
advanced 
argillic 

Steam-heated clay 
related to the modern 
geothermal system2, 4 

Sulfide – 
adularia 
zone 

High  
(> 2 g/t 
Au) 

0.6 to 
0.22, 4 

pyrite, marcasite, 
adularia, illite, 
sericite, quartz ± 
chalcedony ± 
calcite 

Sub-parallel to 
basal topography 
of amphitheater 
with crenulated 
local downward 
projecting base 

Epithermal- 
style low-
sulfidation 

Refractory sulfide ore 
and vuggy breccias 
from boiling via sector 
collapse events1, 2, 4 

Anhydrite 
zone 

Low to 
barren 

(< 1.0 g/t 
Au) 

0.9 to 
0.31, 3 

anhydrite, quartz, 
calcite, biotite, K-
feldspar ± 
vermiculite ± 
magnetite ± 
chlorite ± epidote 

Vertically and 
horizontally 
extensive basal 
unit; lateral and 
lower limits 
undefined 

Porphyry-style 
potassic 

Extensive anhydrite 
dissemination and 
veins from early 
porphyry-stage1, 2, 4 

References: 1 = Davies and Ballantyne (1987); 2 = Moyle et al. (1990); 3 = Rytuba et al. (1993); 4 = Carman (1994). 

 
 
 
 

TABLE 2. Vein stage paragenesis with hydrothermal mineral infill, alteration and gold mineralization 

Vein 
stage 

Corre
lated 
veins1 

Vein form2 
Mineral  
textures 

Vein infill3 
Vein 

hydrothermal 
alteration halo3 

Sulfides and mean 
(x̅) and standard 
deviation (σ) gold 

grade4 

V1bio IA Veins and 
breccia veins 
with planar 
margins 

Massive ± 
tabular 

anh + ba ± cal ± bio ± 
phl ± ksp (or) ± cel ± 
py ± cpy ± mo ± gn ± 
mag ± tell ± trem 

bio + phl ± ksp (or) 
± chl ± anh ± mag 
± alb ± white mica 
± trem ± act ± tour 
± ap 

x̅ = 0.5, σ = 0.5 g/t 
Au (n = 14); trace 
sulfides in veins and 
wall rock 
disseminations 

V1chl

–epi 
IAdistal Veinlets with 

planar margins 
Massive cal + chl ± py ± mag ± 

act ± cpy ± epi ± gn 
chl + epi + cal + py 
± act ± anh ± mag 
± alb ± ksp ± bio ± 
rt ± sphe 

x̅ = 0.2 g/t Au (n = 
1); sulfides in veins 
± wall rock 
disseminations 

V1ksp IB Veins with planar 
margins 

Massive ± 
tabular 

anh ± qtz ± cal ± py ± 
rt ± phl ± ap ± chl ± 
vrm ± mo ± cpy 

ksp (or) + bio + K-
mica + anh + py ± 
epi ± chl + alb + rt 

x̅ = 0.2, σ = 0.1 g/t 
Au (n = 6); sulfides 
in vein ± wall rock 
disseminations 

V1M1 II Veins and 
breccia veins 
with irregular 
diffuse margins 

Recrystallize
d ± 
stylolitic ± 
micaceous 
± semi-

anh + cel + ba + py + 
bio + phl + chl + gn ± 
sph ± cpy ± mo ± qtz 
± mag ± cal ± Mg-rieb 
± orbran ± ksp ± mrc 

bio ± phl ± chl ± 
ksp ± py ± cal 

x̅ = 0.3, σ = 0.5 g/t 
Au (n = 37); 
sulfides in veins ± 
stylolites ± wall rock 
disseminations 
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dissolved ± 
tabular 

± rt ± po ± vrm 

V2py  Veinlets and 
veins with 
planar margins 

Massive ± 
recrystallize
d 

anh + py ± chl ± act ± 
qtz ± white mica 

chl + py ± white 
mica ± ksp ± qtz ± 
bio 

x̅ = 0.7, σ = 0.6 g/t 
Au (n = 8); sulfides 
in veins 

V3adu IIIbrassy

-py 
Veins and 
breccia veins 
with planar to 
irregular 
margins 

Massive ± 
vuggy ± 
acicular ± 
cockade ± 
crustiform  

py + mrc + adu ± apy ± 
cpy ± qtz ± cal ± chal 
± tell ± mag ± mo ± ill 
± ba ± cel ± vrm ± po 
± sph ± tennt ± tethd ± 
elc ± gn  

adu + py + qtz + 
white mica ± cal ± 
ill ± rt ± alb ± anh 
± ap 

x̅ = 5.9, σ = 4.1 g/t 
Au (n = 98); 
sulfides (> 15%) in 
veins, wall rock 
disseminations and 
breccia cement of 
Bx3py–adu 

V4qtz IIIblue-

grey qtz 
Veins, breccia 
veins and vug-
fill with 
irregular 
margins 

Thickly 
bladed ± 
crustiform 
± cavities ± 
vugs 

qtz + anh + py ± chal ± 
mrc ± mo ± elc ± tell 
± adu ± cal ± cpy ± 
sph ±ill ± gn ± apy ± 
musc ± ba ± cel ± rt ± 
tethd ± tennt ± vrm ± 
argt ± po 

qtz + adu ± musc ± 
py ± anh ± cal ± 
clays 

x̅ = 5.4, σ = 5.4 g/t 
Au (n = 16); 
sulfides (5 to 15%) 
in veins, vug-fill and 
wall rock 
disseminations 

V1M2 IIIqtz-

cal 
IIIanh 

vugs 

Veins and 
breccia veins 
with planar to 
irregular 
margins 

Crustiform ± 
cockade ± 
cavities ± 
vugs ± 
thinly 
bladed ± 
massive 

cal + anh + qtz + adu + 
py ± dol ± cpy ± sph ± 
gn ± ill ± vrm ± rt ± 
mrc  

adu + qtz + cal + 
musc ± py ± bio 
(residual) 

x̅ = 3.7, σ = 8.9 g/t 
Au (n = 30); 
sulfides (< 5%) in 
veins ± wall rock 
disseminations 

Abbreviations: act = actinolite, adu = adularia, alb = albite, anh = anhydrite, ap = apatite, apy = arsenopyrite, argt = argentite, 
ba = barite, bio = biotite, cal = calcite, cel = celestine, chal = chalcedony, chl = chlorite, cpy = chalcopyrite, dol = dolomite, 
elc = electrum, epi = epidote, gn = galena, ill = illite, ksp = K-feldspar, mag = magnetite, mrc = marcasite, mo = molybdenite, 
musc = muscovite, or = orthoclase, orbran = orthobrannerite, phl = phlogopite, po = pyrrhotite, py = pyrite, qtz = quartz, rieb 
= riebeckite, rt = rutile, sph = sphalerite, sphe = sphene, tell = telluride minerals, tennt = tennantite, tethd = tetrahedrite, tour = 
tourmaline, trem = tremolite, vrm = vermiculite. 
Stages are listed top to bottom, from oldest to youngest. 
1 = correlated vein stages from Carman (1994). 
2 = vein form: veinlet = < 0.5 cm, vein = > 0.5 cm, breccia vein = > 70% cement relative to clasts and semi-tabular and sheet-
like geometry. 
3 = minerals in italics were observed by Carman (1994), but not identified in this study. 
4 = gold grades: values from fire assay largely from hand samples collected in the current study, with vein >> wall-rock 
material. n = number of samples (grab and drill core). 
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