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Abstract
Divergent genetic models have been proposed for clastic dominant (CD-type) massive sulfide Zn-Pb mineral-
ization in the Proterozoic Carpentaria Zn Province. Due to varying degrees of tectonic overprint, it has been 
difficult to accurately constrain structural and paragenetic timing aspects of the CD-type genetic model, and 
the most basic timing constraints (syngenetic vs. epigenetic, synextension vs. syninversion) remain debated. The 
recently discovered Teena Zn-Pb deposit is hosted by an exceptionally well preserved subbasin that permits 
relative timing relationships to be well defined. Using a combination of geophysical, structural, sedimentologi-
cal, and petrographic datasets, a new model for subbasin development and syndiagenetic hydrothermal replace-
ment mineralization is developed for the Teena mineral system.

At Teena, sulfide mineralization was deposited from lateral fluid flow beneath an impermeable seal several hun-
dred meters below the paleosurface and maximum flood surface, after formation of fine-grained diagenetic pyrite 
(py1) and dolomite nodules. Sulfide mineralization resulted from syndiagenetic carbonate replacement and pore 
space cementation where thermochemical sulfate reduction took place. The sulfide mineralization is therefore 
partly cospatial but not cogenetic with its thick pyritic hanging wall, and its lateral alteration footprint is much 
smaller than predicted by sedimentary exhalative (SEDEX) models. An additional zone of low-grade Zn-Pb miner-
alization in the footwall W-Fold Shale Member represents a different style of mineralization not previously reported 
for Carpentaria CD-type Zn deposits: it is associated with strata-bound lenses of hydrothermal dolomite (HTD) 
that formed by both replacement and carbonate dissolution and infill, which yielded diverse cavity-infill textures 
that include coarse-bladed dolomite fans cemented by interstitial sphalerite, dolomite, and quartz. Volumetrically 
minor Zn mineralization is also present in a fault conduit hydrothermal breccia and in hanging-wall synorogenic 
vein sets derived by hydrothermal leaching and remobilization of Zn from the underlying mineralized zones. 

Whereas both the Teena and nearby McArthur River Zn-Pb deposits are located along the northern margin 
of the 3rd-order Hot Spring-Emu subbasin, they formed in separate 4th-order subbasins in association with local 
extensional growth faults. Growth fault movement in the Teena subbasin was initiated during deposition of the 
W-Fold Shale Member and persisted episodically until a weak structural disconformity associated with sedimen-
tary facies regression developed in the Upper HYC unit. Shifting patterns in depocenter location, sedimentary 
facies development, mineralization, and alteration zonation are attributed to progressive growth and linkage of 
segments of a regionally anomalous ENE-trending, synsedimentary fault zone. Similar patterns of extensional 
subbasin development were repeated in other Zn-mineralized subbasins throughout the River supersequence 
across the northern Carpentaria Zn Province, and formed in response to a short-lived episode of north-north-
west–south-southeast regional extension around ca 1640 ± 5 Ma, triggered by far-field subduction events. 

Introduction
A major proportion of global base metal resources are con-
tained in sulfide minerals located in sedimentary rocks depos-

ited in ancient marine environments (Mudd et al., 2017). The 
largest, highest grade deposits are hosted by siliciclastic rocks 
and comprise laterally extensive stratiform to strata-bound 
orebodies (Leach et al., 2005). The most widely applied genet-
ic model involves sulfide precipitation following the exhalation 
or venting of hydrothermal fluids into sulfidic (euxinic) sea-
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water and is referred to as sedimentary exhalative (SEDEX; 
Carne and Cathro, 1982). As many deposits lack direct evi-
dence of exhalative processes and may preserve evidence of 
subseafloor replacement, there is consensus for the use of non-
genetic terminology (Leach et al. 2010). A universal feature of 
these deposits is a close affinity with carbonaceous mudstones 
and siltstones, meaning shale-hosted massive sulfide (SHMS) 
has been a commonly used term among industry and academic 
geologists alike. Nevertheless, many deposits are not strictly 
hosted by shale, and so clastic dominant (CD-type; Leach et al. 
2010) is used herein as the preferred nomenclature.

Many of the largest CD-type deposits were discovered at 
shallow depths (<100 m) and future discovery targets will in-
evitably be at deeper levels of burial with no obvious surface 
expression. Continued efforts to improve global discovery 
rates will require more predictive approaches with rigorous 
evaluation of the different geologic attributes that determine 
basin fertility and deposit location, and improvements in the 
technologies that permit deeper levels of detection of miner-
alization and alteration halos. Over the last 25 years the larg-
est CD-type Zn discoveries have been made at depths greater 
than 500 m below surface and include Teena (2013, Australia; 
Taylor et al., 2017), Anarraaq and Aktigiruq (1999 and 2001, 
respectively, USA; Jennings and King, 2002; Blevings et al., 
2013). Exposure to these systems has provided the authors 
valuable opportunities to further research models of ore gen-
esis and exploration. 

The Proterozoic Isa Superbasin, which includes the McAr-
thur and Mt. Isa Basins (Fig. 1A), hosts several of the world’s 
largest CD-type Zn deposits in what is also known as the Car-
pentaria Zn Province. The Carpentaria Zn Province is the 
most endowed Zn Province in the world, accounting for near-
ly 30% of the world’s Zn resources (Huston et al., 2006). The 
stratigraphy of the Mt. Isa and McArthur Basins preserves a 
protracted record of basin evolution (1.82–1.58 Ga) in a distal 
continental back-arc setting (Scott et al., 2000; Giles et al., 
2002). One of the longstanding debates in the Carpentaria Zn 
Province concerns the nature of the dominant stress regime 
during metallogenesis. For example, different workers have 
proposed that Zn mineralization may have occurred during 
extension (e.g., Etheridge and Wall, 1994; Neudert and Mc-
Geough, 1996) or transtension (e.g., McGoldrick et al., 2010), 
although more recently it has been argued that the majority 
of the Carpentaria Zn deposits formed during basin inversion 
(Gibson et al., 2017). 

The geodynamic setting and associated stress regime are di-
rectly linked to a second area of debate in the Carpentaria Zn 
Province, which concerns the timing of mineralization rela-
tive to host sedimentation. Did hydrothermal activity occur 
during basin extension and involve sedimentary exhalative 
processes (e.g., Large et al., 1998) or early diagenetic sub-
seafloor replacement (e.g., Williams, 1978)? Alternatively, did 
mineralization form by replacement processes during later 
basin inversion (Broadbent et al., 1998; Gibson et al., 2017) 

Fig. 1.  A. The geographic extent of the McArthur and Mt. Isa Basins, showing major geologic terranes, fault boundaries, 
and CD-type deposits. The red box marks the approximate area of (B), showing a plan view interpreted geologic map of the 
3rd-order Emu-Hot Springs subbasin, where CD-type deposits (yellow stars) and prospects (yellow circles) occur in smaller, 
fault-bound, 4th-order basins. Modified after McGoldrick et al. (2010).
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under a compressional stress regime? Both the geodynamic 
setting and relative timing of mineralization are related and 
provide a fundamental basis for exploration models. For ex-
ample, constraining the orientation and evolution of faults 
associated with hydrothermal activity is critical for identify-
ing targets under cover. Alteration footprint models also dif-
fer markedly depending on the timing of mineralization and 
the diagenetic evolution of the host sequence (e.g., Magnall 
et al., 2021). Nevertheless, only a limited number of studies 
have characterized the dynamic interaction among faulting, 
subbasin development, sedimentation, and fluid flow at the 
deposit scale for CD-type mineral systems (e.g., Hinman, 
1995; Broadbent et al., 1998). The paucity of studies partly 
corresponds with the challenges associated with interpreting 
primary features—whether sedimentological, diagenetic, or 
hydrothermal—in rocks that have frequently been affected by 
orogenic deformation and metamorphism; however, it also re-
lates to the challenge of integrating different types of geologic 
data (e.g., structural, petrographic, geochemical) collected 
across different scales. 

This study focusses on the Teena deposit, which has an 
inferred resource of 58.0 million metric tons (Mt) at 11.1% 
Zn and 1.6% Pb (Rox Resources, 2016). The Teena deposit 
is located in a subbasin 8 km west of the neighboring McAr-
thur River (HYC) mine (Fig. 1B), which had a premine total 
resource of 227 Mt at 9.25% Zn, 4.1% Pb, and 41g/t Ag (Gus-
tafson and Williams, 1981). The stratigraphy in this part of 
the Carpentaria Zn Province has undergone very little defor-
mation and is essentially unmetamorphosed (Magnall et al., 
2021) and, therefore, represents an ideal natural laboratory in 
which to interpret primary features. Notably, mineralization 
in the Teena subbasin occurs in two stratigraphic intervals. 
The first contains high-grade, fine-grained stratiform Zn-Pb 
sulfide mineralization in carbonaceous mudstones, which is 
typical of CD-type deposits. The second interval, however, is 
found in the underlying stratigraphic unit and comprises two 
styles of Zn-Pb mineralization: (1) low-grade, fine-grained 
stratiform sulfides and (2) coarse-grained sulfides hosted in 
strata-bound dolomite lenses. This latter mineralization style 
has not previously been described in any of the Carpentaria 
CD-type deposits. 

This study is the first of two papers. The first paper describes 
and interprets the architecture of the Teena subbasin together 
with the major lithofacies and dominant mineralization styles 
(this study; Part I); the second paper describes and interprets 
the spatial and temporal controls on diagenetic and hydrother-
mal mass transfer (Part II: Magnall et al., 2021). A number 
of new data sets (petrographic, geochemical, geophysical), 
including the first published interpreted seismic section for a 
CD-type deposit in the McArthur Basin, have been integrated 
to facilitate development of a comprehensive model for sub-
basin evolution and the genesis of a major mineral system. 

District Geology

Stratigraphy

The stratigraphy of the Mt. Isa and McArthur Basins is 
subdivided into three cycles of basin evolution, termed the 
Leichardt, Calvert, and Isa Superbasins (Jackson and South-
gate, 2000; Krassay et al., 2000). These 1st-order superbasins 

contain a series of unconformity-bounded supersequences, 
which form the basis of regional chronostratigraphic correla-
tions that each represent deposition over 10 to 20 m.y. (e.g., 
Southgate et al., 2000). The older Leichardt and Calvert 
Superbasins are dominated by synrift volcanic and coarse-
clastic sedimentary sequences that have been interpreted as 
the source of the metals for the formation of younger CD-
type deposits in the overlying Isa Superbasin (e.g., Cooke et 
al., 2000). 

The majority of the CD-type deposits are located within 
stratigraphy of the lowermost Isa Superbasin (Large et al., 
2005), which was predominantly associated with the thermal 
subsidence phase of rift development (Betts et al., 2003). 
In the southern McArthur Basin, CD-type mineralization is 
hosted by the River supersequence (Fig. 2), which has been 
subdivided into 3rd-order depositional cycles (Emmerugga, 
Barney Creek, and Lynott) that each span 1 to 5 m.y. (Jackson 
et al., 2000; McGoldrick et al., 2010). Much of the River su-
persequence in the southern McArthur Basin contains evap-
orite-bearing and dolomite-rich lithofacies deposited in shal-
low-marine to sabkha environments (Kunzmann et al., 2019). 
The Teena and McArthur River (HYC) deposits are hosted 
by the Barney Creek Formation, which represents the peak 
transgressive phase of the River supersequence and is brack-
eted by U-Pb SHRIMP detrital zircon ages for the underly-
ing Teena Dolostone (1639 ± 6 Ma) and the overlying Lynott 
Formation (1636 ± 4 Ma; Page et al., 2000). Tuffaceous volca-
niclastic beds in the central Barney Creek Formation yielded 
U-Pb SHRIMP ages of 1638 ± 7, 1639 ± 3, and 1640 ± 3 Ma 
(Page and Sweet, 1998). 

Some of the thickest parts of the Barney Creek Formation 
occur in the Hot Spring-Emu subbasin (Duffett et al., 2007), 
which hosts the McArthur River (HYC) deposit in the north-
east corner, and the Teena deposit farther west along the Bald 
Hills fault (Fig. 1B). The Barney Creek Formation is region-
ally subdivided into the lower W-Fold Shale Member, the 
overlying HYC Pyritic Shale Member, and the locally devel-
oped Cooley Dolostone Member (Jackson et al., 1987; Pietsch 
et al., 1991), each of which exhibit wedge-shaped geometries 
with abrupt thickening proximal to syndepositional growth 
faults (Fig. 2; e.g., McGoldrick et al., 2010; Kunzmann et al. 
2019). The Barney Creek Formation preserves marked lateral 
lithofacies variations and local unconformities that indicate 
changes in depositional setting from a carbonate-dominated, 
stable, shallow-marine platform, to compartmentalized basins 
with numerous subbasins and local paleohighs associated with 
the onset of syndepositional extensional faulting and marine 
transgression (McGoldrick et al., 2010). There are multiple 
marine transgressions that can be mapped across subbasins by 
the preservation of pyritic and carbonaceous facies that repre-
sent maximum flooding surfaces (MFS). Two MFS have been 
identified in the Teena subbasin (Magnall et al., 2020), which 
can be correlated across other subbasins in regional studies of 
the Barney Creek Formation in the southern McArthur Basin 
(Kunzmann et al., 2019). 

Basin architecture and structure

Facies variations within stratigraphic sequences in the 1st-
order Isa Superbasin were influenced by the hierarchy of tec-
tonic subbasin architecture that developed at different scales. 

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/116/8/1743/5428918/4846_hayward_et_al.pdf
by Freie Universitaet Berlin user
on 29 November 2021



1746 HAYWARD ET AL.

Within the 2nd-order (103 km2) Mt. Isa and McArthur Basins 
there are a series of smaller fault-bound subbasins (Fig. 1B). 
The Teena and McArthur River deposits are located in the 
Batten fault zone, which is a 50- to 100-km-wide corridor of 
N-trending faults that bounds the 3rd-order (102 km2) Hot 
Spring-Emu subbasin.

Regional fault offsets in the Batten fault zone resulted in 
stratigraphy of the Paleoproterozoic McArthur Group be-
ing exposed between younger Mesoproterozoic to Cambrian 
cover sequence packages to the west and east (Fig. 1). The 
eastern margin of the Batten fault zone is bound by the syn-
rift Emu fault zone and the western margin is bound by the 
synorogenic, E-verging Tawallah-Abner and Scrutton thrust 
faults (Rawlings et al., 2004). An easterly-trending horst 
(Urapunga fault zone) separates the Batten from the Walker 
fault zone, which has similar orientation, size, and evolution 
to the Batten fault zone. Internally, the Batten fault zone is 
compartmentalized by a series of WNW-, ENE-, and NNW-
trending fault sets. On the east side of the Batten fault zone, 
most large-scale folds are oriented roughly north-northwest, 
subparallel to the Emu fault, whereas farther west in the Hot 
Spring-Emu subbasin, small synclinal subbasins and medium-
scale folds trend east-northeast, subparallel to ENE- trending 
faults (Fig. 1B; Pietsch et al., 1991; McGoldrick et al., 2010). 
Within the Hot Spring-Emu subbasin, several smaller 4th-
order (101 km2) subbasins are associated with the thickest ac-
cumulations of Barney Creek Formation in paleodepocenters, 
some of which host CD-type mineralization (Fig. 1B).

Geodynamic setting and tectonic models

From the late 1990s there was broad agreement that the stra-
tigraphy hosting the Carpentaria Zn deposits was deposited 
in a far-field back-arc setting linked to collision and subduc-
tion along the southern margin of the North Australian cra-
ton (NAC; Scott et al., 2000; Betts et al., 2002, 2006). More 
recently, however, Betts et al. (2016) argued that the Calvert 
and Isa Superbasins were deposited inboard of a passive mar-
gin to an internal ocean between the east margin of the North 
Australian craton and Laurentia. W-dipping subduction be-
neath the North Australian craton subsequently resulted in 
the closure of this ocean basin around 1640 Ma (coincident 
with the River supersequence) and culminated in the colli-
sional Isan orogeny between 1600 and 1500 Ma. Gibson et 
al. (2017) proposed that ocean closure and synorogenic in-
version may have commenced earlier, between 1650 to 1640 
Ma, before a renewed period of northeast-southwest exten-
sion between 1640 to 1620 Ma resulted in the deposition of 
the River supersequence.

The formation of CD-type deposits in the River superse-
quence around ca. 1640 Ma coincided with a major inflection 
in the Apparent Polar Wandering Path (Fig. 2; Idnurm, 2000). 
Tectonism associated with this plate reorganization event has 
been widely attributed as a trigger for Zn metallogenesis in the 
Mt. Isa and McArthur Basins at 1640 Ma, although specific de-
tails are disputed. Historically, most authors favored an exten-
sional rift to transtensional pull-apart setting linked to either 
NNW-SSE extension (e.g., Plumb and Wellman, 1987), north-

Fig. 2.  A chronostratigraphic chart for the River supersequence in the Emu-Hot Springs subbasin. Approximate unit thick-
nesses and age constraints are compiled from Jackson et al. (1987) and Ahmad et al. (2013). The apparent polar wander path 
is provided by Idnurm (2000). 
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south extension (Etheridge and Wall, 1994; Neudert and Mc-
Geough, 1996; McGoldrick et al., 2010), or NNE-SSW exten-
sion (Betts et al., 2016). Hinman (1995) and Rogers (1996) 
proposed that an episode of northwest-southeast compression 
caused local inversion and sinistral transpression along the 
Emu fault during the late stages of Barney Creek Forma-
tion deposition. Contrary to the widely accepted synextension 
models for deposit formation, Gibson et al (2017) recently 
proposed that most CD-type deposits in the Mount Isa region 
formed syninversion with NE-SW-directed crustal shortening 
during the 1650 to 1640 Ma Riversleigh Inversion Event, or in 
the case of the Century Zn deposit (ca. 1585 Ma; Broadbent et 
al., 1998), during onset of the regional Isan orogeny. 

The main phase of the Isan orogeny occurred between 
1600 to 1500 Ma in association with collisional events along 
the eastern margin of the North Australian craton (e.g., Giles 
et al., 2006). The effects of the Isan orogeny deformation and 
metamorphism are most intensely developed in the south-
east portion of the Isa inlier, where upper amphibolite facies 
rocks are exposed. Regional D1 fold and thrusts resulted from 
north-south to NNW-SSE thin-skinned shortening and basin 
inversion around 1600 to 1575 Ma. This event was followed 
by peak metamorphism with generally east-west D2 short-
ening between 1570 to 1550 Ma. Between 1550 to 1530 Ma 
the Isan orogeny switched to D3-D4 oblique transpressional 
phases dominated by NW-trending sinistral wrench faults and 
later NE-trending dextral faults. In southeastern parts of the 
province this deformation also coincided with synorogenic 
granite emplacement. The metamorphic grade generally de-
creases toward the northwest to subgreenschist facies in the 
McArthur Basin. Much of the River supersequence in the 
Teena subbasin only underwent weak deformation and very 
low-grade metamorphism (Magnall et al., 2021).

Discovery History
The Teena deposit was discovered in 2013 by Teck Australia 
Pty. Ltd. (Teck) in partnership with Rox Resources Ltd. Dis-
covery followed a process of systematic targeting of underex-
plored prospective subbasins, which were interpreted to have 
been bound by the growth faults that developed during the 
Barney Creek deposition cycle. Priority was given to subba-
sins developed along the E-trending Bald Hills fault, based on 
company conceptual exploration models and historic open-file 
company reports that established evidence for district-scale 
Zn-Pb mineralization and syndepositional extensional faulting 
along this fault zone.

Initial exploration of the subbasin included reinterpretation 
of historic helimagnetic data to define the extent of the subba-
sin, together with a new airborne gravity gradiometer survey 
that yielded a higher amplitude response over the interpreted 
subbasin than could be accounted for by typical lithostratig-
raphy alone and was considered permissive of thick sulfide 
accumulation. A subsequent review of historic drill core data 
from three diamond holes, drilled in the mid-1970s by Mount 
Isa Mines Limited on the margins of the subbasin, confirmed 
the presence of the mineralized Lower HYC Pyritic Shale 
Member of the Barney Creek Formation (Fig. 2), includ-
ing an interval of 9.2 m at 3.5% Zn. A further five diamond 
drill holes were identified, previously unreported in histori-
cal data compilations, which revealed that the HYC Pyritic 

Shale Member thickened toward the northern margin of the 
subbasin. The thickest intercepts comprised thin, low-grade 
intervals of fine-grained stratiform sphalerite as well as medi-
um-grained disseminated sphalerite and galena replacement 
of dolostone lenses in the Barney Creek Formation. 

The evidence of stratiform Zn mineralization, together with 
recognition that the interpreted depocenter of the subbasin 
had not yet been drilled, led to a preliminary 4-hole diamond 
drill program in July 2013. The initial drill test returned 
high-grade Zn and Pb mineralization in multiple horizons in 
all holes along the synclinal axis of the basin, including 16.2 
m grading 17.2% Zn + Pb from 1,070.3 m (Rox Resources, 
2013).

Methods

Geology field mapping and drilling

Integrated two- and three-dimensional geologic models for 
the Teena deposit and subbasin are constrained in this study 
by historic 1:5000-scale outcrop geology and structure map-
ping, as well as drill core from 33 diamond drill holes, several 
of which extend to >1,000 m deep. Drill core for all Teck drill 
holes was routinely oriented and logged for lithology, stra-
tigraphy, structure, and alteration. Oriented drill core for all 
diamond drill holes was routinely structurally logged, using 
either alpha/beta measurements or a Reflex IQ-Logger tool. 
High-resolution photography (wet and dry) of all drill core 
was carried out and characteristic samples of each unit were 
selected for further evaluation using standard petrographic 
techniques (binocular microscope, transmitted and reflected 
light microscopy). Detailed stratigraphic logging correlations 
are supported with natural gamma logs for most drill holes. 
Alteration mapping was supplemented by CoreScan hyper-
spectral (visible near- and short wave-infrared) logging of 
core from two holes (TNDD015, TNDD022), as well as spot 
short wave-infrared analyses on core using a TerraSpec® in-
strument. Mineralized core was routinely sampled in 30- to 
100-cm intervals and assayed for multiple elements by a range 
of element-specific techniques, including fused bead laser ab-
lation ICP-MS and mass spectrometer quantitative analysis 
using acid-free digestion, by either Bureau Veritas (Mt. Isa), 
Ultratrace (Perth), or ACME (Vancouver) laboratories. 

Geophysics 

Project- and district-scale mapping are supported with analy-
sis of a detailed helimagmatic survey, acquisition of an air-
borne Falcon gravity survey, as well as local magnetotelluric 
and ground electromagnetic grid surveys. A single 12-km-long 
Vibroseis seismic reflection traverse (Line 2015-01) across the 
deposit was also acquired using a 10- to 140-Hz frequency 
sweep. Geophones were placed with a nominal offset of 5,000 
m providing a fold of 1,000. Seismic processing by Velseis Pro-
cessing Pty. Ltd. used a standard Pre-Stack Time Migration 
processing sequence.

Wireline logging was performed on all new diamond drill 
holes to define the petrophysical signature of the different 
stratigraphic units. Natural gamma, magnetic susceptibility, 
density, and inductive conductivity were measured and com-
pared with observed lithologic and geochemical changes in 
different stratigraphic units. 
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Basin restoration and sediment decompaction

In order to model the primary Teena subbasin architecture 
and depositional environment, the true thickness and hori-
zontal length of each sedimentary unit was determined from 
manual flexural-slip unfolding of serial sections derived from 
the three-dimensional Leapfrog model. Maximum primary 
depositional thicknesses were determined using the 1st-order 
approximation method described by Angevine et al. (1990). In 
this method, the progressive decrease in porosity that occurs 
with increasing burial depth, from 0 to 7 km, is quantified for 
a range of primary sedimentary rocks types.

Results

Lithostratigraphy

Teena Dolostone: The Teena Dolostone is the oldest strati-
graphic formation in the Teena deposit area and only par-
tially intersected by drilling. Drill intercepts indicate that 
it is thicker (>100 m) than typically observed elsewhere in 
Hot Spring-Emu subbasin (<60 m; Ahmad et al., 2013). The 
Teena Dolostone in the Teena subbasin typically comprises 
fine-grained to micritic light-gray recrystallized dolostone. 
Where primary bedding textures are preserved, planar lami-
nated silty dolostones and dolomitic sandstones predominate, 
with minor slump and rare algal lamination textures. The up-
per contact with the overlying W-Fold Shale Member of the 
Barney Creek Formation is generally gradational; however, 
sharp erosional contacts are locally developed in the footwall 
of the Bald Hills fault zone and interpreted to represent lo-
cally emergent conditions. The Coxco Dolostone Member of 
the upper Teena Dolostone is not encountered in any of the 
drill intercepts in the Teena subbasin, although it has been 
mapped elsewhere in the Hot Spring-Emu subbasin. This 
member represents a local facies distinguished by the pres-
ence of distinctive upward-radiating fans of acicular dolomite 
crystals ("Coxco Needles;" Pietsch et al., 1991), formed by 
replacement of either seafloor aragonite or gypsum crystals 
(Ahmad et al., 2013, and references therein).

W-Fold Shale Member: Regionally, the W-Fold Shale Mem-
ber is characterized by distinctive, thin-bedded, green and 
red dolomitic siltstone and shale. Within the Teena subbasin, 
the W-Fold Shale Member is anomalously thick (up to 300 
m) and has highly variable vertical and lateral lithofacies that 
become overall finer grained upsection and thin toward the 
south. Despite its stratigraphic name, this member contains 
only a minor proportion of shale. The lower portion transi-
tions from thinly interbedded sandy dolostone, to thin-bedded 
graded cycles of fine-grained dolomitic arkosic sandstone and 
green dolomitic siltstone with abundant pale gray to reddish, 
nodular dolostone beds. The middle portion is generally fin-
er gained with interbedded sequences (1–5 m thick) of dark 
gray to dark green, carbonaceous, chloritic, and weakly pyritic 
laminated siltstone and fine sandstone, as well as subordinate 
dolomite cemented, fine-grained, sandstone beds. Pyritic and 
carbonaceous mudstone beds locally contain centimeter-scale 
ovoid dolomite nodules in the eastern portion of the Teena 
subbasin. The upper portion of the W-Fold Shale Member is 
dominated by thin-bedded to laminated, dark green siltstones 
and fine-grained dolomitic sandstones with abundant irregular 
bed-parallel dolomite nodules. It also contains several distinct 

graded units of poorly sorted, feldspar-rich, sandstone beds up 
to 10 m thick with subordinate siltstone and green claystone 
beds. Detrital K-feldspar in these beds appears to be of volca-
nic origin (Magnall et al., 2021) and these units are logged as 
volcaniclastic sandstone. The basal sandstone beds frequently 
contain carbonaceous mud chips which, together with local 
basal scours and cyclic normal grading, is interpreted to indi-
cate deposition by mass-flow turbidity currents. Sedimentary 
textures developed throughout fine-grained siliciclastic beds 
in the W-Fold Shale Member include ubiquitous graded bed-
ding, diverse dolomite nodule morphologies, flame structures, 
and widespread intraformational slump folds.

HYC Pyritic Shale Member: The HYC Pyritic Shale Mem-
ber hosts the most significant mineralization in the Teena sub-
basin and throughout the Hot Spring-Emu subbasin. It has 
highly variable thickness (0–650 m) in the Teena subbasin and 
has been informally subdivided by Teck geologists into three 
distinct but completely gradational units: (1) the lower miner-
alized dolomitic shale unit (Lower HYC unit), (2) the middle 
pyritic shale unit (Middle HYC unit), and (3) an upper car-
bonaceous siltstone unit (Upper HYC unit). The Lower HYC 
unit is broadly wedge shaped, thickening toward the northeast 
corner of the subbasin (up to 250 m in TNDD019) and pinch-
ing out completely along the southern and western margins. 
It comprises facies that are generally transitional with the un-
derlying W-Fold Shale Member, including very thin-bedded 
to laminated dolomitic, pyritic and carbonaceous siltstones 
and mudstones, which become progressively less dolomit-
ic and more pyritic (up to 80%) upsequence. This unit also 
hosts the two main lenses of stratiform Zn-Pb mineralization, 
which are separated by a volcaniclastic sandstone unit that 
ranges from <1 m thick along the southern subbasin margin 
(where the mineralized lenses merge), to 40 m thick in the 
easternmost section of the synclinal axis. The volcaniclastic 
sandstone unit comprises several graded cycles of mud-chip 
arkosic sandstones, siltstones, and carbonaceous mudstones. 
The Lower HYC unit has abundant dolomite nodules with 
diverse morphologies, including thin lenticular bedform nod-
ules, small (<8 mm) spherical nodules with radiaxial fibers, 
and large (up to 10 cm) ovoid nodules. The larger dolomite 
nodules typically preserve inclusion trails of replaced bedding 
laminae and show compaction-related warping of adjacent 
sedimentary layering. Partly compacted, worm-like dolomite 
veinlets and irregular dolomite nodules are also found in the 
volcaniclastic sandstone beds. The top of the Lower HYC unit 
is locally defined by the upper limit of large ovoid dolomite 
nodules in black carbonaceous siltstone. The bottom contact 
with the W-Fold Shale Member is informally defined by a vol-
caniclastic sandstone marker bed, located near the gradation 
from predominantly chloritic dolomitic siltstones to predomi-
nantly carbonaceous dolomitic siltstones. Rare, thin sedimen-
tary breccia beds (10–30 cm), comprising matrix-supported, 
subangular to subrounded, dolostone clasts, are observed in 
drill holes located immediately adjacent to extensional faults 
along the northern margin of the subbasin, and do not appear 
to persist laterally for more than several 10s m. 

The Middle HYC unit is 50 to 350 m thick and defined by 
thin-bedded to massive, dark gray to black, pyritic carbona-
ceous siltstones and mudstones. Abundant (5–50%) very 
fine grained, disseminated pyrite occurs in laminated beds 
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throughout this interval. Dolomite nodules are rare to absent. 
North and south of the Teena subbasin the overall thickness 
and abundance of pyrite decreases dramatically in lateral 
equivalents to the Middle HYC unit. For example, drill hole 
TNDD018 located ~1.3 km south of the TNDD019 pierce 
point (Fig 3A) intersected only a 40-m-thick pyritic interval. 
The Upper HYC unit comprises 50 to 100 m of laminated 
to thick-bedded carbonaceous siltstone with pyrite decreas-
ing (<25%) upsequence, interbedded with upward increasing 
fine-grained sandstone, sandy dolostone, and dolomitic silt-
stone. The uppermost Barney Creek Formation is not pyritic. 

Reward Dolostone Formation: The Reward Dolostone 
Formation in the Teena subbasin ranges from 300 to 350 m 
thick and has a gradational and conformable contact with the 
underlying Barney Creek Formation. It comprises predomi-
nantly thick-bedded dololutite and dolarenite, with inter-
vals of dolomitic carbonaceous siltstones near the base, and 
clast-supported polymict sedimentary breccias in the middle. 
Dolomite nodules are common in dolomitic siltstone beds, 
whereas some dolostone beds in outcrop contain evaporite 
casts (quartz) after bladed gypsum. 

Lynott Formation: The Lynott Formation is up to 650 m 
thick in the Hot Spring-Emu subbasin and subdivided into 
three members: the Caranbirini, Hot Springs, and Donnegan 
Members (Fig. 2; Jackson et al., 1987). At Teena, the Lynott 
Formation is poorly preserved with <50 m of the Caranbirini 
and Hot Spring Members exposed at the Teena Hill in the 
central portion of the deposit area (Fig. 3). The lower Caran-
birini Member has a regionally unconformable or disconform-
able contact with the underlying Reward Dolomite (Jackson 
et al., 1987), although in the Teena subbasin the contact ap-
pears locally conformable and gradational with increasing car-
bonaceous mudstone content from the lower dolostone unit. 
This member comprises thin-bedded to laminated dolomitic 
siltstone and mudstone, in part moderately carbonaceous 
and pyritic, interbedded with silty dolomitic mudstone and 
fine-grained dolarenite. Minor lenses of slump breccia, rip-
ple marks, and evaporite casts are locally present. The over-
lying Hot Spring Member comprises thick-bedded, fine- to  
medium-grained, dolomitic sandstone exhibiting ripple and 
hummocky cross stratification, casts of abundant halite hop-
pers, and gypsum rosettes. 

Subbasin architecture and deformation

The Teena subbasin comprises a gently folded, E-W-striking 
syncline in the hanging wall of the S-dipping Bald Hills fault 
zone (BHFZ; Fig. 1B). The subbasin has a strike length of 
~5 km between two major NW-trending faults, the Reward 
West fault to the west and Wickens fault to the east. The Re-
ward West fault is interpreted to be a W-dipping normal fault 
that separates the Teena subbasin from another similar-sized 
subbasin (Boko) farther west. The Wickens Hill fault, located 
east of Teena (Fig. 1B), is a more complicated fault corridor 
that comprises multiple subparallel faults bounding a narrow 
NW-trending horst between the Teena subbasin and another 
subbasin (W-Fold) located farther east. The Teena syncline 
is traversed by minor ENE-trending faults on the southern 
limb, and crosscut by two sets of minor normal faults, trend-
ing NNW (spaced ~400–500 m apart) and NNE (spaced ~1 
km apart; Fig. 3A).  

The Bald Hills fault zone has an easterly strike of at least 
25 km, but it is not evident in published Northern Territory 
Geological Survey 1:100,000-scale geology maps because it 
has a very subtle surface expression showing little stratigraph-
ic throw (<10 m). It is also largely recessive except for rare 
small outcrops of silicified fault breccia. Mapping and sparse 
stratigraphic drilling in the block north of the Bald Hills fault 
zone near Teena indicate that the footwall area has only a thin 
(<50 m) sequence of Barney Creek Formation, which was de-
posited unconformably on uplifted Teena Dolostone and Em-
merugga Dolostone in a karstic platform. 

In 2015 Teck ran a 12-km-long two-dimensional seismic re-
flection survey across the Teena subbasin and Bald Hills fault 
zone to better constrain the three-dimensional architecture of 
the subbasin, faults, and mineralization (Fig. 4). The survey 
did not reliably show detailed reflector geometries in the core 
of the plunging Teena syncline due to complications from off-
section plunging reflectors. However, it did confirm historic 
interpretations that the Bald Hills fault zone is a major S-dip-
ping normal fault that separates two large blocks tilted 10°-
20° down to the north and revealed that it includes a promi-
nent hanging-wall fault splay, herein named the Jabiru fault. 
The strike of the Jabiru fault, along with another subordinate 
ENE-trending fault (Kookaburra fault), is also interpreted 
from mapping with detailed helimagnetic and airborne grav-
ity surveys, and locally verified by drilled fault intersections 
(Fig. 3B). 

Where intersected by drilling in the dolomite-rich W-Fold 
Shale Member and Teena Dolostone, the Kookaburra and 
Jabiru faults have a brittle character comprising 2- to 10-m 
thick, monomict, mosaic to chaotic breccias with a rock flour 
matrix, enveloped by broad damage zones with dolomite 
crackle veins. However, where these faults intersect overly-
ing carbonaceous siltstones and mudstones of the HYC Pyritic 
Shale Member, they have a brittle-ductile style with narrow 
(0.2–2 m) shears cored by matrix-supported chaotic breccia 
or carbonaceous clay gouge and are locally associated with 
meter-scale drag folds of adjacent sedimentary layering. 

All significant mapped and drilled faults in the Teena sub-
basin are steeply dipping and have apparent bulk normal dis-
placements ranging from 1 to 200 m, reaching a maximum 
drill-indicated throw of ~450 m on the Jabiru fault at the 
eastern portion of the study area (Fig. 3B). Displacement 
on the ENE-trending faults diminishes abruptly updip to <1 
m in the Upper HYC unit, consistent with a synsedimentary 
growth origin. There is local mesoscopic evidence for mi-
nor inversion of the Jabiru and Bald Hills faults (drag folds, 
reverse fault kinematic indicators), but bulk reverse throw 
remains much less than earlier normal throw. Evidence for 
contractional deformation and inversion is widely expressed 
as frequent narrow (<20 cm) clay-rich shear zones developed 
along certain inclined bedding planes, where vein offsets indi-
cate late-stage, reverse, flexural-slip displacement on the scale 
of centimeters, possibly up to a few meters. 

In outcrop the Teena syncline is a doubly plunging syncline 
with approximately symmetrical limbs that dip <20° toward 
a very shallow-plunging axis striking ~075° (Fig. 3A). Lower 
down in the stratigraphic sequence structural data from ori-
ented core logging record a different synclinal geometry (Figs. 
3B, 5A). In the lower Barney Creek Formation and Teena 
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Fig. 3.  A. Interpreted bedrock geologic map of the Teena subbasin on which geologic structures, drill hole collars, and the 
projected outline of significant Zn + Pb mineralization are shown (GDA1994 MGA-Z53 coordinates). B. Cross section 608600 
mE showing stratigraphy, mineralization, and structure. C. Cross section 608600 mE showing hematite and hydrothermal 
dolomite (HTD) alteration.
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Dolostone, the Teena syncline is tighter and more asymmetric 
with a long southern limb dipping 30°-40° NNW and a short 
northern limb dipping 10°-40° SSE, converging about an axis 
that plunges 10° toward 065°. The deeper portion of the fold 
axis is thus more steeply plunging and rotated anticlockwise 
by about 10° from the shallower portion of the fold axis (Fig. 
5A). Evidence of a very subtle structural discontinuity zone 
between the two-fold profiles occurs near the top of the HYC 
Pyritic Shale Member, where bedding dips shallow over sev-
eral meters (Fig. 3B). The structural discontinuity zone coin-
cides with a regressive transition in depositional facies from 
carbonaceous mudstones to dolomitic siltstones.

Whereas the Bald Hills fault zone bounds a simple half-
graben geometry at the district scale (Fig. 4), the local geom-
etry of the Teena subbasin in relationship to the Jabiru fault 
is more complicated. In the immediate hanging wall of the 
Jabiru fault, bedding contacts dip moderately south and de-

fine the northern limb of the Teena syncline. Along this north-
ern limb, drill-intersected contacts between the W-Fold Shale 
Member and Teena Dolostone are either locally disconform-
able or show a slight angular unconformity (e.g., onlap uncon-
formity). In the immediate footwall of the Jabiru fault, Teena 
Dolostone bedding dips moderately to steeply south, which is 
in marked contrast to the uniformly shallow north dips in the 
footwall of the Bald Hills fault zone. Consequently, it appears 
that all or part of the fault block between the Jabiru and Bald 
Hills faults is rotated to an anomalous S-downdip along the 
north limb of the Teena syncline. A second speculative fault 
may separate S- and N-dipping structural domains within this 
fault block (Fig. 3B), although the architecture remains highly 
uncertain with lack of outcrop or drill exposure. 

Several meso- to microscale intraformational structural 
styles are observed in the Teena subbasin. Bedding-parallel 
stylolites and stylolaminae are common in most lithologies 

Fig. 4.  Seismic reflection survey Line 2015-01 at 608400 mE (location shown in Fig. 1B). A. Grayscale reflection image of 
a prestack time migrated (PSTM) section converted from time to depth (m) using smoothed DMO stacking velocities that 
ranged from 2,200 to 6,300 m/s with increasing depth. B. Interpreted geology overlain in PSTM section. The mineralized 
Lower HYC unit in the Teena syncline is drill-constrained but poor-quality reflection data below the limit of drilling preclude 
further interpretation in the central portion. Stratigraphic abbreviations: Dol = Dolostone, Fm = Formation, S. Gp = Sub-
group, Snd = Sandstone.
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of the Barney Creek Formation, particularly in the W-Fold 
Shale Member. Small-scale folds (0.1–1 m) are observed in 
drill core in the W-Fold Shale Member, and to a lesser ex-
tent also in the Lower HYC unit. These folds are mostly in-
traformational with irregular recumbent axial planes, typical 
of soft-sediment slump folds, and commonly show dominant 
N-vergence. Small-scale (cm) extensional fault sets associated 
with domino-style block rotation locally occur in thin dolos-
tone interbeds in the Lower HYC unit, and rare intraforma-
tional imbricate microthrust stacks disrupt bedding contacts. 
Although the kinematics of these small-scale structures has 
not been comprehensively studied, preliminary observations 
from oriented drill core indicate that N-vergence dominates.

Structural core logging shows that there is a widespread but 
volumetrically minor generation of late-stage quartz-carbon-
ate-sulfide veins with three sets of preferred orientations; one 
minor set is parallel to bedding, and the other two-dominant 
vein sets crosscut bedding at a high angle and dip moderately 
southwest (mean dip direction ~58° toward 235°) and moder-
ately north-northwest (~35° toward 325°; Fig. 5B). Although 
the bed-parallel veins frequently occur in flexural slip shears, 
their lack of internal deformation attests to a relatively late 
timing. The latter two sets have a mean dihedral angle of ~60° 
and could have formed as conjugates, but the NW-trending 
vein set could also be related to crosscutting faults with simi-
lar trend (Fig. 3A). The inclined vein sets at Teena frequently 
all exhibit small-scale (<10 cm) reverse throw with similar 
style and mineralogy, suggesting they have similar timing.

Subbasin depocenter mapping

Isopach maps were compiled from core logging for each mem-
ber of the Barney Creek Formation in the Teena subbasin to 
constrain the influence of extensional fault growth on subbasin 
architecture and sedimentation stratigraphic thickness (Fig. 6). 
Isopach map construction involved flexural-slip unfolding and 

restoration of preserved line-lengths for each unit to a horizon-
tal surface, section by section, to map spatial variations in true 
stratigraphic width and thickness. As noted above, the W-Fold 
Shale and HYC Pyritic Shale Members have the most variable 
present-day thickness. Both units are absent in footwall blocks 
immediately north of the Jabiru and Bald Hills faults, where 
nonpyritic Barney Creek Formation is deposited unconform-
ably on Teena Dolostone. The thickest portion of the W-Fold 
Shale Member, interpreted to represent the original depocen-
ter, lies central to and roughly coincident with the axis of the 
Teena syncline at ~607500mE. In contrast, the thickest accu-
mulation of HYC Pyritic Shale Member occurs at least 1 km 
farther east, closer to the Jabiru fault, near the east edge of the 
study area. The thickest portion of the middle to upper Pyritic 
Shale Member is located near the eastern margin of the study 
area in the axis of the Teena syncline, whereas the lowermost 
parts of the overlying Reward Dolostone preserve no apparent 
thickness variations across the Teena syncline.

Mineralization styles and sulfide paragenesis

The distribution of fine-grained pyrite in the Lower and 
Middle HYC units is highly variable. There are two genera-
tions of early-stage pyrite (py1a and py1b) that predate hy-
drothermal mineralization, and which therefore provide an 
important reference for determining the relative timing of 
hydrothermal activity in the Lower HYC unit (Magnall et 
al., 2020): (1) py1a comprises very fine grained (5–10 µm), 
disseminated, euhedral to subhedral crystals with minor 
framboids, as well as wispy aggregates that are parallel to 
sedimentary layering (Figs. 7, 8A); (2) py1b comprises coars-
er grained (>10 µm) idiomorphic crystals, either dissemi-
nated in mudstone laminations or on the margins of dolo-
mite nodules (Fig. 8B). In the more dolomitic sequences of 
the Lower HYC unit, dolomite nodules frequently preserve 
internal planar inclusion trails of py1a that they overgrew, 

Fig. 5.  Lower hemisphere equal area stereonets of structural data from Teena-oriented drill core logging. A. Poles to bed-
ding with interpreted fold axes. The turquoise circles represent samples from the Reward Formation and orange circles are 
samples from the Teena Dolomite, W-Fold Shale Member, and Lower HYC unit. B. Contoured poles to all late-stage veins 
with interpreted mean dips.

Figure 5
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whereas adjacent external py1 laminae are thinner and par-
tially wrap or deflect around the nodules (Fig. 8A). There 
is some degree of spatial overlap of py1 with the stratiform 
Zn-Pb mineralization (Fig. 7), although py1 also extends up 
to 350 m into the hanging wall above mineralization. Later 
generations of pyrite (py2-py4) that are associated with min-
eralization are described below.

Zinc-lead sulfide mineralization at the Teena deposit occurs 
in both the Lower HYC unit and W-Fold Shale Member. The 
highest grade mineralization comprises fine-grained strati-
form sphalerite beds with minor galena (e.g., Fig. 7A, B) at 
the top of this mineralized sequence, in the Lower HYC unit, 
where it forms two massive sulfide lenses (Main and Lower 
lenses; Fig. 3). A third lower grade interval of Zn-Pb miner-
alization (Footwall lens) occurs in the middle W-Fold Shale 
Member. Two additional but volumetrically minor styles of 
mineralization comprise (1) sphalerite-cemented stockwork 
breccia zones adjacent to the Jabiru fault (Fig. 9F), and (2) 
crosscutting, coarse-grained, pyrite-quartz-carbonate ± sphal-
erite, galena veins (Figs. 7E, 9J).

Mineralization in the Main lens is up to 31 m thick in the 
easternmost sector of the study area. The dominant mineraliza-
tion style comprises fine-grained sphalerite (sp1) cement in the 
carbonaceous mudstone, accompanied by subordinate galena 
(gn1) and pyrite (py2). The pyrite content is vertically zoned in 
the Main lens, progressively increasing upward from a pyrite-
poor lower portion (<7% py), to a central sphalerite-dominant 
portion (avg 15% py), to an upper pyrite-dominant portion (up 
to ~25% py). The Zn/Pb ratio averages ~6.5 and is relatively 
consistent in the Main lens across the deposit, both vertical-
ly and laterally. Main lens mineralization also contains minor 
pyrrhotite (~4%), and trace arsenopyrite and marcasite. Silver 
grades are unusually low, averaging <3 ppm across the deposit 
with no apparent zonation. The lack of Ag at Teena contrasts 
with HYC which averages 41 g/t Ag (Large et al., 1998). 

Mineralization in the Lower lens is texturally and composi-
tionally like the Main lens but has less total pyrite (avg <7%) 
and greater mesoscopic dolomite replacement-style miner-
alization, due to the higher proportion of dolomite nodules 
in the host rocks (e.g., Fig. 7C, D). Zinc grades are typically 

Fig. 6. Stratigraphic isopach thickness contour maps for 
(A) W-Fold Shale Member and (B) Lower HYC unit of the  
Barney Creek Formation.
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slightly lower than in the Main lens and tend to be highest at 
the top of the Lower lens. The thickness of the Lower lens 
is broadly consistent at ~5 to 6 m in the east half of the de-
posit, thinning to <4 m toward the western margin. Galena is 
less abundant yielding a higher Zn/Pb ratio of ~8.5 across the 
Lower lens, and Ag grades are similarly very low (<2 ppm).

The dominant generation of sphalerite (sp1) in the Main 
and Lower lenses is tan to pale yellow in color and appears 

stratiform within individual laminations and thin beds, com-
monly reflecting the thickness and grainsize of individual 
siltstone or mudstone layers. Notably, there are frequent 
examples where sphalerite mineralization is transgressive to 
bedding, either anastomosing around millimeter- to centim-
er-scale lenses of unmineralized carbonaceous shale (Fig. 7A) 
or, rarely, occurring as high-angle replacement fronts (Fig. 
7B). Stratiform sphalerite can be texturally complex, ranging 

Fig. 7. Representative examples of stratiform Zn-Pb mineralization from the Main and Lower mineralization lenses in the 
Lower HYC unit. A. Semimassive sphalerite and pyrite laminae in the Main lens (TNDD010). Note irregular black remnants 
of unmineralized host rock enveloped by anastomosing mineralization seams in which sphalerite (sp1) forms fine-grained 
cement to a fine-grained carbonaceous mudstone. B. A transgressive mineralization replacement front in which the fine-
grained sphalerite (sp1) cement at right stops abruptly at a high angle to bedding (TNDD025). Coarser-grained py2 over-
prints fine-grained py1a in and beyond the sp1 replacement front. The pink box highlights the area shown in Figure 8F. C. 
Sphalerite selective replacement of small dolomite nodules in the Lower lens (TNDD010). This sample preserves an intrafor-
mational microshear and drag fold (green dashed line highlights displacement) about which sphalerite (sp1) is asymmetrically 
distributed. D. Irregular dolomite nodules in a highly pyritic mudstone from the Lower lens (TNDD019). Weak sphalerite 
(sp1) selectively replaced some dolomite nodules (green arrows). Pink box highlights the area shown in Figure 8C. E. Strata-
bound sphalerite (sp2) and galena (gn2) replacement vein in the Lower lens (TNDD019 @ 1,080 m). Pink box highlights an 
example of sealed dissolution cavities shown in Figure 8H. 

Fig. 8.  Close-up photographs of mineralization textures. A. Aggregates of py1a in wavy laminated mudstone and partially 
overgrown by a large dolomite nodule in Lower HYC unit. Compaction after nodule growth resulted in “pinch and swell” 
wavy laminations, whereas py1a inclusion trails in the nodule retains a more planar orientation (JM81 - TNDD019 @ 1,048 
m). B.  Py1b formed on the margins of a dolomite nodule in the Lower HYC unit beneath the Main mineralization lens 
(JM63 - TNDD019 @ 1,181 m). Py1a is abundant in specific laminae and there is partial selective replacement of dolomite 
micronodules by sp1 toward the bottom half of the image. C. Minor replacement of the margins of partially silicified dolomite 
nodules by tan (sp1) and red-brown (sp2) sphalerite. Remnant aggregates of py1a are disseminated in the dolomite nodule 
(JM78 - TNDD019 @ 1,069 m; Lower HYC unit). D. Sphalerite (sp1) replacement of dolomite micronodules concentrated 
along a lamination in the Lower HYC unit. The sphalerite also forms fine-grained cement in the mudstone host rock in the 
upper part of the image (JM73 - TNDD019 @ 1,107 m). E. Strata-bound aggregates of hydrothermal pyrite (py2) variably 
cemented by fine-grained sphalerite (sp1) in Lower HYC unit (JM155 - TNDD012 @ 676 m). F. Transgressive sphalerite 
(sp1) replacement of strata-bound pyrite (py1a, py2) and fine-grained mudstone matrix in the Lower HYC unit. The dashed 
yellow line marks the replacement front (JMX025 - TNDD025 @ 730 m). G. An irregular dolomite nodule partially replaced 
by two consecutive generations of sphalerite in the Lower HYC unit (JM79 - TNDD019 @ 1,064 m). H. Coarse-grained 
sphalerite (sp2) mineralization intergrown with interstitial galena (gn2) and with minor dissolution cavities filled by quartz 
and sphalerite, showing geopetal textures (JM73 - TNDD019 @ 1,080 m; Lower HYC unit).
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from irregular masses of fine- (~10 µm) to medium-grained 
(~1 mm), subhedral to anhedral crystals that typically occur 
interstitial to py1 and py2, or in separate nonpyritic laminae 
and bands. Sphalerite also occurs in medium-grained, dis-
seminated, tan-colored aggregates that partially replace do-
lomite nodules (Fig. 7C, D). Galena forms cryptocrystalline 
crystals interlaminated with sphalerite (sp1). Mineralization-
stage pyrite (py2) is distinguishable from premineralization 
pyrite (py1) by coarser grain sizes (> 50 µm), which are com-
monly subhedral to spherical and occur as stratiform aggre-

gates (Fig. 7B), along with centimeter-scale bands of dis-
seminated sphalerite in pyritic carbonaceous siltstone beds  
(Fig. 7A). 

A second generation of coarse-grained (0.5–2 mm) red-
brown sphalerite (sp2), which is volumetrically minor, occurs 
with coarse-grained (0.5–5 mm) euhedral galena (gn2) and 
pyrite (py3) in 1- to 10-cm-thick bedding-parallel bands (Fig. 
7E) that overprint the early sphalerite laminae (sp1). These 
vein-like bands are associated with abundant small (0.1–15 
mm) dissolution cavities that are variously lined with sulfide 

Fig. 9.  Hand sample photographs of HTD and vein assemblages. A. Partial secondary dolomite (±quartz) replacement of 
nodular dolostone beds in the W-Fold Shale Member (TNDD015 @ 772 m). B. Botryoidal HTD (TNDD033 @ 1,025.5 m). 
C. Sideways radiating bladed dolomite with interstitial sphalerite and quartz (TNDD014 @ 705 m). D. Downward radiating 
fan of coarse HTD blades (after aragonite) with interstitial dolomite (TNDD017 @ 903.4 m). E. Massive HTD replacement 
with interstitial sphalerite and pyrite mineralization overprinting laminated pyritic carbonaceous shale from middle W-Fold 
Shale Member. Yellow dashed line shows relic bedding traces (TNDD11A @ 1,118 m). F. Sphalerite-cemented hydrothermal 
breccia (poststylobreccia) in Teena Dolostone from Jabiru fault zone (Teena4 @ 800 m). G. Black-matrix dolomite jigsaw to 
rubble breccia in Teena Dolostone (poststylolite; TNDD008 @ 639 m). H. Stockwork ankerite veining overprinting HTD 
(TNDD015 @ 831 m). I. Late-stage bedding-parallel quartz vein with trace hematite in W-Fold Shale Member (TNDD014 
@ 1,104 m). J. High-angle late-stage quartz-carbonate-pyrite veins cutting mineralized Lower HYC unit (TNDD014).
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crystals and filled with quartz-dolomite-sulfide (± pyrobitu-
men) assemblages (Fig. 8H).

Footwall lens mineralization is hosted in the middle of the 
underlying W-Fold Shale Member and comprises two distinct 
styles of mineralization: (1) fine-grained stratiform sphaler-
ite mineralization hosted in dolomitic carbonaceous siltstone 
beds (Figs. 10, 11A); and (2) strata-bound dolostone-hosted 
mineralization comprising interstitial aggregates, blebs, and 
stringers of medium-grained sphalerite with subordinate ga-
lena (Figs. 9C, E, 10, 11D). The stratiform mineralization 
style is thickest in the central and northeast portion of the 
deposit, and similar to, but lower grade and significantly less 
continuous laterally and vertically than the Lower and Main 
lenses. The dolostone-hosted mineralization occurs in a series 
of strata-bound massive hydrothermal dolomite (HTD) lenses 
(described below) that postdate the stratiform mineralization 
(Fig. 3C) and have an aggregate thickness of up to 200 m. It 
represents a newly identified style of mineralization for the 
region and is described in more detail below. Combined, the 
stratiform and dolostone-hosted mineralization grade ranges 
from 1.0 to 3.5% Zn + Pb over intervals typically 1 to 30 m 
thick (and up to 89 m thick).

HTD alteration

The footwall strata-bound HTD lenses represent a completely 
different style of sulfide mineralization to the stratiform min-
eralization in the Main and Lower mineralization lenses, one 
that is not commonly recognized in CD-type deposits. Two 
styles of HTD alteration are present in the Teena subbasin: 
(1) mineralized strata-bound HTD lenses in the W-Fold Shale 
Member (Figs. 3C, 10), and (2) unmineralized black-matrix 
breccias in the Teena Dolostone adjacent to the Jabiru fault 
(Figs. 3C, 9G). The multiple thin strata-bound lenses of mas-
sive HTD are distinguished from primary dolostone beds by 
their texturally destructive, replacement, and cavity-infill tex-

tures (Fig. 9). Up to four stacked lenses of this unit have been 
mapped, but typically there are only two main lenses present 
in each cross section (Fig. 3C). The lenses are semicontinuous 
and range in thickness from 1 to 30 m, with strike lengths and 
widths up to a few hundred meters. They locally crosscut the 
stratiform Footwall lens mineralization and tend to migrate 
up sequence from east to west, and to thicken from south to 
north toward the Jabiru fault. 

Centers of the thicker HTD lenses have open-space cav-
ity fill textures that include fans of radiating bladed dolomite 
with interstitial quartz and medium-grained interstitial tan 
to yellow sphalerite (Figs. 9C, D, 12), as well as irregular lo-
bate margins and botryoidal growth (Fig. 9B). There are at 
least three stages of dolomite alteration at the centers of the 
dolostone lenses: (1) fine-grained dolomite associated with 
disseminated yellow sphalerite (sp2), which formed predomi-
nantly by matrix replacement and postdated laminated pyrite 
and sphalerite mineralization in the W-Fold Shale Mem-
ber (Fig. 12A, B); (2) variably mineralized cavity-infill dolo-
mite and quartz, commonly with bladed crystals up to 8 cm 
in length (Figs. 9C, D, 12B, C) and local botryoidal growth 
textures (Fig. 9B); and (3) sulfide-poor, coarse-grained dolo-
mite-quartz replacement and infill (Fig. 12C). The dolomite 
blades typically exhibit a pseudohexagonal section, which in-
dicates they are likely to have replaced aragonite crystals. In 
many cases the blades form downward- and sideway-radiating 
fans, which clearly distinguishes them from the ubiquitously 
upward-divergent Coxco needles and indicates an origin by 
open-space fill rather than seafloor evaporite growth.

There is little evidence for solution collapse breccias above 
the HTD lenses despite the evidence for extensive whole-
rock dissolution. Rather, the HTD lenses are commonly 
bracketed by broad intervals (2–50 m thick) of partially re-
crystallized primary dolomite nodules, which extend farther 
south along the same horizons across the Teena subbasin, and 

Fig. 10.  Schematic interpretation of the textural zonation in hydrothermal dolomite (HTD) lenses from the W-Fold Shale 
Member, showing relative position of close-up photographs in Figures 9 and 11.
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Fig. 11.  A sample of the W-Fold Shale Member that preserves key paragenetic relationships among stratiform sphalerite 
mineralization and HTD (hydrothermal dolomite) mineralization. A. Beds of partial HTD replacement with mineralization 
are annotated (orange bars). A synorogenic quartz-carbonate-sulfide shear vein occurs in the upper half of the sample shows 
minor (~2 cm) offset of beds and a narrow wall-rock halo of depletion of stratiform sphalerite (sp1) mineralization (yellow 
arrows). The pink boxes highlight areas shown in (B) to (D) at higher resolution. B. Weak stratiform sphalerite (sp1) miner-
alization occurs as cement in carbonaceous laminations, with yellow arrows highlighting where sphalerite has been leached 
from the halo to the late vein. White arrows highlight stylolites that crosscut the stratiform mineralization (left-hand side) but 
borders the vein. C. Weak sphalerite (sp2) mineralization hosted by the massive HTD-quartz-sulfide band that selectively 
replaced a bed of diagenetic dolomite nodules. D. Another example of sphalerite (sp2) mineralization that is interstitial in a 
bed of recrystallized diagenetic dolomite micronodules (replaced by secondary dolomite and quartz), with stylolites (white 
arrows) toward the lower half of the image forming an impermeable boundary. 
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Fig. 12.  Hand specimen photographs of the HTD (hydrothermal dolomite) lenses (A) to (C), with high-resolution binocular 
microscope images of areas highlighted in the pink boxes. A. Stage 1 strongly mineralized HTD-cemented breccia from 
middle W-Fold Shale Member. Fine-grained yellow sphalerite (sp2) mineralization is disseminated throughout both replace-
ment and infill HTD (JM33 - TNDD015 @ 800 m). B. Stage 2 weakly mineralized hydrothermal bladed dolomite and quartz 
cavity-fill formed after dissolution of stage 1 dolomite (dashed red line shows dissolution boundary). Downward diverging 
needle fans in lower section of the image (white arrow) are associated with interstitial quartz (qz) and sphalerite (sp3) (JM32 
- TNDD015 @ 802 m). C. Replacement of stage 2 hydrothermal bladed dolomite infill by stage 3 white dolomite-quartz 
assemblage (green dashed line shows replacement front), with subsequent dissolution resulting in irregular cavity infill by 
later stage silica and dolomite (red dashed line) (JM37 - TNDD015 @ 784 m). D. A close-up image of sphalerite (sp2) miner-
alization associated with stage 1 dolomite. An angular dolomitic carbonaceous siltstone fragment in the center of the image is 
crosscut by a late-stage dolomite vein. E. A close-up image of stage 1 sphalerite (sp2) mineralization crosscut by a late-stage 
vein containing dark brown sphalerite and dolomite. F. Dissolution contact between stage 1 and 2 HTD (labeled), in which 
sphalerite mineralization is clearly concentrated in the earlier stage 1. G. Fan of acicular needles of dolomite (arrow) formed 
in stage 2 with interstitial quartz (qz) and sphalerite (sp3). H. Cavity infill of stage 3 dolomite, filled by dolomite (dol), quartz 
(qz), and sphalerite (sp). I. Stage 3 dolomite with minor ghost bladed texture with sphalerite from preexisting stage 2 dolomite 
alteration, largely replaced by secondary dolomite and quartz. Stylolite along the bottom of the image forms a clear barrier 
to fluid flow during stage 2. 

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/116/8/1743/5428918/4846_hayward_et_al.pdf
by Freie Universitaet Berlin user
on 29 November 2021



1760 HAYWARD ET AL.

in separate strata-bound alteration zones. Dolomite recrys-
tallization comprises patchy to complete replacement of the 
fine-grained, pale red (hematite-dusted) to light-gray dolo-
mite nodules by aggregates of clean, white, coarser grained 
dolomite with minor quartz (Fig. 9A). 

The fault-related hydrothermal black-matrix breccias oc-
cur as steeply dipping lenses up to several meters wide. From 
margin to core, textures transition from crackle to jigsaw to 
matrix-cemented chaotic breccia textures, with gray to black, 
fine-grained dolomite cement (Fig. 9G). Dolomite cement 
occurs as both dissolution infill and replacement among mo-
nomict angular dolostone clasts. No mineralization or sulfides 
have been observed in the matrix of these breccias. They 
postdate an earlier generation of minor white colloform-
banded dolomite-quartz veins and are truncated updip by 
unconformable onlap of the Upper HYC unit in the footwall 
to the Jabiru fault.

Late-stage veins

A diverse suite of late-stage hydrothermal veins occurs 
throughout all members of the Barney Creek Formation, and 
to a much lesser extent the Teena and Reward Dolostone For-
mations at Teena. These veins crosscut stratiform Zn-Pb min-
eralization and bedding-parallel stylolites. We classify these 
veins into three main sets based on mineralogy and relative 
timing (Fig. 13): (1) ankerite veins, (2) quartz-hematite veins, 
and (3) quartz-carbonate-sulfide veins.

Ankerite veins: Ankerite veins are locally present in the W-
Fold Shale Member where they frequently overprint HTD 
lenses, but also occur separately. They comprise irregular to 
planar, strata-bound arrays of vein stockworks and vein brec-
cias filled with white, coarse-grained ankerite, minor sphaler-
ite, and quartz (Fig. 9H). Locally these veins have vugs lined 
with coarse honey- to dark-brown-colored sphalerite crystals. 
Most veins are <10 cm thick, but where intensely developed, 
ankerite forms the cement to strata-bound jigsaw breccia 
lenses up to 10 m wide.

Quartz-hematite veins: Quartz-hematite veins are volu-
metrically minor and restricted to the W-Fold Shale Member 
at Teena. They comprise 0.1- to 3-cm-thick, irregular, bed-
ding-parallel veins of quartz infill and silica replacement of 
dolomite and are typically associated with narrow, brick-red, 
disseminated hematite inclusions and alteration halos (Fig. 
9I). They are frequently associated with small-scale bedding 
deformation, such as irregular open folds and mesoscopic 
faults, consistent with formation during an early episode of 
subhorizontal shortening.

Quartz-carbonate-sulfide veins: Quartz-carbonate-sulfide 
veins are volumetrically minor but widespread throughout the 
Barney Creek Formation and, to a much less extent, also the 
lower Reward Dolostone and W-Fold Shale Member at Tee-
na. They comprise late-stage, planar to stockwork, shear vein 
sets with moderately steep dips and centimeter-scale reverse 
throw (refer to the “subbasin architecture and deformation 
section”), which are 0.1 to 5 cm thick and filled with highly 
variable proportions of medium- to coarse-grained calcite, do-
lomite, quartz, pyrite, sphalerite, and galena (Fig. 9J). Sulfides 
rarely occur in this vein set below Footwall lens mineraliza-
tion but are common above the Main and Lower lenses. 

Discussion

Growth fault propagation and structural evolution

There is strong evidence that deposition of the Barney Creek 
Formation was controlled by the development of a half-gra-
ben structure during evolution of the Teena subbasin. Ex-
treme asymmetry is observed in thickness changes among 
units of the Barney Creek Formation, which collectively 
thicken from ~270 m on the south limb of the Teena syncline, 
to a maximum thickness of 900 m in the subbasin depocen-
ter, to <50 m in the footwall to the Jabiru fault. Extensional 
growth fault movement was initiated during deposition of the 
W-Fold Shale Member and persisted episodically until a weak 
structural disconformity developed in the Upper HYC unit 
within the Teena subbasin (Fig. 5). North of the subbasin, in 
footwalls to the Jabiru and Bald Hill fault zones, tilted and 
partially exhumed blocks of Teena Dolostone and Emmerug-
ga Dolostone are unconformably overlain by Middle to Upper 
HYC units in a karstic platform, marking the cessation of this 
episode of extensional faulting by the time of Upper HYC de-
position. Volumetrically minor sedimentary breccias of Teena 
Dolostone, near the base of the Middle HYC unit, indicate 
that limited erosional degradation of a footwall scarp occurred 
by the time of mid-HYC deposition.

The Jabiru fault had the strongest influence on syndeposi-
tional thickening of the W-Fold Shale and HYC Pyritic Shale 
members, as well as on the thickness and grade of the three 
principal mineralized horizons present in the Teena deposit 
(Figs. 6, 14). The pattern of eastward depocenter migration 
among the W-Fold Shale Member and Lower HYC unit sug-
gests that the Kookaburra fault may have initially developed 
as part of a segmented relay fault system together with the 
Jabiru and Bald Hills faults (Fig. 6). Fault movement along 
the northern margin of the Teena subbasin ceased during de-
position of the Upper HYC unit, when a marine regression 
returned the subbasin to stable carbonate platform sedimen-
tation underlain by a cryptic structural disconformity internal 
to the subbasin. 

Rotation of the footwall fault blocks between the Jabiru 
and Bald Hills faults in toward the subbasin is consistent with 
development of a growth syncline that was further tightened 
by later tectonic inversion. Two possible mechanisms for de-
velopment of an extensional growth syncline are envisaged: 
(1) hanging-wall drag folding along a downward steepening 
"antilistric" normal fault, or (2) footwall block rotation be-
tween two or more synthetic normal faults (e.g., Ferrill et al., 
2005). Given that the bedding dips southward on both sides 
of the Jabiru fault, we propose that the Teena growth syncline 
formed by a combination of both processes (Fig. 14). Minor 
steep N-dipping faults along the south limb of the Teena sub-
basin developed as antithetic normal faults to accommodate 
hanging-wall block rotation and subsidence.

Lithofacies evolution

Before the main episode of fault-controlled subsidence, de-
position of the Teena Dolostone occurred in a shallow-water 
setting, typical of elsewhere in the southern McArthur Ba-
sin (Kunzmann et al., 2019). The rare algal laminations and 
stromatolitic textures preserved in the Teena Dolostone are 
consistent with deposition in a shallow intertidal (e.g., Ahmad 
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et al., 2013) to supratidal environment (Jackson et al., 1987), 
albeit one that may have been slightly deeper water than de-
scribed elsewhere to account for the absence of evaporitic 
Coxco needle textures (Pietsch et al., 1991) and greater than 
average depositional thickness.

With the onset of tectonically controlled subsidence, de-
position in the Teena subbasin transitioned to facies typical 
of deeper subtidal to slope environments as recorded by the 
Barney Creek Formation. The basal W-Fold Shale Member 
is a transitional lithology that comprises varying proportions 
of the dolostone and fine-grained dolomitic sandstone and 
siltstone end members of the Barney Creek Formation. Vol-
caniclastic sandstone beds, abrupt lithologic changes, flame 
structures, slump folding, and abrupt thickening of the W-
Fold Shale Member toward the Kookabura fault, are all con-
sistent with sedimentation in an unstable basin affected by 
syndepositional faulting along the northern subbasin margin. 
In contrast to the Teena subbasin where it is >250 m thick, 
the W-Fold Shale Member is no more than 60 m thick in the 
rest of the district. The intraformational small-scale folds, ex-
tensional microfaults and microthrusts with dominant north 
vergence in the W-Fold Shale Member can be linked to 
slump-related deformation processes (cf. Alsop and Marco, 
2011). We speculate that formation of these slump features 
could have been triggered by episodic fault-induced tilting 
of poorly lithified beds toward the northern basin margin 
(Fig. 14). Similar small-scale intraformational structures with 
northeast vergence (downslope) also occur at the McArthur 
River (HYC) deposit (Hinman, 1995). 

There is further evidence of tectonic instability in the 
Lower HYC unit, where graded volcaniclastic sandstone beds 
thicken into the subbasin depocenter and separate the two 
main mineralization lenses. These mass flow beds contain 
immature clasts of volcanogenic K-feldspar (Magnall et al., 
2021) and may be compositionally similar to volcaniclastic 
units described elsewhere in the southern McArthur Basin 

(e.g., Davidson and Dashlooty, 1993). The presence of minor 
fault-proximal sedimentary breccias also provides evidence of 
more significant episodes of fault movement with local exhu-
mation and degradation of footwall Teena Dolostone. In com-
parison to the McArthur River (HYC) deposit, however, there 
are no subbasin-wide sedimentary breccia beds present in the 
Teena subbasin and no unit equivalent to the fault-proximal 
Cooley Dolostone Member breccias. Furthermore, there is 
no evidence that sulfide mineralization was resedimented by 
the volcaniclastic sandstone beds in the Teena subbasin, as 
has been suggested at McArthur River (Ireland et al., 2004). 
These differences in abundance and style of the mass flow 
beds among the two subbasins are most likely related to con-
trasts in magnitude of footwall fault displacement, which is 
inferred to be less in the Teena subbasin and would have re-
sulted in reduced footwall exhumation and erosion as well 
as lower energy sediment transport. The relationship among 
the volcaniclastic sandstone beds and sulfide mineralization 
at Teena is therefore the reverse to HYC, in that these mass-
flow units predated mineralization and are not fault-proximal 
sedimentary breccias.

The Reward Dolostone is part of an overall upward-coars-
ening succession deposited in a shallow subtidal to peritidal 
environment with local sulfate evaporites (e.g., Jackson et al., 
1987; Ahmad et al., 2013). A maximum regressive surface is 
developed near or at the top of the Reward Dolostone and is 
commonly expressed as a disconformity or unconformity asso-
ciated with paleoweathering surfaces and karsts. Deposition of 
the Lynott Formation defines the next upward-deepening to 
upward-shallowing cycle, which transitioned from deep sub-
tidal to shallow supratidal to sabkha facies (Jackson et al., 1987; 
Ahmad et al., 2013), also with common sulfate evaporite facies.

Mineralization paragenesis

There are three intervals of sulfide mineralization in the Tee-
na subbasin that are located at two stratigraphic levels in the 

Fig. 13.  Teena mineralization and alteration paragenesis. Refer to text for mineral abbreviations and paragenetic stages. 
Additional abbreviations: Blk-matrix Brx = Black-matrix breccia, fault Brx Min = fault breccia mineralization, Vns = veins, 
DE = extensional deformation, regional orogenic deformation events (D1-D4).
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Barney Creek Formation (middle W-Fold Shale Member and 
Lower HYC unit). Overall, the Zn + Pb grades, thickness and 
continuity of mineralization increase upsequence. In the fol-
lowing discussion and summarized in Figure 13, the relative 
paragenetic timing of mineralization is interpreted with re-
spect to host-rock deposition and regional deformation, then 
evaluated to determine whether sulfide mineralization in both 
stratigraphic levels corresponds to the same or separate hy-
drothermal events. 

Evidence for replacement-style stratiform mineraliza-
tion timing is observed across multiple scales. At the meso-
scale, there are clear examples of discordant sphalerite (sp1) 
replacement fronts overprinting stratiform py1(Figs. 7B, 
8F). The absence of apparent compaction-related thickness 
changes across these replacement fronts is consistent with 
timing that postdated early sediment compaction. Sphaler-
ite mineralization also forms partial replacements of earlier 
generations of diagenetic dolomite nodules (Figs. 7C, 8D, 
G). The paragenetic relationships among py1, dolomite nod-
ules, and sphalerite mineralization are particularly impor-
tant to establish, considering they formed the basis for the 
SEDEX model at the nearby McArthur River deposit (e.g., 
Ireland et al., 2004). Notably, there are multiple examples of 
py1 trails overgrown by dolomite nodules (e.g., Fig. 8A), yet 
there are no comparable examples of this relationship with 
sphalerite. Rather, sphalerite mostly occurs in the interstitial 
spaces among aggregates of diagenetic pyrite and selectively 
replaces dolomite nodules. Both the cement and carbonate 
replacement modes of sphalerite are interpreted to be broad-
ly coeval, as there are no obvious crosscutting or overprinting 
relationships (evidence also discussed in Magnall et al., 2021). 
All Zn-Pb mineralization at Teena postdated early diagenetic 
py1 and nodular dolomite growth, as well as early sediment 
compaction, and therefore, is considered to have formed mid 
to late diagenesis. Accordingly, Teena Zn mineralization is not 
cogenetic with fine-grained pyrite in the host rock, and there 
is no evidence here to support synsedimentary or syngenetic 
(SEDEX) timing for mineralization. 

In the footwall stratigraphy to the Teena deposit, the HTD-
hosted mineralization postdated early diagenetic hematite al-
teration (described in Magnall et al., 2021), the fine-grained 
stratiform mineralization, and bed-parallel stylolite formation 
(Figs. 11D, 12I). Within the mineralized HTD lenses there is 
evidence of extensive host-rock dolomite dissolution coupled 
with cavity-infill and replacement-style mineralization. Many 
of the dolomite crystal fans are top-nucleated and diverge 
downward or sideways (Figs. 9C, D, 12B), so they are distinct-
ly different from the upward-divergent Coxco needle fans 
described elsewhere in the district in the Teena Dolostone 
(Coxco Dolostone Member; Pietsch et al., 1991). The down-
ward growth, and common association with botryoidal dolo-
mite textures, provides compelling evidence of open-space fill 
rather than seafloor evaporite growth. The dissolution zones 
are unlikely to be karstic cavities given their interpreted for-
mation depth (Fig. 14B), their sill-like geometries, and their 
associated wall-rock alteration styles.

The relative timing of the different styles of dolomite-
quartz-sulfide cavity fill, massive dolomite replacement, and 
secondary dolomite recrystallization is uncertain, but their 
close spatial relationship suggests that they are each para-

genetically related (Fig. 10) and predated crosscutting syn-
orogenic quartz-carbonate-sulfide veins. It is less clear how 
much of the HTD-hosted Zn mineralization was introduced 
by a separate pulse of mineralizing hydrothermal fluids or re-
mobilized from earlier stratiform mineralization. Given that 
all HTD lenses are mineralized to some degree, and that the 
volume of dolomite-hosted mineralization exceeds footwall 
stratiform mineralization, we suggest that the timing of this 
event was late synmineralization with respect to the Main and 
Lower lenses and introduced new mineralization as part of a 
multiepisodic mineralization process. It is also suggested that 
the footwall HTD-hosted mineralization likely formed in asso-
ciation with the second-generation, coarse-grained mineraliza-
tion event (sp2, gn2, py3) that overprinted the main stratiform 
mineralization lenses in the Lower HYC unit: both styles are 
associated with significant host-rock dissolution, quartz-dolo-
mite infill, and coarse-grained Zn- (>Fe,Pb-) sulfide mineral-
ization. The observation that secondary dolomite replacement 
both overprinted and was in-turn overprinted by layer-parallel 
stylolites supports a syndiagenetic formation timing.

Controls on mineralization 

Lower HYC unit: The highest mineralization grades in the 
Lower HYC unit are located close to the maximum throw 
on the subbasin-bounding faults (Figs. 3A, 6). As such, the 
Kookaburra and Jabiru faults appear to have been the princi-
pal feeder faults for all styles of Zn mineralization and hydro-
thermal dolostone lenses at Teena. The Jabiru fault is locally 
associated with mineralized hydrothermal breccia zones (Fig. 
9F); however, these fault zones are mostly barren to only geo-
chemically anomalous in Zn and Pb. Farther west, mineral-
ization follows the syncline axis, proximal to the Kookaburra 
fault, but more distant to the Jabiru fault.

The stratiform mineralization is located >150 m (current 
thickness) below the MFS in the Middle HYC unit, which 
contains particularly high abundances of carbonaceous ma-
terial and pyrite (Fig. 3B; Magnall et al., 2020). It has been 
suggested elsewhere that the most reducing facies (e.g., the 
MFS) should be targeted in SEDEX exploration models (e.g., 
Emsbo, 2009). Nevertheless, the Lower HYC unit does not 
represent the most reducing facies, as it contains a consid-
erable amount of carbonate, where replacement of dolomite 
nodules clearly provided an important pathway of sulfide min-
eralization (e.g., Figs. 7, 8). Rather, mineralization in the Low-
er HYC unit broadly defines a major redox boundary between 
an oxidized hematite-stable footwall and a more reduced car-
bonaceous pyritic hanging wall.

Pyrite generations that are paragenetically linked to min-
eralization (py2) form overgrowths on py1 at least 200 m up 
into the hanging wall, as observed in drill holes TNDD012 
and TNNDD019 (Magnall et al., 2020). The assumption is 
that py1 formed at or close to the sediment water interface, 
and so this mineralogical relationship indicates that Main lens 
stratiform mineralization formed at least 200 m below sea-
floor with respect to the present-day compacted thickness. 
In order to assess what the original depth of formation could 
have been before burial compaction of the host sequence, the 
1st-order approximation method for sediment decompaction 
described by Angevine et al (1990) was applied. Following 
this method, it is inferred that the siltstone and mudstone 
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units in the Lower HYC unit were up to twice their current 
thickness upon deposition, whereas dolomitic siltstones and 
sandstones of the W-Fold Shale Member, the volcaniclastic 
sandstone beds, and Teena Dolostone were around 1.3 to 
1.4 times thicker at deposition. Consequently, the minimum 
primary depth for the entire Teena mineralization sequence 
(Main, Lower, and Footwall lenses) likely ranged from >400 
and <1,500 m below seafloor.

Our observations show that parts of the Kookaburra and 
Jabiru faults in the Lower HYC unit comprise only narrow 
semiductile deformation zones with little displacement, soft-
sediment drag folding and clay smearing, and minor illite al-
teration. As such, the upper tips of these growth faults would 
have formed impermeable barriers to fluid flow (cf. Barnicoat 
et al., 2009). Furthermore, the partially lithified hanging-wall 
pyritic carbonaceous mudstone units may have acted as a cap 
rock seal that enhanced lateral intraformational fluid flow 
through the underlying more permeable carbonate-bearing 
Barney Creek Formation units. 

These structural and lithologic observations can be com-
bined to explain the paragenetic and stratigraphic relation-
ships in the Teena subbasin (Figs. 13, 14). The earliest stages 
of subbasin development were associated with tectonic insta-
bility in the W-Fold Shale Member and Lower HYC unit but 
had no associated hydrothermal activity. Continued move-
ment on the fault generated the accommodation space for the 
Middle HYC unit and deepening of the basin, as indicated by 
the MFS. Hydrothermal activity likely occurred during the 
terminal stages of growth faulting, which resulted in the de-
velopment of one of the MFS higher up in the stratigraphy or 
followed shortly thereafter. The Lower HYC unit, which con-
tained the reducing components (organic matter) for marine 
sulfate reduction, along with the dolomite cement and nod-
ules that were susceptible to dissolution, would have been the 
first suitably permeable and reactive lithology encountered by 
an ascending hydrothermal fluid capable of promoting effec-
tive sulfide mineralization (Magnall et al., 2021). The conclu-
sions reached here for the timing of stratiform Zn mineraliza-
tion at the Teena deposit add to a growing number of studies 
that demonstrate that many large CD-type Zn-Pb deposits 
are not exhalative, but rather formed during burial diagenesis 
by subseafloor hydrothermal replacement and infill processes 
(e.g., Kelley et al., 2004; Reynolds et al., 2015; Maghfouri et 
al., 2019; Magnall et al., 2020; Spinks et al., 2021). 

Footwall mineralization: The footwall HTD lenses repre-
sent a new style of mineralization not previously described in 
the Carpentaria Zn Province. There is clear evidence of multi-
ple stages of carbonate dissolution and reprecipitation, result-
ing in a complex paragenesis and diverse styles of cavity infill 
textures (e.g., Figs 10, 12). Sphalerite is associated predomi-
nantly with the 1st stage of HTD formation as replacement of 
fine-grained dolomite. The 2nd stage of dolomite is associated 
with the dissolution of preexisting host rock and HTD, and 
destroys the grade of stage 1 sphalerite mineralization, but 
frequently hosts stage 2 interstitial sphalerite mineralization 
among coarse-bladed dolomite crystal fans (after aragonite). 
One or more stages of dissolution and more quartz-rich infill 
locally followed stage 2 and in several instances was further 
succeeded by late-stage ankerite stockwork veins. Mineraliza-
tion grades in footwall HTD lenses decreased with succes-

sively younger paragenetic stages, whereas the quartz and 
Fe-in-carbonate contents increased, indicating waning input 
of mineralizing fluids and/or that less reduced sulfur was avail-
able for sulfide precipitation. 

The style of HTD lenses present at Teena are similar to 
strata-bound HTD lenses frequently observed in Mississippi 
Valley- and Irish-type Zn-Pb-Ag deposits and many large pe-
troleum reservoir facies around the world (Davies and Smith, 
2006; Leach et al., 2010). Such HTD lenses developed in 
many sedimentary basins as structurally controlled, strata-
bound, replacement and void-filling lenses, up to a few ki-
lometers long and wide, in the hanging wall of intrabasinal 
extensional to wrench faults. Characteristic textures include 
zebra-dolomite, saddle dolomite, geopetal vug-fill, floating 
clast breccias and, less commonly, aragonite crystal fans and 
stalactites. The transient stability of dolomite in the HTD 
lenses likely records dynamic hydrogeochemical conditions. 
For example, it has been demonstrated through reactive trans-
port simulation models that dolomite dissolution and repre-
cipitation requires fluid mixing among groundwater and acidic 
hydrothermal brines (Corbella et al., 2004). The stability of 
dolomite in reaction transport models requires brines that are 
saturated in Mg, where changes in key parameters (e.g., sa-
linity, pH, pCO2, and temperature) that arise from variable 
fluid mixing results in both dissolution and reprecipitation 
of dolomite (Anderson and Thom, 2008). This process could 
have occurred more commonly in the McArthur Basin than 
indicated by the published literature, although HTD is not 
always mineralized. For example, HTD-hosted mineralization 
has been observed at the Myrtle deposit (Agnew, 2005), and 
other occurrences in the basin may have been misinterpreted 
as primary dolostones.

Direct evidence of hydrothermal brines from fluid inclusion 
temperature and salinity constraints are currently lacking in 
the Teena subbasin, although it is possible to draw upon indi-
rect lines of supporting evidence. Evaporative mineral phases 
(anhydrite and gypsum) and their pseudomorphs are exten-
sively preserved in supratidal sabkha lithofacies of the River 
supersequence in the southern McArthur Basin (Kunzmann 
et al., 2019), meaning that there was likely active brine for-
mation during this time. Indeed, brine formation has already 
been linked to the widespread K metasomatism in the Batten 
fault zone (Davidson, 1998; Magnall et al., 2021). Comparison 
can also be made to HTDs described elsewhere in the geo-
logic record, which were typically deposited at shallow levels 
(<1,000 m deep) from moderately hot brines (80°–235°C) 
derived from evaporated seawater (bitterns), with salinities 
between 8 to 30 wt % equiv NaCl (Davies and Smith, 2006; 
Hollis et al., 2017). 

The Zn-Pb sulfide mineralization that occurs in the HTD 
lenses in the Teena subbasin requires a source of reduced sul-
fur. Sulfate supplied from the brine could have been reduced 
during thermochemical sulfate reduction (TSR, reaction 
1), or reduced sulfur may have been sourced directly from 
groundwater as H2S (reaction 2):

SO2-
4(aq) + Zn2+ + CH4(aq)  = ZnS(s) + H2CO3 + H2O      (1)

and 

            H2S(aq) + Zn2+ = ZnS(s) + 2H+. (2)

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/116/8/1743/5428918/4846_hayward_et_al.pdf
by Freie Universitaet Berlin user
on 29 November 2021



1764 HAYWARD ET AL.

F
ig

. 1
4.

  R
es

to
re

d 
cr

os
s s

ec
tio

n 
(6

08
60

0 
m

E
, F

ig
. 3

C
) i

nt
er

pr
et

at
io

ns
, s

ho
w

in
g 

pr
op

os
ed

 e
vo

lu
tio

n 
of

 p
ro

gr
es

si
ve

ly
 d

ec
om

pa
ct

ed
 se

di
m

en
ta

ry
 u

ni
ts

 d
ur

in
g 

B
ar

ne
y 

C
re

ek
 

F
or

m
at

io
n 

de
po

si
tio

n.
 A

. D
ep

os
iti

on
 o

f t
he

 M
id

dl
e 

H
YC

 u
ni

t w
ith

 e
ar

ly
 d

ia
ge

ne
tic

 p
y1

. B
. D

ep
os

iti
on

 o
f t

he
 M

id
dl

e 
H

YC
 u

ni
t a

nd
 s

tr
at

ifo
rm

 m
in

er
al

iz
at

io
n 

an
d 

py
2.

 C
. 

D
ep

os
iti

on
 o

f t
he

 U
pp

er
 H

YC
 u

ni
t w

ith
 p

y1
, p

lu
s 

H
T

D
 (h

yd
ro

th
er

m
al

 d
ol

om
ite

) a
lte

ra
tio

n 
an

d 
m

in
er

al
iz

at
io

n.
 D

. S
yn

in
ve

rs
io

n 
de

fo
rm

at
io

n 
of

 D
1 I

sa
n 

or
og

en
y.

 

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/116/8/1743/5428918/4846_hayward_et_al.pdf
by Freie Universitaet Berlin user
on 29 November 2021



 THE TEENA DEPOSIT, AUSTRALIA. PT. I: BASE METAL MINERALIZATION AND SUBBASIN EVOLUTION 1765

In reaction 1, the generation of CO2 (or H2CO3) and re-
duced S by TSR results in much less dissolution than would 
result from simple mixing of aqueous sulfide in groundwater, 
or sour gas, and a hydrothermal metal-bearing solution (Cor-
bella et al., 2004).

Geodynamic controls on CD-type mineralization  
around 1640 Ma

Although host-rock ages and inferred mineralization timing 
for CD-type Zn-Pb-Ag deposits in the Carpentaria Zn Prov-
ince span 100 m.y., mineralization appears to have formed ep-
isodically from discrete events in time and space, likely associ-
ated with far-field tectonic triggers (e.g., Idnurm, 2000; Betts 
et al., 2003). It was recently proposed that several of these 
deposits formed during the 1650 to 1640 Ma Riversleigh In-
version Event and are linked to a regional shortening and in-
version regime that drove fluid flow during subbasin evolution 
(Gibson et al., 2017). In the Teena subbasin, however, there 
is no evidence of syninversion deformation during the main 
stages of mineralization and HTD alteration. The only evi-
dence for inversion-related mineralization at Teena is the late-

stage quartz-carbonate-sulfide veins, which are interpreted to 
be a synorogenic conjugate vein set that formed during north-
south horizontal (D1) compression. These late-stage sulfide 
veins were derived predominantly by hydrothermal leaching 
and chemical remobilization of underlying sulfide mineraliza-
tion and alteration (Fig. 11A).

There is widespread evidence that deposition of the River 
supersequence between 1645 to 1630 Ma was accommodat-
ed by a regional set of E- to ENE-trending synsedimentary 
growth faults in both the southern McArthur and northern 
Mt. Isa Basins (e.g., Bradshaw and Scott, 1999; Southgate et 
al., 2000; Betts et al., 2003; Bradshaw et al., 2018). Many of 
these faults possibly formed by reactivation of older, ENE-
trending, synrift faults that developed during the early stages 
of the Calvert Superbasin between 1730 to 1700 Ma (South-
gate et al., 2000; Betts et al., 2003). Several other mineral-
ized subbasins that formed at a similar time to the Teena 
subbasin have similar fault geometries (Fig. 15), including 
subbasins that host the nearby McArthur River and Myrtle 
Zn-Pb deposits. The Walford Creek Cu-Zn-Co deposit and 
Bluebush Zn-Pb prospect in the Lawn Hill Platform (north-

Fig. 15.  Comparison of architecture of mineralized subbasins developed between 1647 to 1635 Ma across the northern Car-
pentaria Zn Province. A. McArthur (HYC) interpretation modified after Hinman (1995). B. Myrtle interpretation modified 
after Agnew (2005). C. Walford Creek interpretation modified after Rohrlach et al. (1998). D. Bluebush interpretation by 
Teck (unpub.). E. Lady Loretta interpretation modified after Large and McGoldrick (1998).
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ern Mt. Isa Basin) are hosted by the respective Mount Les 
Siltstone (1640 ±7 Ma) and Riversleigh Siltstone (1644 ± 8 
Ma; Page et al., 2000). The Lady Loretta Zn-Pb-Ag deposit, 
hosted by the Lady Loretta Formation (1647 ± 4 Ma; Page 
et al., 2000) in the Mt. Isa Basin, is a few million years older, 
but also occurs in a similar structural setting. Each of these 
CD-type deposits is broadly associated with two high-angle 
extensional growth fault sets that are oriented ENE to NE 
and NNW to NW (Fig. 15). In most cases, the ENE-NE 
extensional faults accommodated larger synsedimentary dis-
placement than nearby NNW to NW faults, and more di-
rectly influenced subbasin architecture, lithofacies, and min-
eralization zonation.

It is evident that multiple deposits and prospects in the 
northern Carpentaria Zn Province formed around 1640 ±5 Ma 
in association with synsedimentary extensional growth faults. 
We interpret the dominant regional extension direction during 
formation of these deposits to have been oriented NNW-SSE, 
with subordinate ENE-WSW compression (Fig. 15), rather 
than north-south extension (e.g., McGoldrick et al., 2010) or 
NE-SW shortening and extension (Gibson et al., 2017). The 
most useful structural criteria for targeting these deposits are 
delineation of the primary ENE- and NNW-trending exten-
sional fault sets, not pre-/synmineralization inversion structures. 

Nevertheless, at the McArthur River deposit, it appears 
that localized inversion of the N-trending Mt. Stubbs fault did 
follow soon after mineralization ("Cooley Inversion" of Hin-
man, 1995), and this inverted fault is now partly overturned to 
yield a steep east dip. North of the McArthur River deposit, 
the upper Barney Creek Formation onlaps onto the inverted 
western fault block at a stratigraphic position similar to the 
upper Barney Creek Formation structural disconformity and 
unconformity observed in the Teena subbasin. This transient 
inversion event may be explained by waning of the short-lived 
NNW-SSE extensional phase, which permitted a brief rever-
sion to ENE-WSW compression and resulted in localized 
inversion of some N- to NNW-trending faults (e.g., Wickens 
Hill fault). In contrast, ENE-trending faults likely remained 
largely transtensional due to their low angle to the principal 
shortening direction. Further inversion of N-S- and NNW-
trending faults likely occurred during the principal D2 east-
west shortening event of the Isan orogeny. Dome and basin 
fold patterns in the Batten fault zone (Fig. 1B), as well as the 
diverse range of inverted subbasin orientations, further reflect 
the complex interaction of not just these NNW- and ENE-
trending extensional fault sets, but also local reactivation of 
other older basement fault sets by D1 north-south and D2 
east-west shortening during the Isan orogeny. 

Both the relatively short-lived duration (<10 m.y.) and 
widespread extent (>150,000 km2) of the 1640 ± 5 Ma miner-
alization event support interpretations that an abrupt regional 
tectonic trigger disrupted thermal subsidence-phase sedimen-
tation of the River supersequence. The event coincides with 
a hairpin bend in the North Australia Apparent Polar Wander 
Path around ca. 1640 Ma (Fig. 2; Idnurm, 2000), which was 
almost certainly associated with far-field continental collision 
during assembly of the Nuna Supercontinent (e.g., Betts et 
al., 2016). 

Our preferred model is that blanket coverage of synrift 
sediments by thermal subsidence phase sediments produced 

locally overpressured fluid reservoirs in thick synrift clastic 
sequences. Disruption of thermal subsidence by a weak north-
northwest–south-southeast tectonic extension event, during 
which the River supersequence was deposited, produced steep 
extensional faults that locally tapped those fluid reservoirs, al-
lowing rapid and episodic discharge of metal-rich hydrother-
mal fluids. This style of late-stage extensional faulting was char-
acterized by low bulk strain, highly localized reactivation of 
favorably oriented (roughly colinear) Calvert-aged basement 
faults, and highly localized half-graben subbasin development. 
The importance of activation of local extension faults to drive 
the CD-type mineral system cannot be overstated: faulting not 
only breached source reservoirs and provided rare high flux-
fluid conduits, but also created local metal trap environments 
along flow paths, which comprised deeper 4th-order subbasin 
depocenters enriched in organic C and S2– reductants. Fur-
thermore, tectonic tightening of fault-bound half-grabens into 
synclines facilitated structural preservation of shallow-level 
mineralization during orogenic basin inversion.

Conclusions
1. The Teena deposit is hosted in the depocenter of a discrete 

4th-order subbasin that developed during deposition of the 
Barney Creek Formation (~1640 Ma) along the northern 
margin of the larger 3rd-order Hot Spring-Emu subbasin. 

2. Shifting patterns in depocenter location, sedimentary 
facies development, and mineralization and alteration 
zonation are attributed to progressive growth of an ENE-
trending, synsedimentary, segmented fault zone and exten-
sional half-graben depocenter.

3. Stratiform mineralization in the Lower HYC unit at Teena 
was deposited mid-diagenesis in a suboxic sedimentary 
facies well below the MFS, and at least 400 m below the 
paleosurface, after deposition of abundant and widespread 
early-diagenetic py1 and dolomite nodules. 

4. Teena mineralization is partly cospatial but not cogenetic 
with its premineralization pyritic hanging wall. 

5. Deposition of Teena stratiform mineralization resulted 
from flow of metalliferous hydrothermal fluids along the 
most permeable and reactive sedimentary host facies lat-
eral to a growth fault conduit, below the level at which 
growth fault displacement appears to have terminated in 
and been effectively sealed by the hanging-wall carbona-
ceous mudstone. 

6. Mineralization precipitated in primary and secondary pore 
spaces, and by carbonate replacement, upon reaction with 
H2S-rich pore fluids derived from thermochemical sulfate 
reduction. Synmineralization acid production created sec-
ondary porosity through carbonate dissolution, which fur-
ther enhanced lateral fluid flow with positive feedback.

7. Hydrothermal mineralization in each of three mineralized 
lenses resulted from a two-stage process that evolved from 
(1) early-stage, fine-grained, stratiform replacement, to (2) 
later stage, coarse-grained, infill and replacement mineral-
ization associated with more extensive carbonate dissolu-
tion and dolomite-silica cavity infill and replacement. This 
transition was likely associated with influx of higher tem-
perature and lower pH mineralizing fluids.

8. Strata-bound mineralized HTD lenses in the footwall 
W-Fold Shale Member resulted from multistage dolomite 
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dissolution, cavity-fill by dolomite (±silica, ±sulfide) and 
dolomite-silica replacement, driven by mixing of metal-
liferous hydrothermal brines with Ca-Mg-saturated, 
H2S-bearing brines. Although not common to CD-type 
Zn deposits, HTD-style alteration and mineralization is 
common worldwide to many carbonate-hosted Zn-Pb-Ag 
deposits. 

9. Subbasin development and syndiagenetic hydrothermal 
mineralization at Teena, and throughout the River super-
sequence across the northern Carpentaria Zn Province, are 
interpreted to have been geodynamically driven by a short-
lived episode of north-northwet–south-southeast regional 
extension around ca 1640 Ma.
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