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ABSTRACT 

The Dolomite Ore Formation (DOF) is a Cu-Zn-(Co-Pb) horizon within the Neoproterozoic 

Ombombo Subgroup of the Kaoko Belt in northern Namibia. The horizon was mapped and sampled along 

its approximately 30-kilometer strike length in order to determine lateral facies variations in the DOF 

horizon, and the rocks immediately above and below this horizon. The goal was to constrain mechanisms 

of mineralization for this regionally geochemically anomalous unit, and to compare and contrast the DOF 

horizon with other sediment-hosted copper occurrences in the Otavi Mountainland of northern Namibia, 

in order to test whether the DOF horizon might be a viable exploration target. 

The DOF dips about 60⁰ to the north, averages <1m to 6m in thickness, and thickens towards the 

east. The horizon is an organic-rich (1.2-1.8% TOC), shaley, ankeritic dolostone that overlies interbedded 

dolostones and recessive siltstones (both with <1% TOC) in the east and interbedded arkose sandstones 

and recessive siltstones in the west. It contains pyrite with minor chalcopyrite, sphalerite, and galena with 

trace catterite. Supergene alteration resulted in formation of chalcocite and late-stage, sometimes zinc-

enriched carbonate minerals.  Although not obvious in outcrop, two drill holes through the DOF indicate 

that sulfides occur primarily within crack-and-seal quartz veins that likely formed during the Damaran 

Orogeny (560-550 Ma).  The veins display little to no alteration other than weak silicified halos. Pyrite 

and pyrite ± chalcopyrite have sulfur isotopic values of -4 to +9‰ suggesting thermochemical reduction 

of sulfate probably derived from Neoproterozoic marine sulfate.  Analysis of kerogen in the DOF 

suggests the rocks are overmature and given the Cu-Zn-Pb sulfide assemblage it is likely that the 

hydrothermal fluids had temperatures between 200 and 300⁰C. The DOF occurs at a deeper stratigraphic 

level than the base metal deposits of the Otavi Mountainland to the southeast, and it is likely that the DOF 

represents a deep expression of the types of mineralizing systems that produced these deposits. Results of 

this study suggests that carbonaceous strata in the Ombombo Subgroup that are cut by late Damaran-aged 

faults could have the potential for concentrating base metal sulfide or oxide minerals. 
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CHAPTER 1 

INTRODUCTION 

1.1 Objectives 

The goal of this master’s project was to better understand the geology and geochemistry of the 

Dolomite Ore Formation (DOF), a Cu-Zn-(Co-Pb) mineralized horizon within the Neoproterozoic 

Ombombo Subgroup of the Kaoko Belt in northern Namibia.  Data from mapping, petrology, SEM, 

automated mineralogy, isotopic studies, and geochemical analysis were used to determine lateral facies 

variations in the DOF horizon, and the rocks immediately above and below this horizon, to constrain 

mechanisms of mineralization for this regionally geochemically anomalous unit. The DOF horizon was 

compared and contrasted with other sediment-hosted copper occurrences in the Otavi Mountainland of 

northern Namibia to determine whether or not it might be a viable exploration target.  

The DOF is located to the west of the Otavi Mountainland, which contains a number of 

structurally-controlled base metal deposits (Pirajno, 2009). The DOF horizon was explored by First 

Quantum Minerals’ (FQM) in a joint venture with Kunene Resources from February 2013 until 

September 2015. This project was undertaken through surface mapping of the horizon along its 

approximately thirty-kilometer strike length; exposures range from excellent to poor. Between May and 

August 2014, geologic mapping and strategic geochemical XRF analysis was conducted and fourteen 

sections across the DOF and six regional sections were measured. Samples collected along these transects 

were sent to a commercial laboratory for geochemical analysis of trace and major elements.  Samples 

were also collected for petrographic analysis. In May 2015, core from two diamond drill holes into the 

DOF were logged and sampled for petrographic, isotopic, geochemical, and TOC analyses.   

1.2 Location and Exploration History 

The area containing the DOF horizon is located about twenty-five to fifty kilometers northwest of 

the northern Namibian town of Opuwo within the Northern Platform of the Kaoko Belt (Fig. 1).  
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Fig. 1: Tectonostratigraphic zones of the Damara orogen (modified and simplified from Miller, 2013). 
The area of this study (DOF Field Area) is indicated. The Eastern Kaoko Zone (EKZ) is stratigraphically 
and structurally continuous with the western edge of the Northern Platform (NP) and differs from it 
primarily in the greater tightness of its folds. The Damaran sequence is continuous beneath the Mesozoic 
to Cenozoic cover on the NP (Miller, 2013). 

Several styles of mineralization are known in the study area region. Copper is present in 

structurally-controlled, highly deformed Nosib Group siltstones at the Okanihova prospect, approximately 

thirty kilometers to the south of the study area (Fig. 1; R. Ellmies, pers. commun., 2015).  Hypogene 

mineralization at Okanihova resulted in precipitation of chalcopyrite within what are now highly sheared 

N 
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rocks.  It is currently unclear if mineralization occurred prior to or during deformation. Supergene 

weathering at Okanihova converted the majority of the sulfides in near surface rocks to malachite.  

Cu-Zn-(Co-Pb) mineralized rocks of the Dolomite Ore Formation (DOF) horizon are the focus of 

this study (Fig. 1). Mineralization occurred within fine-grained dolostones and silty-dolostones within the 

Ombombo Subgroup. Rio Tinto discovered copper mineralized rocks in the eastern, mountainous extent 

of the DOF horizon, and subsequently drilled five holes in the area in 1993 (Fig. 2); the holes were 

assayed for copper and zinc only.  Kunene Resources acquired mineral licenses over the area in 2012. 

Between 2012 and 2014 they conducted soil geochemistry and regional geological mapping along the 

strike length of the DOF horizon (Fig. 3) and completed a magnetic survey over a portion of the study 

area (Fig. 4).  

 

Fig. 2: Rio Tinto’s geological map (1993) of the eastern, mountainous DOF region showing the location 
of two drill holes (SDD1 in red on the right and SDD2 to the left). The approximate locations of later drill 
holes SDD3, SDD4 and SDD5 are marked on the map; Opuwo is ca. 12.5km to the southeast.   

SDD4 

SDD5 

SDD1 

SDD2 

SDD3 
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Fig. 3: Kunene Resources’ soil sampling Cu results across the DOF project area. Opuwo is 12.5 
kilometers southeast along the main road from this map. 

 

Fig. 4: Analytical signal magnetic geophysical data across part of the DOF project area with an 
interpretation of the location of the DOF horizon from Kunene Resources. The magnetic data indicate a 
fault offset of the DOF horizon in the alluvial-covered area between the well outcropping eastern zone 
and the mountain area to the west. 

Rio Tinto 
1993 Map 

Rio Tinto 
1993 Map 
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CHAPTER 2 

GEOLOGIC BACKGROUND 

2.1 Lithostratigraphy 

Near the end of the Neoproterozoic, Namibia formed part of supercontinent Gondwana, and was 

located at a triple junction between the Rio de la Plata (RP), Kalahari and Congo cratons (Fig. 5; Gray et 

al., 2006). The Adamastor Ocean separated the Congo-(Angola) and Kalahari cratons from the Amazon 

and RP cratons, whereas the northeast-trending Matchless aulocogen (Khomas Sea) separated the Congo 

and Kalahari cratons (Fig. 5). Around 520 Ma, Pan-African compression resulted in closure of the 

Adamastor Ocean and Khomas Sea. The closure of the Adamastor Ocean resulted in the formation of the 

Damara, Kaoko, and Gariep orogenic belts in Namibia (Fig. 1). The Kaoko and Damara Belts contain 

thick sequences of Neoproterozoic sediments that rest unconformably on Mesoproterozoic basement 

(Miller, 2008). The Kaoko Belt contains four structural zones. From roughly west to east these are the 

Southern Kaoko Zone (SKZ), the Western Kaoko Zone (WKZ), the Central Kaoko Zone (CKZ), and the 

Eastern Kaoko Zone (EKZ) (Miller, 2008) (Fig. 1). The area of this study is within the EKZ, which is 

bound to the west by the Sesfontein Thrust (Fig. 1).  

The stratigraphic section in the project area consists of the Nosib, Otavi, and Mulden groups (Fig. 

6). The basal Neoproterozoic sequence, the Nosib Group (Fig. 6), is of variable thickness with a 

Fig. 5: Map of the Gondwana supercontinent at the end of the Neoproterozoic and beginning of Cambrian 
time; SF = São Francisco, RP = Rio de la Plata (Gray et al., 2006). 
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maximum known thickness of approximately six kilometers. Rocks of the Nosib Group are believed to 

have been deposited between 900 and 756 Ma in an extensional environment related to rifting (Miller, 

2008). The Nosib Group is composed of hematitic, arkoses to feldspathic sandstones and minor 

conglomerates that were deposited primarily in a fluviatile environment (Miller, 2008).  This oxidized 

continental red bed sequence is typical of many basal rift sequences and is similar to the Lower Roan 

Subgroup siliciclastic sequence in the Central African Copperbelt (Selley et al., 2005).  The Upper Nosib 

Group contains minor igneous rocks on the northern and southern margins of the Damara basin, outside 

the area of this study. In the Kaoko belt, the Nosib Group red beds are thought to have been deposited 

primarily in NE-trending half grabens; the Damara Belt is thought to have contained similar trending, but 

larger, grabens during Nosib Group times (Miller, 2008).  

The four to six kilometer-thick, marine carbonate-dominated Otavi Group was deposited 

conformably above the Nosib Group; the contact between these stratigraphic units is believed to represent 

an abrupt flooding surface (Hoffman and Halverson, 2008). The Otavi Group consists of the Ombombo, 

Abenab and Tsumeb subgroups (Fig. 6), which were characterized by cyclical siliciclastic and carbonate 

deposition (Hoffman and Halverson, 2008).  

The Ombombo Subgroup was deposited during an evolution from active extension to a sag phase. 

It is comprised of siliciclastic sedimentary rocks, some thin carbonate rocks, and minor volcanic rocks 

(Miller, 2013). In the project area, the Ombombo Subgroup consists of approximately 1.6 (up to 2.8) 

kilometers of mixed siliciclastic clastic and carbonate rocks deposited in a marine environment (Miller, 

2008). Unlike age equivalent rocks in the Central African Copperbelt (Upper Roan and Mwashya 

Subgroups of the Roan Group; Hitzman et al., 2012), this sequence does not appear to have contained 

significant evaporites. Igneous rocks within the sequence in Kaokoland are mafic and have ages of ca. 

750 Ma (Miller, 2008), similar to mafic igneous rocks in the Mwashya Subgroup of the Central African 

Copperbelt.  

The Ombombo Subgroup is divided into the Beesvlakte, Devede and Okakuyu formations in the 

Northern Platform and Northern Margin Zone (Fig. 6). The sedimentary rocks in these formations  
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Fig. 6: Stratigraphic section of the Damara Supergroup in the Northern Platform and Northern Margin 
Zone of the Damara orogen in Namibia (modified from Miller, 2013). 
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generally coarsen upwards and fine northwards into an area that appears to have had more 

accommodation space (Hoffman and Halverson, 2008; Hoffman, 2011). The base of the Beesvlakte 

Formation consists of recessive purplish phyllite and siltstone that locally host disseminated copper 

sulfides (Schneider and Seeger, 1992; Jennings and Bell, 2011). The Beesvlakte Formation is normally 

recessive weathering and is generally covered by alluvium, scree, or thin calcrete (Jennings and Bell, 

2011; Hoffman and Halverson, 2008). Pink dolomite layers intercalated with the phyllite increase in 

number and thickness up section within the formation.  A marker bed of sericitic dolomite with light and 

dark colored cherty beds, that is capped by limestone with algal microbial laminations and then is 

overlain by a black limestone, is present near the top of the Beesvlakte Formation (Miller, 2008). Above 

this marker bed the upper Beesvlakte Formation contains marly rhythmites and sericitic dololomites, 

which grade into the basal Devede Formation (Hoffman and Halverson, 2008). The Devede Formation 

consists primarily of northward-fining, dark gray to light gray phyllites and minor interbedded pinkish 

stromatolitic carbonate layers (Hoffman and Halverson, 2008). The Devede Formation attains a thickness 

of three hundred meters near the project area (Hedberg, 1979). Some interbedded layers of pyroclastic 

rock are locally present in the Devede Formation and have been related to final pulses of the Naauwpoort 

volcanic event that had its locus to the south. The uppermost formation in the Ombombo Subgroup, the 

Okakuyu Formation, dominantly contains siliciclastic deltaic sediments that generally coarsen upwards 

and fine northwards. Weathered phyllites in this formation are purplish while sandstones are reddish-

brown in color. A stromatolitic dolomite marks the top of this formation (Hoffman and Halverson, 2008). 

The Ombombo Subgroup has not been formally subdivided in the study area containing the Dolomite Ore 

Formation (DOF). The DOF is a geochemically distinct horizon with elevated Cu-Zn-(Co-Pb) that has 

been traced by soil geochemistry and geological mapping over a thirty-kilometer strike (Fig. 3).  

The Abenab Subgroup overlies the Ombombo Subgroup (Fig. 6). It is thickest to the east of the 

project area in the western part of the Otavi Mountainland (OML) and thins substantially eastward. In the 

central and western OML the Chuos Formation forms the base of the Abenab Supergroup.  The Chuos 

Formation consists of a diamictite with an overlying chert-hematite iron formation. The Chuos Formation 
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diamictite contains mainly basement-derived clasts together with clasts from the Nosib Group and 

Ombombo Subgroup. The Chuos Formation has been dated at 746 ± 2 Ma based on a feeder dyke to an 

upper Naauwpoort rhyolite that directly underlies the Chuos Formation (Miller, 1980; Hoffman et al., 

1996).  This facies is interpreted to be glacially related and is thought to represent the worldwide Sturtian 

“Snowball Earth” glacial event (Fig. 6) (Hoffman et al., 1996). It is correlated with the ca. 735 Ma Grand 

Conglomérat in the Central African Copperbelt.  

The Chuos Formation is sharply overlain by a white to medium gray, up to 400 meter-thick 

dolomicrite termed the Berg Aukas (east) or Rasthof (west) Formation. Fabrics in these rocks suggest 

deposition in a predominantly shallow water, marine environment; the Rasthof Formation is considered a 

classic “cap carbonate” sequence (Hedberg 1979; Hoffman et al., 1998; Hoffman and Schrag, 2002; 

Hoffman and Halverson, 2008). Textures suggest that this sequence locally contained evaporates, but 

there is little evidence of a thick evaporitic section in the Kaoko Belt or Northern Platform area (Miller, 

2008). The sediment-hosted Berg Aukas deposit is hosted in rocks from this stratigraphic level. The 

middle Abenab Subgroup consists of the Gruis (west) and Gauss (east) Formations, which are 

“ribbonite”/grainstones and dolomite, respectively. The upper Abenab Subgroup consists of the eastern 

Auros Formation, interbedded shale and carbonate with oolitic layers at the top. To the west this 

stratigraphic interval is termed the Ombaatjie Formation, and consists of grainstones capped by oolites 

and stromatolites (Miller, 2013).  

The overlying Tsumeb Subgroup locally contains at its base the Ghaub Formation, a Marionoan-

age, glaciogenic diamictite (Hoffman and Halverson, 2008), which is correlated with the Petit 

Conglomérat (ca. 635 Ma) in the Central African Copperbelt (Miller, 2013). The Ghaub Formation is 

overlain by the Maieberg Formation cap-carbonate that forms the base of the Tsumeb Subgroup where the 

Ghaub Formation is absent. The middle and upper Tsumeb Subgroup consist of phyllite-dolomite cycles 

and dolomite with chert beds. Unconformably overlying the Tsumeb Subgroup are the Mulden Group 

sandstones. Numerous copper occurrences are located along the Tsumeb-Mulden unconformity within the 

Otavi Mountainland.  
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2.2 Deformation History 

The Pan-African (Neoproterozoic-Cambrian) orogenic event records the assembly of Gondwana 

(Prave, 1996).  In what is now southern Africa, this event was related to ocean closure and continent-

continent collision lasting from ca. 560 Ma to 460 Ma, which culminated in the Cambrian Damara 

orogeny ca. 560 – 550 Ma (Miller, 2008). 

The northeast-trending Damara Belt formed from collision of the Kalahari Craton with the 

Congo/Angola Craton (Fig. 5). The Kaoko Belt to the north of the Damara Belt connects to the West 

Congo Belt of Angola and the Democratic Republic of Congo (D.R.C.) (Fig. 1). The Gariep Belt to the 

south of the Damara Belt is exposed along the Namibian coast south from Walvis Bay and is linked to the 

Saldania Belt of southwestern South Africa. The Damara Belt is believed to link to the Lufilian Belt in 

Zambia and the D.R.C. and the Zambezi Belt in Zimbabwe and Mozambique along the Mwembeshi Shear 

Zone (Fig. 1; Miller, 2008). 

The earliest phase of deformation related to the Damara orogen occurred along a subduction zone 

on the western margin of the Congo Craton, due to accretion of the Coastal Terrane (CT) to the Western 

Kaoko Zone (WKZ) (Fig. 5). Early deformation and metamorphism (MCT) (Fig. 7) resulted in granulite-

facies metamorphism and granitic intrusion in the Coastal Terrane (CT) (Fig. 1) around 650 Ma 

(Goscombe et al., 2003; Miller, 2008). The main compressional phases of deformation occurred between 

595 and 575 Ma (Goscombe et al., 2003). Consequently, the western margin of the Congo Craton 

experienced long-lived transpression that Goscombe et al., (2003) subdivided into SSE-directed wrench 

(D1) and E-W-directed convergent (D2) stages in the Kaoko Belt (Fig. 7).  

Around 595 Ma, low-angle oblique sinistral convergence (D1 and M1) occurred between the CT 

and the WKZ along the Three Palms Mylonite Zone (TPMZ) (Fig. 9 and Fig. 7; Miller, 2008). Granitic 

intrusions were emplaced in the eastern WKZ around 580 Ma. The WKZ and CKZ form paired high-T 

sillimanite zone and high-P kyanite zone metamorphic belts, respectively (Fig. 8). The EKZ experienced 

chlorite zone greenschist facies metamorphism with a progressive decrease in deformation and 

metamorphic grade eastward (Fig. 8; Miller, 2008).  
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Fig. 7: Schematic cross sections depicting the tectonic evolution of the Kaoko, Damara, and Gariep Belts 
through time (from Miller, 2008).  From top to bottom: MCT and Thermal Phase (650 Ma): accretion of 
CT to WKZ; D1-M1 (600 to 575 Ma): initial phase of continental collision between the Congo Craton, a 
South American craton, and the Kalahari Craton; D2-M2 (565 to 550 Ma): subduction of Kalahari craton 
beneath Congo Craton and final locking of cratons, deposition of syn-deformational mollasse sediments.  
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Fig. 8: Metamorphic zonation for semipelitic and pelitic rocks in the Damara orogen with the study area 
highlighted in red (from Miller, 2008).  

Deformation progressed from the west to the east during D2 deformation. This period also 

coincides with the emplacement of 565 Ma granitic intrusions into the CT. The CKZ displays large-scale 

east vergent nappes and asymmetric folds that refolded the original D1 fabric (Fig. 7). Rocks of the CKZ 

were emplaced over those of the EKZ along the Sesfontein fault (Fig. 9 and Fig. 7). The D2 deformation 

event was followed by decompression, subsequent rapid erosion, local karst development, and deposition 

of a syn-deformational molasse succession (Mulden Group) from 575 Ma to about 550 Ma; this occurred 

around the time that South America and the Congo were finally amalgamated (Miller, 2008). In the 

DOF Field Area 
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eastern WKZ, late- to post-tectonic granites were emplaced around 550 Ma and post-tectonic peak M2 

metamorphism (ca. 535 Ma) resulted in widespread partial melting of the basement gneisses and Damara 

cover rocks to the west (Fig. 7; Miller, 2008). 

The SKZ, located along the southern extension of the PMZ in the Kaoko Belt (Fig. 9), 

experienced a different deformation and metamorphic history.  Metamorphism in this area produced 

lower metamorphic grade biotite-chlorite assemblages than those in the CKZ and WKZ, but higher than 

those of the EKZ.  D1 (<580 Ma) in this area was the result of NW-SE transpression that was followed by 

D2 (ca. 580-550 Ma) E-W compression, and finally D3 (ca. 530-510 Ma) N-S shortening (Goscombe et 

al., 2003). Cassiterite-wollastonite veins at Goantagab/Brandberg West in the SKZ were emplaced during 

a post-tectonic phase at approximately 495 Ma that has been associated with the initial detachment of the 

subducting Kalahari Craton slab underneath the Congo Craton (Fig. 7) (Miller, 2008). To the south of the 

study area, along the northern edge of the Damara belt (Fig. 1), intermediate composition plutons were 

emplaced from 480 – 460 Ma (Miller, 2008).  

The EKZ, including the study area, displays large-scale E-W trending D2 folds (~550 Ma) that 

were refolded by later D2 northward-verging recumbent folds (Fig. 9). Metamorphism did not exceed 

greenschist grade, indicated by white mica (Fig. 8; Miller, 2008). Locally, rocks in the project area 

display a NW-trending regional cleavage.  Geochemical analysis of organic matter in rocks from the 

 

Fig. 9: Schematic E-W section, that could be looking south, across the central Kaoko Belt showing the 
main structural features of each zone. Study area location shown by red star (from Miller 2008; compiled 
from Guj, 1970, and Goscombe et al., 2003). 
 

Study Area 
West East 
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study area indicate the organics are very mature to over mature (Curtis, 2016), characteristic of low grade 

metamorphism (Fig. 10).  

 

 

 
  

 

 

 

 

 

Fig. 10: Pseudo Van Krevelen plot showing the hydrogen index (S2 peak / TOC * 100) vs. the oxygen 
index, where S2 peak is a measure of generative potential indicating the rocks are overmatur. Analyzed 
by Curtis, 2016. Complete RockEval data in Appendix F. 
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CHAPTER 3 

STRATIGRAPHY AND STRUCTURAL GEOLOGY 

3.1 Stratigraphy 

Geological mapping of the DOF horizon was conducted during May-August 2014 and May 2015 

at an approximately 1:1000 scale from east to west along the DOF’s strike.  During mapping, the rock 

type, thickness, alteration and copper grade of the DOF, and the surrounding rock types up to ca. 50m 

higher in the stratigraphy and 100m lower were determined.  A handheld NitonTM XL3t XRF analyzer 

was used to gather geochemical measurements of the DOF, as well as to conduct spot analyses of rocks 

both above and below the DOF horizon. 

Fourteen transects (Transect A to I and Transect N to R) were completed across the DOF horizon 

using a handheld Garmin GPS, open reel, mapping sheets, and compass.  Recessive outcrop 

measurements were calculated using BaseMap and ArcGIS software, and trigonometry was used to 

calculate the apparent dips from the true dips.  Measured sections were completed in areas of least 

structural complexity that were assumed to have no structural thickening or thinning (Fig. 11).  Six longer 

transects (Transect J to M, S and T) were completed to map the western possible extension of the DOF 

horizon, and decipher the Ombombo Subgroup stratigraphy across the entire field area (Fig. 12). 

Mapping indicates that the DOF occurs within interbedded siliciclastic and carbonate rocks of the 

Ombombo Subgroup.  In the western portion of the project area, the DOF horizon was originally mapped 

within the upper Nosib Group by the Geological Survey of Namibia (Fig. 13; Hoffmann et al., 2002).  

However, the new results indicate that the DOF horizon occurs several tens of meters above siliciclastic 

sedimentary rocks typical of the Nosib Group (Fig. 14).  Farther east, current mapping indicates that the 

DOF horizon is underlain by up to a kilometer of additional Ombombo Subgroup rocks, based on 

available geological mapping (Fig. 14; Hoffmann et al., 2002).  While it is possible that the Nosib Group 

and Otavi Subgroup contact might represent an unconformity, no firm evidence for an unconformable 

contact was detected during mapping.  The eastward thickening of the Ombombo package suggests that 

more accommodation space was available to the east during deposition.  
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Fig. 11: Transect locations across the DOF horizon, excluding Transect S, which extends across the 
mountainous area north of the DOF horizon. 

 
Fig. 12: Map showing the location of the six regional transect lines that cross the Ombombo Subgroup. 

Rio Tinto 
1993 Map 
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Fig. 13: Geology of the project area from the Geological Survey of Namibia (Hoffmann et al., 2002). The 
interval containing the DOF horizon was mapped by the Survey within both the Ombombo Subgroup 
(intermixed siliciclastic and carbonate) towards the east, and in the Nosib Group (siliciclastic) to the west.  
Detailed mapping from this project indicates the package adjacent to the DOF horizon contains abundant 
interbedded shales and carbonates towards the east, but transitions into largely interbedded shales and 
silty sandstones westward. Many of these beds are mappable stratigraphic horizons that can be traced for 
significant distances along strike. Thus, the contact between the Nosib Group and Ombombo Subgroup in 
this area should probably be shifted south, at least in the eastern portion of the area (Fig. 14). 
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Fig. 14: Geology of the regional DOF field area updated from regional mapping for this project. The 
Ombombo Subgroup was expanded to include the DOF stratigraphic interval towards the west, and the 
Epupa basement was extended slightly northward (updated from the Geological Survey of Namibia map; 
Hoffmann et al., 2002). 

In August 2014, a drill proposal based on the geological mapping, measured sections, and 

previous work by Kunene Resources and Rio Tinto was submitted to FQM and Kunene Resources.  They 

agreed to drill the DOF in the flat, alluvial covered area between Transect C and Transect D where the 

highest copper grades (0.2%-0.7%) were recorded, and outside the area drilled by Rio Tinto in 1993 (Fig. 

15).  According to the analytical signal data, it appears that large-scale faults may exist in the covered 

area that could have focused mineralization (Fig. 4).  Two diamond drill holes (plunge at 55° toward 200° 

true North) were drilled into the DOF in May 2015 by Günzel Drilling.   
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In DOF1, sixteen distinct coarsening-up cycles were recorded.  In DOF2, there are at least twelve 

distinct coarsening-up cycles (Appendix J). The drill holes also allowed determination of the true dip 

(60°) by drilling perpendicular to layering, thickness, and metal grades of the DOF.  The drill holes 

provided unweathered samples that were used for petrographic, SEM, automated mineralogy, isotopic and 

source rock analyses. The mineralized zones within the drill holes were logged in detail (Appendix J), 

photographed (Appendix G), and select samples were sent for trace and major element geochemical 

analysis at ALS Laboratories in South Africa (Appendix E).  

 

Fig. 15: Images showing the location of Kunene Resource’s DOF drill holes. In the area, the DOF horizon 
sporadically crops out and contains 0.2 to 0.7% Cu. The drilling area consists of a dry stream bed.  

A section showing the stratigraphy in the study area was produced from the sections measured in 

the field (Fig. 16).  Stratigraphic correlation utilized two marker units noted during mapping between 

DOF1 Drill Hole 

DOF2 Drill Hole 

Drill Locations 

N S 
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Transect D and I: a dolostone with silica concretions ca. 33-95 meters down-stratigraphy of the DOF 

horizon, and a limestone with silica concretions ca. 25-53 meters up-stratigraphy of the DOF horizon 

(Fig. 17).  The limestone with silica concretions was used as a datum for the stratigraphic reconstruction. 

Since the marker bed pinches out east of Transect D and west of Transect I (Fig. 17), the position of this 

datum was approximated eastward and westward using orthophotos and ArcGIS maps (Fig. 17). 

The stratigraphic reconstruction demonstrates significant facies changes from west to east.   The 

Ombombo Subgroup sequence beneath the DOF horizon thickens eastward with a more pronounced 

thickening of carbonate beds relative to silty sandstone beds.  Based on apparent stratigraphic correlations 

within the sequence (Fig. 16), down-to-the-east, syn-sedimentary normal faults may have been present.  

Ten distinctive rock types are present within the stratigraphic sequence mapped.  These rock 

types were differentiated based on composition, texture, and geochemical signature including their total 

organic content (Table).  No trace fossils and biota were observed in these Neoproterozoic rocks.  Very 

little alteration, other than weathering of the rocks, was observed across the field area except for local 

areas of weak silicification.  The rock types are described from those most common at the base of the 

section mapped to those more common in the upper portion of the section.  The detail of description of 

these different rock types is variable. Rocks within the DOF horizon and immediately adjacent rock types 

were examined most closely while the often recessive weathering shales/siltstones and calcareous 

shales/siltstones are more poorly described due to absence of good outcrop.  Only five of the ten rock 

types present in the section mapped are present in drill core: the DOF unit, calcareous shale, shale, silty 

dolostone and dolostone rock types.  These, as well as the calcareous silty sandstone and the dolostone 

with silica concretions, for which good surface samples were available, were analyzed petrographically 

using transmitted and reflected light, as well as using automated mineralogy, and SEM.  
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Fig. 16: Stratigraphic reconstruction utilizing the measured sections between Transect I and Transect D. A limestone with silica concretions that 
forms a continuous stratigraphic horizon between these transects was used as a datum.  No normal faults were mapped in the field.  Those shown 
on the section were inferred from offset of stratigraphic markers and apparent thickness changes. The DOF unit appears to form a coherent 
stratigraphic horizon. 
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Fig. 17: Stratigraphic reconstruction utilizing all sixteen measured sections and extending the datum used in Fig. 16 eastward and westward using 
orthophotos and geological maps. The normal faults displayed were not mapped in the field but inferred from offset of stratigraphic markers and 
apparent thickness changes. 
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Table 1: Rock types present in study area; lt = light, d = dark, bn = brown, gn = green, gy = gray, orn = orange, pl = purple, rd = red, y = yellow 

 Rock Type Rock Type/ Texture 
Fresh Outcrop 
/ Core Color 

Bed Thickness / 
Lateral Extent 

in Outcrop 

Total 
Organic 
Content 

Outcrop Relief 
Interpretation of 

Depositional 
Environment 

1 Dolostone with 
Silica Concretions 

Dolostone to silty 
dolostone 

gy, pl-gy, bn-
gy/ no core 

0.2~1m / 50m 
~2km 

No data 
Moderate relief in 

outcrop 
Pelagic carbonate 
fallout on slope 

2 Arkosic Silty 
Sandstone 

Very fine- to fine-
grained argillaceous 
silty sandstone with 
some graded beds 

bl-gy, gy, bn-
gy, gy-bn, bn, l-

gy / no core 

1-2m / 20m ~ 
500m (thinner 
beds = laterally 

shorter) 

No data 

Mod-high relief 
outcropping beds; often 
scree on hillside; mostly 

in central field area 

Interslope mini-
basin 

3 Calcareous Silty 
Sandstone 

Very fine to fine-
grained calcareous silty 
sandstone with some 

graded beds 

bl-gy, gy, gy-
bn, bn-gy, bn, l-

gy / no core 

1-4m / 20m ~ 
400m (thinner 
beds = laterally 

shorter) 

No data 

High relief outcropping 
beds; often scree on 

hillside; dominant in far 
east/west field area 

Interslope mini-
basin with 

incorporated 
pelagic carbonate 

4 Cu-Enriched 
Dolostone (DOF) 

Dolostone to silty 
dolostone with black 
Mn-rich dendrites; 
sometimes graded 

d-pl-bn, d-rd-
bn, d-orn-bn, 

pk, pk-bn, pl-bn 
/ gy, rd-gy  

<1-6m / 50m ~ 
8km (thinner 
when siltier) 

1.21-1.64% 
TOC in core 

Mod to high relief in 
outcrop (lower for silty 

dolostone) 

Pelagic carbonate 
fallout on slope 

5 Silty Dolostone 
Silty dolostone; weakly 

bedded 
pk-bn, bn, 

gy/gy, bn-gy 
Usually <1m / 
10m ~ 200m 

No data Low relief in outcrop 
Pelagic carbonate 
fallout on slope  

6 Dolostone Fine-grained dolostone 
bn, gy, on-bn, 

rd-bn, / no core 
<1-2m / 50m 

~700m 
No data 

Moderate relief in 
outcrop 

Pelagic carbonate 
fallout on slope 

7 Limestone Fine-grained limestone 
gy, d-gy, pk-gy 

/ no core 
1-2m/ 100~500m No data 

Moderate relief in 
outcrop 

Pelagic carbonate 
fallout on slope 

8 Limestone with 
Silica Concretions 

Limestone with silica 
concretions 

gy, bl-gy, pk-
gy, d-gy / no 

core 
1-4m / 50~400m No data 

Moderate relief in 
outcrop 

Pelagic carbonate 
fallout on slope 

9 Calcareous 
Shale/Siltstone 

Calcareous shale / 
siltstone 

rd, l-bn, l-y-bn 
/gy, l-gy, d-gy 

~0.1-0.5m / 
Often recessive 

0.68-0.70% 
TOC in core 

Often recessive 

Low energy 
environment on 

slope with pelagic 
fallout contribution 

10 Shale/Siltstone Shale / siltstone 
rd, l-bn, l-y-bn / 

gy, l-gy 
~0.1-0.5m / 

Often recessive 
No data Often recessive 

Low energy 
environment on 

slope 
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3.11 Dolomite Ore Formation (DOF) Unit 

The DOF horizon ranges in thickness in the field area from <1m to ~14m.  It thickens to the east 

similarly to the underlying Ombombo Subgroup rocks.  In outcrop the DOF horizon contains very fine-

grained, dark-brown, dark-orange-brown, dark-purple or red-brown dolostones or silty dolostones that 

commonly display black dendrites along fractures. The carbonate content of DOF horizon increases 

eastward.  In core, fresh DOF dolostones are medium- to dark-gray in color.  They are very fine-grained, 

typically silty, and contain <100-750 μm grains of copper-zinc-lead-cobalt sulfides adjacent to quartz-

ankerite veinlets.  Although the horizon is geochemically anomalous (up to 0.6% Cu in select surface 

samples) throughout the area, copper oxide or copper carbonate minerals are rarely observed.   

Within the eastern plains the DOF horizon is continuously exposed for approximately four 

kilometers between Transects A and C. The DOF horizon in this area trends 010-030° (dip direction), 

generally dips 60-85° to the north, and has a true thickness between two and six meters.  The unit has a 

dark-brown color and displays numerous black-dendrites.  It appears siltier down section (Fig. 18A).  The 

DOF unit is underlain and overlain by recessive weathering calcareous siltstones and shales (Fig. 18B).   

    

Fig. 18: Images of rock types cropping out in the eastern field area (Transect A to  C). (A) Dark-orange-
brown, 6m thick, dolostone outcrop along Transect A that contains 0.15% Cu based on ALS laboratory 
results. (B) Very low relief, 5m thick, often recessively weathering calcareous shale/siltstone along 
Transect A.  This rock type is present above and below the DOF horizon.  

 

A B 
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The DOF was not observed along Transect H, approximately one kilometer east of the last DOF 

outcrop between Transects A to C; however, it is possible that the limestone stratigraphically above the 

DOF in Transect B corresponds to the mapped limestone at Transect H to the east (Fig. 19).  The DOF 

horizon is covered by alluvial sands to the east and west of this area (Fig. 19 and Appendix H).   

 

Fig. 19: Regional geological map showing the eastern portion of the field area. This area contains 
Transects H, B, A, C and the site of Kunene Resources’ DOF drill holes. The DOF horizon is shown in 
red, dashed where interpreted.   

To the west of Transect C, the DOF horizon is 8.7m to 13.75m thick in DOF1 and DOF2 drill 

holes, respectively.  In drill core, the DOF horizon primarily contains very fine-grained silty dolostone 

that has a medium- to dark-gray color but may sometimes display a reddish hue (Fig. 20).  Bedding is less 

evident in core than in outcrop.  The silty dolostone consists of fine-grained (25~50 μm), anhedral 

ankerite, subrounded quartz grains (<50 μm), and trace anhedral feldspar, primarily microcline, grains 

DOF Drill Holes 
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(<50 μm) (Fig. 20A; Appendix B).  It contains 1.2-1.6% total organic carbon (TOC) (Appendix F).  It 

also contains fine- to medium-grained (<100-750 μm) copper-zinc-lead-cobalt sulfides that are generally 

situated within or surrounding 1-4mm thick, generally bedding parallel quartz veinlets (Fig. 20B).  A 3-

8cm thick crack-and-seal quartz veinlet exists at the base of the DOF horizon in both drill holes, but was 

not observed in outcrop (Fig. 20D).  In the area surrounding the drill holes, the DOF horizon silty 

dolostone crops out sporadically along strike, and, where observed, generally displays beds ≤ 0.5m thick. 

   

  

Fig. 20: DOF horizon silty dolostone from drill core. (A) Crossed polars image of silty dolostone 
composed of very fine grained carbonate, probably ankerite, cut by a quartz vein.  The rock contains 
relatively abundant organic matter (1.2-1.6% TOC) between carbonate grains and as inclusions in 
carbonate grains; DOF2, 59.55m. (B) Silty dolostone by quartz veinlets with pyrite and trace chalcopyrite 
(highlighted with yellow circle); DOF1, 106.57m. (C) Reddish colored silty dolostone with disseminated 
pyrite; DOF2, 61.95m. (D) “Crack-seal” quartz-ankerite vein that bounds mineralization at 111.2m in 
DOF1 drill hole. 

The DOF horizon reappears to the west of the drill holes near Transect D in an area of hills to low 

mountains (i.e. less than 500m elevation; Fig. 21). Weathered, fine-grained DOF horizon dolostone crops 

out for four kilometers in this area. It displays dark-purple-brown, dark-orange-brown, dark-red-brown, or 
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dark-brown colors.  Fractures in the dolostone commonly display manganese-rich black dendrites some of 

which also have intergrown black copper oxides (Fig. 22).  The DOF horizon dolostone displays 2-4m 

thick beds and is often cross cut by 1-5mm quartz or chalcedony veinlets (Fig. 22).  The dolostone is 

composed primarily of very fine-grained carbonate, dominantly ankerite, with <50 μm, sub-angular 

detrital quartz grains and minor organic-material.  Beds in the DOF horizon progressively steepen in dip 

from about 30⁰ to 60⁰ to the west (Fig. 21; Appendix H) resulting in an apparent thickness changes in 

map view though the true thickness remains approximately constant throughout this area (Fig. 21).  

However, half a kilometer south of Transect G, the stratigraphic sequence apparently thickens  

 

Fig. 21: Regional geological map of the field area between the area of Kunene Resources’ drill holes and 
Transect N.  The location of Rio Tinto’s five boreholes (SDD1-5) are shown. The DOF horizon is in red, 
dashed were interpreted.  Note the apparent thickening of the section within the folded area to the south of 
Transect G.  The folding and thickening of the sequence may be due to the presence of a poorly 
outcropping syn-sedimentary normal fault. 

DOF    
Drill Holes 
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Fig. 22: Images of Cu-enriched DOF horizon dolostone. (A) Dark-red-brown, 0.5-1m thick, dolostone 
outcrop along Transect G with 0.36% Cu based on ALS laboratory results. (B) Transmitted light image of 
oxidized DOF horizon dolostone from Transect E (N425) with fine-grained quartz that may have been 
detrital grains or that infilled porosity.  The dolostone is cut by a chalcedony veinlet. The opaque material 
consists of manganese oxide and portable XRF analysis indicates it also contains minor copper.  

significantly (Fig. 21). This thickening is likely due to folding, though the location of the fold may be 

controlled by the presence of a syn-sedimentary normal fault (Fig. 16). 

Farther west the DOF horizon crops out sporadically for eighteen kilometers between Transect I 

and Transect R before pinching out (Fig. 24 and Appendix H). The DOF horizon maintains an outcrop 

thickness of 0.5-1m throughout most of this area.  It dips approximately 50-60⁰ to the north.  Between 

Transect O and Transect R, the DOF horizon transitions from a dolostone into a very fine-grained,  

     
 
Fig. 23: Images of DOF horizon silty dolostone in the western portion of the field area. (A) A pink-brown 
colored fresh outcrop of silty dolostone along Transect P that contains 0.12% Cu from the ALS 
geochemical analysis. (B) A fresh outcrop of purple-brown silty dolostone with black manganese-rich 
dendrites along Transect R that contains 150ppm Cu as measured from a handheld XRF. 

0.25 mm PPL 
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massive, silty dolostone with occasional black manganese-rich dendrites (Fig. 23).  The DOF horizon was 

not observed west of Transect R. 

 

Fig. 24: Regional geological map of the central portion of the field area from Transects O to T. The DOF 
horizon is shown in red and is dashed where interpreted.  

 A DOF-like horizon was not located in the far western portion of the field area. Orthophoto 

mapping and geological trends suggest the stratigraphic level corresponding to the DOF horizon would be 

situated above the lower (southern) Ombombo Subgroup, which in this area contains interbedded 

dolostones and recessive weathering siltstones and shales (Fig. 25 and Fig. 26).  
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Fig. 25: Regional geological map showing the semi-western extent of the field area, including Transect T 
to Transect K.  
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Fig. 26: Regional geological map showing the western most portion of the field area that includes 
Transects L, J, and K. The location of the basement gneisses at the base of the section along Transect L is 
shown. 

3.12 Rock Types Stratigraphically Below the DOF Unit  

 The stratigraphic sequence below the DOF horizon thickens eastward. This sequence is 

dominantly composed of interbedded dolostones and shales in the western portion of the study area 

(Transect L to S), interbedded calcareous and/or arkosic silty sandstones and shales in the central portion 

of the study area (Transect R to D), and interbedded shales and minor carbonate beds in the eastern 

portion of the study area (drill holes to Transect B). The vast majority of the shale beds throughout the 

region are recessive weathering. A dolostone with silica concretions below the DOF horizon between 

Transect D and I acted as a useful marker unit. 
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Throughout much of the eastern portion of the area the DOF horizon is underlain by recessive 

weathering, very fine-grained, medium to dark gray calcareous shale with some sparse carbonate beds 

(Fig. 27). The calcareous shale contains ankerite, detrital quartz, and organic material (0.68-0.7% TOC; 

Appendix F). In the Kunene Resources’ drill holes these calcareous shales contain minor (<5%) 

disseminated pyrite up to 1 cm in diameter. These shales are also cut by pyrite veins that range in 

thickness from 1-5mm and thin (<5mm) quartz veinlets (Fig. 38). The carbonate beds present below the 

DOF horizon in this area are generally between one and two meters thick and become less dolomitic 

down section from the DOF horizon (Fig. 37 and Appendix H).  

  

Fig. 27: Images of rock types in the eastern field area (Transect A to C). (A) Fine-grained, massive, 
brown-gray colored dolostone below the DOF horizon; from Transect B. (B) Very fine-grained, cream to 
light brown colored, often recessive weathering siltstone below the DOF horizon; from Transect A.  

  

Fig. 28: Calcareous shale and silty dolostone from beneath the DOF horizon in the eastern portion of the 
study area. (A) Calcareous shale displaying a coarsening-up cycle. DOF2, 74.9m. (B) Silty dolostone 
containing disseminated pyrite and a bedding parallel quartz veinlet. DOF1, 98.7m.  

A B 
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Farther west, between Transect D and I, the sequence beneath the DOF horizon becomes sandier 

and contains dominantly interbedded calcareous silty sandstone and shale with few carbonate beds (Fig. 

21). Calcareous silty sandstone forms high-relief outcrops with individual arkosic beds ranging between 1 

and 4m thick (Fig. 29).  Where least weathered, these rocks are dominantly blue-gray in color, but range 

from gray/gray-brown to red-brown in color when weathered (Fig. 29). Nine thin sections of samples of 

the calcareous silty sandstone rock type from across the study area were examined (Fig. 30).  The 

calcareous silty sandstone in these samples contains over fifty modal percent carbonate, dominantly 

ankerite, most of which appears micritic, but may include carbonate grains and carbonate cement. 

The rocks contain detrital quartz and feldspar.  Quartz is present dominantly as polycrystalline grains with 

lesser unstrained grains. Detrital quartz grains have a maximum diameter of 0.5mm. Both subangular to 

subrounded albite and microcline grains are present with maximum grain diameters of approximately 

0.3mm.  The rock contains minor <0.2mm long muscovite grains as well as trace amounts of iron oxide 

and organic material (Fig. 31; Appendix C). The modal mineralogy of these rocks indicates they are 

arkosic carbonate grainstones or calcareous arkoses.  

A distinctive 0.2 to one-meter thick dolostone with silica concretions crops out continuously 

between Transects D and N. This dolostone occurs between 35 and 95m beneath the DOF horizon and 

was utilized as a stratigraphic marker during mapping (Fig. 21).  This dolostone maker unit is composed 

dominantly of ankerite to ferroan dolomite (Fig. 32).  In the least weathered outcrops it is gray, purple-

gray, to brown-gray in color and contains 2-4mm long, dark-brown silica concretions (Fig. 32).  

Petrography demonstrates that the silica concretions cut bedding and were later cross-cut by ~0.5mm 

quartz veinlets (Fig. 32).  The silica concretions appear to be diagenetic features formed prior to late 

quartz veining (Fig. 32). 
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Fig. 29: Calcareous silty sandstone beneath the DOF horizon. (A) 1-2m thick beds of calcareous silty 
sandstone from along Transect I. (B) Typical blue-gray color of fresh rocks calcareous silty sandstone 
adjacent to relatively recessive calcareous shale on Transect N. This outcrop displays ~ 2.5m thick beds. 
(C) Typical outcrop of calcareous silty sandstone along Transect D. (D) Weathered, Mn-rich calcareous 
silty sandstone along Transect G. 
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Fig. 30: Location of calcareous silty sandstone samples utilized for petrography.  

    

Fig. 31: Petrographic images calcareous silty sandstone from beneath the DOF horizon. (A) Arkose with 
detrital grains of deformed or recrystallized quartz under crossed polars; N385. (B) Arkose with a detrital 
feldspar grain (Fsp) displaying a perthitic texture and detrital grains of albite (Ab), carbonate (Cb), 
microcline (Mc), and quartz (Qtz) under crossed polars; N907. (C) Crossed polars image of arkose 
composed of detrital quartz and feldspar grains cemented by carbonate; N1090. 
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Fig. 32: Images of the dolostone with silica concretions marker unit present beneath the DOF between 
Transect D and I; sample taken ca. 300m west of Transect F (N1107). (A) Outcrop of gray colored 
dolostone with brownish colored silica concretions and cross cutting silica veinlets. (B) Outcrop of 
purple-gray, silty dolostone with brownish colored silica concretions and cross cutting silica veinlets. (C) 
Cream-colored quartz veinlet cross-cutting a brown-colored silica concretion (circled in yellow) in the 
marker dolostone. (D) Thin section billet of gray dolostone cut by abundant <2mm thick quartz veinlets 
with ankerite selvages; elongate silica concretions, circled in orange, are coated by ankerite and cross cut 
by a 2mm quartz vein. (E) Image of ferroan carbonate marker dolostone with a silica concretion cross-cut 
by <1mm quartz veinlets in crossed polars. (F) Image of “E” in plane polarized light. 
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Farther west in the study area, arkosic silty sandstones form prominent 1-2m thick beds 

approximately 25-50m below the DOF horizon in the approximately fourteen kilometers in the central 

section of the field area between Transect I to P (Fig. 24 and Fig. 33).  Unweathered arkosic silty 

sandstones generally display a blue-gray color.  This arkose is distinguished from other rock types in the 

section mapped by its lack of carbonate and its resistance to weathering.  

  

Fig. 33: Images of the arkosic silty sandstone present in the field area between Transect I to P. (A) 
Weakly weathered, blue-gray colored arkosic silty sandstone along Transect N. (B) 1-2m thick beds of 
arkosic sandstone on Transect P. 

In the far western portion of the field area, between Transect S and L, the rocks underlying the 

DOF horizon’s inferred position transition into calcareous silty sandstone with dolostone beds. Dolostone 

beds are usually 1-2m thick and display a blue-gray, gray to brown color in weathered outcrop. The 

dolostones are and often cut by high angle to bedding, silica veinlets (Fig. 34).  

A B 

Fig. 34: Dolostone rock type along Transect L displaying common blue-gray color.  
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Geologic mapping suggests that low-lying areas below the DOF horizon consist largely of 

weathered shale.  Where this shale crops out it is seen to contain less carbonate minerals than shales and 

siltstones to the east.  These shales are typically thinly bedded and light-green to green colored in outcrop 

(Fig. 35).  

       
 
Fig. 35: Images of shales in the sequence beneath the DOF horizon. (A) Well bedded, green-gray shale 
along Transect L. (B) Greenish colored shale cropping out in a dry stream bed along Transect L. 
  

In the westernmost portion of the field area along Transect L a gneiss with cherty clasts was 

mapped below a tectonic contact at the base of the stratigraphic section.  This gneiss is inferred to be the 

Epupa basement (Fig. 36 and Fig. 26).  These outcrops are north of the Epupa basement mapped by the 

Geological Survey of Namibia (Fig. 13 and Fig. 14).  

A B 

Fig. 36: Gneiss with cherty clasts, inferred to be Epupa Basement, along Transect L (N863).  
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3.13  Rock Types Stratigraphically Above the DOF Unit   

 The DOF horizon is overlain by a several hundred-meter-thick sequence of interbedded carbonate 

rocks and recessive weathering shales in the eastern and central field area that grades into a sequence 

composed of calcareous silty sandstones interbedded with recessive weathering shales to the west. Much 

of the area to the north of the DOF horizon is covered in calcrete and/or alluvial sand making mapping the 

underlying rock types difficult. A limestone with silica concretions acted as a useful marker unit above 

the DOF horizon between Transects D and I. The central portion of the study area containing the 

sequence above the DOF horizon was mapped using orthophotos and projecting the stratigraphy 

measured along Transect S (Fig. 24).  Transect S was measured to determine whether a “northern DOF 

occurrence” existed since geochemical sampling showed a copper anomaly above the DOF horizon near 

this transect location (Fig. 3).  

 In the eastern portion of the field area, between Transect A and C, the DOF horizon is overlain by 

recessive weathering shales that are interbedded with abundant 1-2m thick dolostone beds that become 

less dolomitic up section (Fig. 37).  Both the shales and the dolostones are petrologically similar to rock 

types below the DOF.  

  

Fig. 37: Images of rock types in the eastern field area (Transect A to C). (A) Fine-grained, massive, blue-
gray colored limestone above the DOF horizon; from Transect A. (B) Very fine-grained, gray to brown-
gray fresh colored, massive dolostone typical of carbonate beds immediately below and above the DOF 
horizon; from Transect A. 
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In the Kunene Resources’ drill core, the DOF horizon is overlain by very fine-grained, medium- 

to dark-gray, silty dolostone, calcareous shale (Fig. 38A), and shale (Fig. 38B). These rocks contain 

varying abundances of ankerite, detrital quartz, and organic material. For 5-10m above the DOF horizon 

these rocks contain minor (<3%) pyrite and thin (<2mm) quartz veinlets.  The pyrite occurs as 

disseminations and veinlets that range in thickness from 1-5mm (Fig. 38).  

To the west, between Transect D and I, dolostone beds thin and display gray, red-brown, orange-

brown, or light-brown colors in outcrop (Fig. 39). These dolostones appear similar to those in the middle 

Ombombo Subgroup Devede Formation described by Miller (2013). 

  

Fig. 38: Rock types above the DOF horizon in DOF1. (A) Dark gray calcareous shale/siltstone cut by a 
pyrite veinlet. DOF1, 110.67m in DOF1. (B) Gray carbonate-bearing shale/siltstone with disseminated 
1cm pyrite grains. DOF1, 77.07m. 

  

Fig. 39: Images of dolostones above the DOF horizon along Transect E (image A) and Transect I (image 
B).  
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A 1-4m thick, fine-grained limestone with silica concretions ca. 22-55m stratigraphically above 

the DOF unit formed a useful marker unit while mapping in the area between Transect D and I (Fig. 40).  

Where weakly weathered, these rocks are blue-gray, pink-gray, and dark-gray in color with brown-

colored concretions (Fig. 40). Individual limestone beds can be traced along the surface for 50 to 400m. 

This unit contains less concretions that the dolostone with silica concretions present beneath the DOF 

horizon. 

  

Fig. 40: Images of the limestone with silica concretions, a marker unit 25-55m above the DOF horizon 
found between Transect D and Transect I. (A) Blue-gray, colored limestone with brownish, 1-4mm silica 
concretions from Transect D. (B) Weathered, light-pink-brown colored limestone with rare 2-4mm silica 
concretions from along Transect F. 

West of Transect I, strata above the DOF horizon become sandier and less carbonate rich and 

contain more abundant steeply dipping quartz veins. Dolostone beds appear to grade into calcareous silty 

sandstone rocks around Transect I (Fig. 21). Between Transect I to R, the DOF horizon is mostly overlain 

by interbedded calcareous silty sandstones (Fig. 29) and recessive weathering siltstones that grade 

upwards into solely recessive siltstones and shales (Fig. 24). The calcareous silty sandstone and 

siltstones/shale rock types are petrologically similar to the rock types beneath the DOF horizon. A 

dolostone unit with silica banding that caps the DOF horizon serves as a local marker unit between 

Transect N and R (Fig. 39B).  

In the western portion of the field area, the Ombombo Subgroup sequence above the DOF 

horizon appears to consist primarily of interbedded silty (and weakly calcareous) sandstone and shales 

A B 
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with some interbedded dolostones (Fig. 26 and Fig. 25).  The dolostones and shales in this area appear to 

be similar to those in the western area beneath the DOF horizon.  

3.2 Structural Geology 

Although syn-sedimentary normal faults could not be identified from surface mapping, the locally 

rapid thickness changes noted within the sequence moving to the east strongly suggest the presence of 

syn-sedimentary normal faults (Fig. 16). The positions of several suspected syn-sedimentary faults 

coincide with the position of present-day gullies that mark zones where rock types abruptly change or 

terminate (e.g. faults between Transect D and F and fault 500m south of Transect G; Fig. 41 and Fig. 42, 

respectively. Legend referenced in Fig. 43).   

 

Fig. 41: Geological map displaying possible fault locations between Transect D, E and F along the DOF 
horizon. These faults were not mapped at surface, but is possible they have a strike-slip and/or dip-slip 
component as shown. Legend referenced in Fig. 43. 
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Fig. 42: Geological map displaying Transect F and G along the DOF horizon. Faults may be present at 
outcrop jogs or terminations that often occur along gullies and correspond to abrupt lithological changes. 
The DOF horizon is clearly folded in the mountains but surprisingly little outcrop is present in fold noses. 
Legend referenced in Fig. 43. 
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Fig. 43: Legend for Fig. 41, Fig. 42, Appendix H. The interpretation rock types are 50% transparent on 
the maps; INT = interbedded. 

The Ombombo Subgroup sequence in the study area displays WNW-trending folds (Fig. 44) 

typical of the Eastern Kaoko Belt (Miller, 2008).  The 500m to km-scale folds are upright, tight to open 

and plunge 9⁰-32⁰ to 293°. In the central field region, the plunges are relatively steep (ca. 25-32⁰) while 

plunges are an average of 9° across the entire field area (Fig. 45). Rocks in the field area display a 

regional WNW-trending cleavage that is axial planar to the folds (Fig. 46).  Cleavage is best developed in 

shale, silty dolostone, and calcareous silty sandstone rock types (Fig. 47).  Petrography indicates the 

cleavage consists of chlorite and white mica. The consistent S-asymmetry of the folds and shallow 

plunges to the WNW suggests NNE-side up sinistral shear during SSW-directed shortening.  
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Fig. 44: Image of the central and eastern portion of the study area highlighting the DOF horizon.  The 
observed folding of the horizon may have resulted from regional NNE-SSW shortening together with 
sinistral and/or north-side-up shearing.  
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Fig. 45: (A) Poles to bedding of two measurements were taken on either side of a fold between Transect 
D and Transect E. The pole to the great plane fit between these two points indicates a fold axis of (30 
301), denoted by the red “X”. (B) Collective poles to bedding across the field area. A plane fit between 
representative points to these two domains suggests a fold axis of (09  293). 

  

Fig. 46: Cleavage structural data gathered dominantly from east of Transect I. Most cleavage 
measurements were taken from shale or silty dolostone. (A) Rose diagram of cleavage measurements 
across the field area indicating a NW-SE strike. (B) Equal-area lower-hemisphere projection displaying 
poles of the cleavage measurements indicating a NW-SE strike. 
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Fig. 47: Images of cleavage in silty and shaley rocks in the study area. (A) Calcareous shale/siltstone 
displaying well developed cleavage from an outcrop located between Transect N and Transect O (N972). 
(B) Calcareous silty sandstone displaying well developed cleavage from an outcrop located on Transect D 
(N380). 

At a high angle with bedding, non-banded, unmineralized quartz veins were observed across the 

field area within the dolostone and silty dolostone rock types. Two major vein orientations were noted 

throughout the field area with WNW and NNE trends and 60° to sub-vertical dips (Fig. 48 and Fig. 49).  

The WNW-trending veins are parallel to cleavage, whereas the second vein set is perpendicular to the 

trend of the folds.  

 

Fig. 48: Structural data for high angle to bedding, non-banded, unmineralized quartz veins within the field 
area. The vast majority of quartz veins are present in the DOF horizon dolostones or silty dolostones. (A) 
Rose diagram of quartz vein orientations from across the field area showing WNW and NNE trends. (B) 
Equal-area lower-hemisphere projection showing the poles of the quartz vein measurements indicating 
two major vein sets one of which trend generally WNW and NNE and dip 60° to sub-vertical. 
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Fig. 49: High angle to bedding quartz veins in outcrops of the DOF horizon. (A) Unmineralized quartz 
veins cutting DOF horizon dolostone.  The veins are oriented (158/68) and (200/62).  Outcrop located 
~300m west of Transect F (N1007). (B) Dolostone rock type displaying unmineralized quartz veins 
cutting DOF horizon dolostone.  The veins are oriented (132/70). Outcrop located along regional western 
Transect J (N775).  

A set of banded, mineralized veins that are subparallel to bedding are present in the core from 

DOF1 and DOF2 (Fig. 53 and Fig. 54). Similar veins were not observed in outcrop. These “crack-seal” 

quartz-ankerite veins contain biotite, suggesting they formed at relatively high temperatures.  Presently, 

the only known thermal event to affect the area was that associated with the Damara orogeny, so they 

likely formed due to bedding-parallel slip during this deformation, prior to or during folding.  Is it 

possible that the bedding parallel veins represent sedimentary lenses; however, little to no evidence for 

this exists, because the quartz grains are coarse-grained (~1mm wide), suggesting a hydrothermal origin. 

A third deformation event resulted in the formation of three sinistral and/or north-side-up faults 

between Transect C and Transect D recognized in the geophysical data set (Fig. 50).  These faults are not 

folded and the geophysical patterns suggest they cut folded rocks.  These faults probably resulted from E-

W shortening consistent with the Damara orogeny (ca. 560-550 Ma). 
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Fig. 50: Image of the analytical signal data showing the inferred location of the DOF horizon across the 
eastern alluvial sand plains and suggesting the presence of two major faults. The location of Kunene 
Resources’ drill holes is highlighted by a black star.  

A final period of faulting is suggested by the presence of a sinistral and/or west-side-down fault 

between Transect R and Transect Q in the central part of the field area. This fault is likely late since it 

crosscuts surficial sediments (Fig. 51). 

DOF Drill Holes 
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Fig. 51: Geological map of the area of Transects-Q and-R. The DOF horizon in this area appears to 
consist of a <1m thick silty dolostone with less than 0.1% Cu. The outcrop pattern suggests the presence 
of a normal fault running through the alluvial sand-filled valley with top-to-the-left strike-slip movement. 
Legend referenced in Appendix H. 
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CHAPTER 4 

MINERALIZATION OF THE DOF UNIT 

The DOF unit is defined by its anomalism in copper and zinc.  The DOF horizon was first traced 

out as a geochemically distinct horizon by Kunene Resources utilizing shallow soil geochemistry (Fig. 3). 

The current study relied on geological mapping and utilization of a portable XRF to trace this mineralized 

horizon across the field area.  Initially it was thought that the DOF horizon represented a significant redox 

boundary that could have allowed the concentration of base metal sulfides, similar to the processes that 

occur in sedimentary rock-hosted stratiform copper deposits (Hitzman et al., 2005).  However, it was 

apparent from examination of the 2015 drill core of the DOF horizon that Cu-Zn-(Pb-Co) sulfides are 

centered around quartz-ankerite veinlets (Fig. 53 and Fig. 54).  The occurrence of sulfides in the DOF 

horizon, at least locally, is structurally controlled as well as influenced by redox state, perhaps analogous 

to the style of mineralization observed in the Kalahari Copperbelt in Namibia (Hall, 2013).  

From east to west, the copper grades in the outcropping DOF horizon, based on handheld XRF 

analyses, range from 0.1-0.3% from near Transect A to Transect C, to 0.2-0.6% near the Kunene 

Resources’ drill holes, to 0.1-0.25% between Transect D and Transect G including the area of previous 

drilling by Rio Tinto, to 0.3-0.5% ca. 0.5 km south of Transect G near a sinistral and/or north-side-up 

fault, to ~0.1% near Transect I to Transect N, and finally to <0.1% west of Transect N (Fig. 52; Appendix 

H).  

Samples of the DOF unit from the transects were sent to ALS laboratories for trace and major 

element geochemical analysis by multi-acid digestion, and inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES; Appendix E).  The results indicate that the DOF horizon is geochemically 

anomalous with respect to copper, zinc, lead, cobalt, manganese, and iron relative to other rocks in the 

stratigraphic section within the field area (Fig. 52).  Phosphorous, however, is negatively correlated with 

base metals and is enhanced in units other than the DOF unit in the section examined. 
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Fig. 52: Geochemical values of selected samples from the stratigraphic sections measured across the DOF field area. The DOF unit contains 
elevated Cu, Zn, Pb, Mn, Fe, and Co but has low P relative to rocks above and below.  Dolostone beds immediately surrounding the DOF horizon 
contain elevated metal values compared to rocks stratigraphically removed from the DOF horizon.  Data from ALS Laboratories, who utilized a 
multi-acid digest and completed analyses with inductively coupled plasma-atomic emission spectroscopy.  
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Table 2: Average geochemical concentrations (ppm) for Co, Cu, Fe, Mn, P, Pb, and Zn in DOF unit rocks 
from across the field area, from west to east. Values taken from Fig. 52. See Appendix E for details of the 
analytical method.  

Element 

Western 
Mountainous 

Extent 
(Transect O, 

P, Q, R) 

Central 
Mountainous 

Extent 
(Transect I,    

N) 

Eastern 
Mountainous 

Extent 
(Transect D,   

E, F, G) 

Drill Holes 
(DOF1, 
DOF2) 

Eastern Extent 
(Transect A, B, 

C) 

Co (ppm) 20-700 80-150 80-750 200-1,500 250-850 
Cu (ppm) 35-1,500 850-1,000 1,500-6,000 800-10,000 800-3,000 

Fe (ppm) 9,000-40,000 9,000-50,000 40,000-80,000 
40,000-
150,000 

15,000-75,000 

Mn (ppm) 60-25,000 7,500-10,000 800-100,000 800-30,000 200-30,000 
P (ppm) 5-7,000 6,500-8,000 200-10,000 800-10,000 200-2,000 
Pb (ppm) 50-100 50-90 200-400 70-800 20-85 
Zn (ppm) 400-2,000 500-1,000 2,000-10,000 2,000-4,000 800-1,500 

 

The DOF unit is 8.2m thick in drill hole DOF1 and 13.75m thick in DOF2. The DOF1 drill hole 

from 102 to 106.65m contains 0.55% Cu, 0.59% Zn, and 1153ppm Co, including 2.1m at 0.84% Cu and 

1129ppm Co from 106.65m (Appendix J). The DOF2 drill hole from 52.4 to 60.4m contains 0.54% Cu, 

0.53% Zn, and 1137ppm Co, including 2.1m at 1.0% Cu and 1012ppm Co. The most copper-rich 

intervals occur within ankeritic, organic-rich (1.2-1.6% TOC), weakly silicified, very weakly to weakly 

calcareous siltstones or shaley dolostones. In DOF1 the 96.4-110.3m interval is a shaley dolostone that 

passes downward to a very weakly calcareous, carbonaceous shale present to the base of the drill hole. 

The entire copper-rich interval in DOF2 is contained within a weakly calcareous, carbonaceous shale.  

Both drill holes contain 3-8cm quartz-ankerite veins and visible Cu-Zn-(Co-Pb) sulfides that are 

concentrated above these veins.  In DOF1, two zones with quartz-ankerite veins are present while only 

one such zone occurs in DOF2.  Although quartz-ankerite veins are prominent in the drill core similar 

veins were not noted during mapping surface outcrops nor were they evident when outcrops of the DOF 

unit were re-examined after the drilling.  In DOF1, copper is preferentially associated with the lower 

quartz vein. The host rock contains 2450ppm Cu immediately above this vein while wall rock 

immediately below the vein contains 451ppm Cu, dropping to 72ppm 0.5m below the vein. In DOF2, 

copper increases from 244ppm immediately below the quartz-ankerite vein to 2450ppm immediately 
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above it (Appendix J).  The distribution of sulfides and metal values in the drill holes indicates that metals 

in the DOF unit, at least in the drilling area, were concentrated along approximately bedding parallel 

structures.  

The veins present in the drill core contain quartz with lesser ankerite and minor biotite. Pyrite is 

the most common sulfide in the veins with minor visible chalcopyrite, and sphalerite (Fig. 53 and Fig. 

54). The veins display a banded appearance (Fig. 53A,B) with layers of quartz and ankerite (Fig. 53C,D,E 

and Fig. 54A,B).  Some quartz also forms nodular shapes (Fig. 53C,D), which may represent replacement 

of preexisting evaporites. Biotite is also present as layers commonly on the contact between quartz and 

ankerite.  Pyrite may form layers parallel to the quartz and ankerite or occur as irregular clots. Reflected 

light petrography indicates that pyrite in the veins is commonly subhedral to euhedral with individual 

grains ranging from 0.5mm - 2cm in diameter (Fig. 55C).  Pyrite commonly contains small inclusions of 

other sulfide minerals including sphalerite, chalcopyrite, galena, and chalcocite as well as apatite, rutile, 

ankerite, calcite, and quartz (Fig. 55A,B). Sphalerite, chalcopyrite, galena, and cattierite (CoS2) also occur 

outside of pyrite grains.  The largest chalcopyrite grains are up to 1mm in diameter (Fig. 56A).  Sphalerite 

and chalcopyrite both embay each other and have inclusions of each in the other (Fig. 55; Appendix B).   

The mineralogical banding is folded in the upper vein in DOF1 drill hole (Fig. 54A). A quartz-

ankerite vein in DOF2 is cut by a shear plane containing biotite and pyrite (Fig. 54B), which is 

surrounded by very fine-grained, recrystallized quartz.  These textures suggest the veins may have formed 

initially as “crack-seal” veins (Ramsay, 1980), but were subjected to later folding and brittle breakage.  

Sulfides appear to have been precipitated during vein formation and during the brittle deformation event.  

The presence of biotite as bands in the veins and along the late brittle shear plane suggests the event 

responsible for both vein formation and later vein deformation occurred at elevated temperatures. 

The same assemblage of sulfides in the veins is also present as disseminated grains in the wall 

rock adjacent to the veins (Fig. 55). Pyrite is the most common sulfide and forms euhedral grains up to  
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Fig. 53: Core photos of the basal DOF crack-seal veins in both the DOF1 and DOF2 drill holes. These 
crack-seal veins likely acted as a conduit for mineralizing fluids. (A) Crack-seal quartz-ankerite vein in 
DOF 1 drill hole at 110.8m. (B) Crack-seal quartz-ankerite vein in DOF2 at 68.75m. (C) Automated 
mineralogy map of crack-seal-vein containing quartz, ankerite, biotite, and minor iron-oxides and 
sulfides; DOF1, 110.8m (D) Detailed automated mineralogy image showing intergrown galena, 
chalcopyrite, and pyrite with ankerite and quartz in the crack-seal vein; DOF1 drill hole, 110.8m. (E) 
Detailed automated mineralogy image of the crack-seal quartz-ankerite vein with foliated biotite and 
lesser pyrite with sphalerite and chalcopyrite inclusions; iron-oxides locally replace pyrite. DOF 1, 
110.8m. 

E D 

C 

A B 
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Fig. 54: Additional core photos of the basal DOF crack-seal veins in both the DOF1 and DOF2 drill 
holes. These crack-seal veins likely acted as a conduit for mineralizing fluids. (A) Quartz-ankerite crack-
seal vein with minor infill of fractures by microcline; DOF1, 111.2m. Lower portion of the crack-seal 
vein in DOF1. (B) Folded crack-seal quartz-ankerite vein with biotite growing along an axial planar 
shear; DOF2, 68.75m.  Abbreviations: ank = ankerite, bt = biotite, ccp = chalcopyrite, gn = galena, mc = 
microcline, py = pyrite, qtz = quartz, sp = sphalerite. 

4mm in diameter.  Chalcopyrite and sphalerite are also relatively common while trace galena and 

cattierite may be present. Minor apatite and microcline also occur in sulfide-rich wall rock though biotite 

is absent. Unlike the mineral assemblage in the veins, sulfide-rich zones in adjacent wall rock contain 

trace barite (Fig. 55B) and clinochlore. There is a zonation from a pyrite-chalcopyrite-sphalerite-galena-

cattierite mineral assemblage in and immediately adjacent to the veins outward to pyrite only.  

A 

B 
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Vein edges and wall rock adjacent to the veins in the DOF horizon dolostones commonly display 

irregular veinlets of organic matter (Fig. 56B, Appendix B19). Textures suggest introduction of mobile 

hydrocarbons prior to or during the veining event. Chalcopyrite, galena, and sphalerite appear to 

preferentially precipitate near these organic-rich veinlets (Fig. 56B), suggesting they formed a redox trap. 

 

  

Fig. 55: Mineralized silty dolostone from the DOF horizon. (A) SEM BSE image of a euhedral pyrite 
grain with inclusions of sphalerite, rutile, chalcocite, apatite, calcite, galena, and quartz. The pyrite is 
surrounded by feldspar (albite and microcline), calcite, and quartz. Sample D1_101.25 (B) SEM BSE 
image of ~1mm pyrite grain with inclusions of barite, microcline, quartz, barite, ankerite, apatite, galena, 
and chalcopyrite in a microcline- and quartz-rich host rock. Sample D1_101.25. (C) Reflected light image 
showing disseminated pyrite grain in quartz and ankerite intergrown with sphalerite and chalcopyrite.  
Sphalerite along a lamellae in pyrite suggests it may be replacing pyrite. Sample D2_67.45 (D) Reflected 
light image displaying chalcopyrite and sphalerite inclusions in pyrite. Sample D1_103.06. 
Abbreviations: ab = albite, ank = ankerite, ap = apatite, brt = barite, cal = calcite, cat = cattierite (CoS2), 
cc = chalcocite, ccp = chalcopyrite, gn = galena, mc = microcline, py = pyrite, qtz = quartz, rt = rutile, sp 
= sphalerite. 

D 

B A 
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Fig. 56: Mineralized silty dolostone from the DOF horizon. (A) Automated mineralogy image of ~1mm 
chalcopyrite (orange) grain intergrown with sphalerite (light orange) and minor cattierite (peach) in a 
quartz vein. Sample D1_106.7.  (B) Reflected light image showing chalcopyrite concentrated adjacent to 
microveinlets filled with opaque organic matter rich and present as small disseminated grains in the 
ankerite-quartz dolostone host rock. Sample D1_105.22. (C) Plane polarized light image of pyrite 
(opaque) – quartz vein with a greenish clinochlore vein coating. The host rock is an organic-rich, 
calcareous shale. Sample D2_68.4. (D) SEM BSE image of a cattierite (CoS2) grain with mixed Cu-Co-S-
Fe minerals. The sulfides are surrounded by microcline and quartz that contain very small grains of 
disseminated chalcopyrite.  Sample, D2_61.87.  Abbreviations: cat = cattierite (CoS2), cc = chalcocite, 
ccp = chalcopyrite, gn = galena, mc = microcline, py = pyrite, qtz = quartz, sp = sphalerite. 

Supergene oxidation of sulfides in both veins and the wall rock resulted in the formation of iron 

oxides as well as minor chalcocite (Fig. 57; Appendix B17).  Chalcocite rims chalcopyrite, pyrite, and 

sphalerite grains (Fig. 57). Carbonate grains are intergrown with iron oxides some of which is zinc-

bearing (Fig. 57C).  In the drill holes, supergene alteration is absent below 111 meters.  

B A 

C D 

400 µm 

Bedding 
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Fig. 57: Supergene alteration of sulfides in the DOF horizon. (A) Reflected light image of supergene 
chalcocite rimming and replacing chalcopyrite in a quartz vein. Sample D2_66.5. (B) Automated 
mineralogy image of chalcocite rimming and replacing chalcopyrite, sphalerite and minor cattierite. 
Sample D1_106.7. (C) SEM BSE image of chalcocite rimming and replacing chalcopyrite. The edges of 
ankerite grains in the ankerite-quartz host rock are replaced by zinc-bearing ankerite probably formed 
during supergene alteration. Sample D2_66.5. (D) SEM BSE image of chalcocite rimming pyrite in an 
ankerite- and quartz-rich host rock. Multiple phases of ankerite are evident by the weak difference in BSE 
gray-scale color and geochemical spot signatures. Sample D2_62.28. Abbreviations: ank = ankerite, cat = 
cattierite (CoS2), cc = chalcocite, ccp = chalcopyrite, py = pyrite, qtz = quartz, sp = sphalerite. 

Geochemical analysis of core samples from both DOF1 and DOF2 drill holes were used to 

determine the amount of carbonate and total organic carbon (TOC) present in mineralized versus 

unmineralized rock was executed by GeoMark Research, Ltd. in March 2016 (Appendix F).  

Unmineralized samples from both DOF1 and DOF2 contain lower TOC values than mineralized 

counterparts (TOC = 0.68-0.7% vs. 1.2-1.6%; Appendix F).  These results support the petrographic 

observations that sulfides in the wall rock are preferentially located next to veinlets of organic matter and 

suggest that redox processes were operating during mineralization. 

C D 

A B 
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Eighteen samples containing sulfides from both veins and wall rock in the DOF horizon were 

utilized for sulfur isotopic analyses to evaluate the source of sulfur (Fig. 58; methods in Appendix D). 

While pyrite was coarse enough to sample individually in both veins and the wall rock, the fine grain size 

of most chalcopyrite meant that mixed pyrite-chalcopyrite samples were analyzed.   

The samples display a range of values from -4 to +9‰ with most falling between 0 and +3‰ 

(Fig. 58).  Isotopic values from sulfides in veins and in wall rock overlap.  Thus, the similarity of sulfide 

assemblages in the veins and wall rock, the decrease in metal content outward from veins, and the sulfur 

isotopic results all point to mineralization occurring simultaneously in both the veins and wall rock.   

The most likely source of sulfur in the area is Neoproterozoic seawater (δ 34S values between +15 

to +25‰; Claypool et al., 1980; Strauss et al., 2001), given the absence of either evaporites or abundant 

diagenetic pyrite within the stratigraphic section or igneous rocks.  Given this, the sulfide sulfur isotopic 

values suggest thermochemical reduction of seawater sulfate.  

There appears to be virtually no alteration associated with the quartz-ankerite veins. Extremely 

minor silicification of the wall rock was noted in some but not all samples.  A lack of alteration is also 

suggested by carbon and oxygen stable isotopes of the wall rock within and outside the DOF horizon. 

There is little variation between the carbon and oxygen isotopic values of mineralized versus 

Fig. 58: δ 34S values of eighteen pyrite and pyrite ± chalcopyrite samples taken from the DOF. The 
samples have sulfur isotopic values of -4 to +9‰ suggesting thermochemical reduction of sulfate 
probably derived from Neoproterozoic marine sulfate. 
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unmineralized DOF horizon dolostone.  Typical δ13C and δ18O isotopic values for unaltered 

Neoproterozoic marine carbonates are –5 to +10‰ and +19 to +26‰, respectively (Jacobsen and 

Kaufmann, 1999).  Carbon and oxygen isotopic values from both mineralized and unmineralized 

dolostone in the DOF1 and DOF2 drill cores (Fig. 59 and Fig. 60; methods in Appendix D) fall within 

this range.  

   

Fig. 59: δ13C (VPDB) values vs. depth for mineralized and unmineralized samples from DOF1 and DOF2 
drill cores. The overlap in the range of isotopic values between the mineralized and unmineralized 
samples suggests little isotopic exchange between the wall rocks and the hydrothermal fluids responsible 
for sulfide mineralization.  
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Fig. 60: δ13C (VPDB) values vs. δ18O (VSMOW) for mineralized and unmineralized samples from DOF1 
and DOF2 drill cores. The overlap in the range of isotopic values between the mineralized and 
unmineralized samples suggests little isotopic exchange between the wall rocks and the hydrothermal 
fluids responsible for sulfide mineralization. 

The Cu-rich sulfide assemblage, together with the presence of biotite in the veins suggests that 

the hydrothermal fluids responsible for mineralization had temperatures of at least 200⁰C (Large et al., 

2005).  
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CHAPTER 5 

DISCUSSION 

5.1 Stratigraphy and Structure  

The Ombombo Subgroup sedimentary package in the area mapped thickens towards the east. 

Carbonate and organic content of the rocks within this sequence were also observed to increase eastward. 

Miller (2013) suggested that the basin containing the Ombombo Subgroup sequence deepened northward.  

Given the abundance of fine-grained material that appears accurate, but the present study indicates that, 

across the field area, the basin also deepened to the east. This is supported by the presence of turbidites 

within the Ombombo Subgroup to the east of the field area in the EKZ (Miller, 2008).  The reasons for 

the thickening of the Ombombo Subgroup sequence are poorly constrained. If the Nosib Group – 

Ombombo Subgroup contact represents an unconformable surface, then the pre-Ombombo package was 

likely tilted to account for increased accommodation eastward. Alternatively, additional accommodation 

space in the eastern portion of the area could have resulted from syn-sedimentary normal faulting (Fig. 16 

and Fig. 17), or potentially the accommodation was created through a combination of both. 

 The carbonate rocks in the mapped Ombombo Subgroup section are generally very fine grained 

and thick bedded to massive. They commonly contain organic material but are not fetid.  They are 

interpreted to have been deposited from pelagic fallout in a low-energy environment.  The calcareous and 

arkosic silty sandstones within the sequence clearly contain detrital grains and are interpreted to be 

channels deposited in an inter-slope setting. The calcareous material in these rocks is probably a 

combination of detrital carbonate grains and diagenetic carbonate cement.  The polycrystalline quartz and 

feldspar present in the immature sandstones and arkoses was most likely derived from the Epupa 

basement gneiss that lies below the Nosib Group to the west and was observed along Transect L (Fig. 26). 

Overall, four main phases of deformation have been locally recorded within the field area. The 

first consists of syn-sedimentary normal faulting likely caused from the rift climax environment (Miller, 

2013).  The second event consists of NNE-directed shortening, causing 500m- to km-scale, upright, tight 

to open folds across the field area. The eastward thickening of the Ombombo Subgroup strata appears to 



64 
 

influence the fold geometries since the fold amplitudes increase from ca. 200m to 2km followed by no 

folding as the strata thickens eastward.  Two sets of quartz veins at high angle to bedding with 60° to 

subvertical dips may have formed during this event. One set trends WNW and likely formed parallel to 

cleavage along predisposed weaknesses. The second set trends NNE, perpendicular to the trend of the 

folds, and is interpreted as having formed perpendicular to extension. Most veins form perpendicular to 

extension, but they can form parallel too.  Bedding parallel, banded, mineralized, quartz-ankerite-biotite 

veins probably formed from bedding slip pre- to syn-folding during the Damara orogeny. The veins that 

are at high angle with bedding lack biotite as well as sulfide, suggesting they formed at a lower 

temperature than the bedding parallel veins. Alternatively, the veins at high angle with bedding were not 

connected with metal-bearing hydrothermal fluids.  The third deformation event resulted in faults 

indicated by the magnetics data (Fig. 50), and was also likely coincident with E-W shortening from the 

Damara orogeny. A final deformation event resulted in late faults that cut surficial sediments.  

5.2 DOF Mineralization 

The DOF horizon in the study area contains anomalously high cobalt, copper, iron, lead, 

manganese, and zinc and low amounts of phosphorous relative to other rocks in the local stratigraphic 

succession (Fig. 52). Copper grades over a several-meter interval exceed 0.5% Cu in the two drill holes 

indicating that significant copper mineralization did occur.   

Soil geochemistry and the analyses of base metals conducted in the field with the handheld XRF 

do not suggest an increase in metal grades adjacent to the supposed positions of syn-sedimentary faults.  

An exception is a suspected syn-sedimentary fault 500m south of Transect G around which there are 

somewhat higher copper grades in the DOF horizon (Fig. 21; Appendix H). Similarly, fold hinges within 

the DOF horizon do not appear to show increased metal grades relative to samples from adjacent fold 

limbs even though several of these suspected early normal faults may have controlled the location of later 

folds (Appendix H).   

The DOF1 and 2 drill holes demonstrate that sulfides, at least locally, are concentrated in and 

adjacent to bedding parallel crack-seal quartz-ankerite-biotite veins and organic-rich veinlets (Fig. 53, 
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Fig. 54, Fig. 61).  The banded nature of the mineralized quartz-ankerite-biotite veins suggests that these 

structures were active conduits for multiple pulses of fluid flow (Ramsay, 1980).  Such veins most likely 

formed during deformation and the presence of biotite in the veins suggests vein formation at elevated 

temperatures.  As the only known thermal event in the area is that associated with the Damaran 

deformation and low-grade metamorphism (ca. 560-550 Ma; Miller, 2008), sulfide mineralization 

probably took place at this time.  A Damaran age would match Rb-Sr ages determined on hypogene 

willemite from several of the base metal deposits in the Otavi Mountainland (Schneider et al., 2008), but 

is slightly  

 

Fig. 61: Model for mineralization of the DOF horizon. Metal-bearing fluids migrating from below the 
DOF horizon were focused into the unit via bedding parallel veins formed during the Damaran orogenic 
event.  Sulfides precipitated as pulses of these fluids escaped along the veins.  Additional sulfides were 
deposited as this hydrothermal fluid reacted via redox with organic matter in the DOF dolostones. It is 
likely that the Nosib Group sandstone formed the ultimate metal source.  Sulfur for the sulfides was likely 
sourced from connate Neoproterozoic seawater.  

younger than the ages proposed for several of the copper rich deposits in the Otavi Mountainland 

(Lombaard et al., 1986; Pirajno, 2009; Pirajno and Joubert, 1993).  

The reasons for apparent preferential formation of the banded quartz-ankerite-biotite veins in the 

DOF horizon are unclear.  The DOF horizon represents the first thick carbonate unit in the mid-
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Ombombo sequence, and it is possible that its rheology compared to adjacent rocks allowed brittle 

deformation along bedding.  The DOF horizon displays weak silicification in the eastern portion of the 

study area.  This slight lithological variation may have been responsible for increased bedding parallel 

veining in this area, which would account for the higher base metal values of the DOF horizon in the east 

relative to the western area.  

The spatial association of sulfides adjacent to organic matter-bearing veins and a higher 

concentration of TOC in mineralized samples indicates sulfide precipitation also occurred due to redox 

reactions.  No examples of mineralized organic matter-rich veins cut by banded quartz-ankerite veins 

were observed.  Thus, the timing of redox related mineralization relative to quartz-ankerite related 

mineralization is unconstrained. 

The eastward thickening of the Ombombo Subgroup strata may have helped focus regional flow 

of mineralizing fluids from southeast to northwest. The lack of alteration across the field area makes the 

exact positions of hydrothermal fluid flow hard to discern.  The lack of alteration suggests that less 

hydrothermal fluid interacted with these rocks compared to the rock sequences hosting other sedimentary 

rock-hosted stratiform copper deposits such as those within the Central African Copperbelt.  Structure 

also played an important role in channelizing the mineralizing fluids within the DOF horizon, at least in 

the area of Kunene Resources' drill holes, as demonstrated by the “crack-seal” veins.  It is unclear if 

similar structural controls existed in the western part of the field area where no drilling has been done. 

5.3 Comparison to Other Deposits 

The relationships of sulfides within the DOF horizon in Kaokoland are somewhat analogous to 

what is observed in the Mesoproterozoic Kalahari Copperbelt in northwest Botswana and within the Otavi 

Mountainland (OML) deposits to the southeast in northern Namibia.   

Within the Kalahari Copperbelt, sulfides occur within a relatively reduced package of carbonate 

and silty siliciclastic rocks above a thick hematitic siliciclastic package suggesting redox control (Hall, 

2013).  However, sulfides are most prominent in bedding-parallel quartz(-carbonate) veins.  Recent work 

indicates punctuated periods of mineralization extending from near the time of sedimentation to periods 
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of deformation (W. Hall, pers. commun., 2016).  The available data from the DOF horizon suggests a 

similar story may account for mineralization in this area. 

The OML contains several sediment-hosted, base metal deposits with some similarities to the 

mineralized DOF unit in Kaokoland (Fig. 62).  Pirajno (2009) suggests that three distinct mineralizing 

events occurred in the OML region.  The first event formed “Berg Aukas-type” carbonate-hosted Zn 

deposits in the middle-Abenab Subgroup.  A second mineralization event was responsible for producing 

Cu-rich deposits such as Tsumeb, Kombat, and Tschudi beneath and along the sub-Mulden Group 

unconformity (Pirajno, 2009; Pirajno and Joubert, 1993).  A third mineralization event resulted in 

 

Fig. 62: Location of mineral deposits in the Otavi Mountainland of northern Namibia (modified from 
Pirajno, 2009). 

supergene vanadium mineralization that overprinted earlier sulfide assemblages (Boni et al., 2007). The 

first two events are described in detail below, in order to compare the mineralizing events to DOF 

mineralization. 
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5.3.1 “Berg Aukas-Type” Deposits 

“Berg Aukas-type” Zn-Pb(-V) deposits occur primarily within karst dissolution cavities, collapse 

breccias, and other voids in carbonate rocks of the Abenab Subgroup (Fig. 63). These are thought to 

represent a type of Mississippi Valley-type deposit formed via basin dewatering (Pirajno, 2009). The 

deposits contain hypogene galena and sphalerite with minor pyrite, tennantite (Cu12As4S13), chalcopyrite, 

and enargite (Cu3AsS4).  Supergene weathering that likely occurred primarily during the Cenozoic 

resulted in the formation of smithsonite (ZnCO3), cerussite (PbCO3), descloizite ((Pb,Zn)2(OH)VO4) and 

willemite (Zn2SiO4) (Boni et al., 2007).  

 

Fig. 63: Genetic model for the formation of “Berg Aukas-type" deposits in the Otavi Mountainland. 
White arrows show pathway of low temperature Pb-Zn rich basinal fluids that reacted with fluids 
containing reduced sulfur in stratigraphic and structural traps (from Pirajno, 2009 after Pirajno and 
Joubert, 1993). 

5.3.2 “Tsumeb-Type” Deposits 

 “Tsumeb-type” (Pb-Cu-Zn-Ge) deposits, including Tsumeb, Kombat, and Tschudi (Söhnge, 

1964; Kamona, 2007) are concentrated along or below the Tsumeb Subgroup-Mulden Group 

unconformity. These deposits are hosted in carbonate rocks or in feldspathic siliciclastic material along 

the unconformity or filling karst cavities (Fig. 64).  Mineralization temperatures in the “Tsumeb-type” 
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deposits are believed to have been approximately 375-405°C, higher than mineralization temperatures 

postulated for the “Berg Aukas-type” deposit (up to 255°C) (Pirajno, 2009).  “Tsumeb-type” deposits are 

copper-rich, commonly contain enhanced arsenic, and may have associated zones of Fe-Mn 

mineralization.  “Tsumeb-type” mineralization is thought to have formed from fluids expelled during the 

Damara orogeny (Chetty, 2000).  The different metal contents and characteristics of the “Tsumeb-type” 

and “Berg Aukas-type” deposits have been attributed to movement of hydrothermal fluids through 

different rock types (Pirajno, 2009).  

The Tsumeb Pb-Cu-Zn-Ag deposit is hosted in dolomitic rocks of the upper Tsumeb Subgroup 

within a 1716m pipe that cuts through over a kilometer of section (Fig. 63; Pirajno, 2009).  The pipe 

plunges approximately perpendicular to bedding down-stratigraphy within competent dolomite rocks, and 

subparallel to bedding up-stratigraphy within incompetent limestone rock types.  Feldspathic sandstone, 

interpreted as Tschudi Formation, has been found within the pipe, suggesting that mineralization post-

dated, Mulden Group deposition (Pirajno, 2009).  Dolomite rocks adjacent to the orebody have been  

 

Fig. 64: "Tsumeb-type" genetic model for ore genesis in the OML. Black arrows show pathway of higher 
temperature, Cu-rich basinal fluids related to metamorphic devolitisation and circulation. Black and white 
arrows depict assumed localized mobilization of ores from “Berg Aukas-type” mineralization. The 
Kombat hydrothermal fluids are considered exhalative whereas Tsumeb are considered pipe infill (from 
Pirajno, 2009 after Pirajno and Joubert, 1993). 
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dedolomitized (i.e. calcitized), but otherwise little alteration is observed. The main ore minerals are 

galena, tennantite, sphalerite, chalcocite, bornite, pyrite, and enargite.  Massive sulfide ore is concentrated 

in the upper portions of the pipe and on the periphery of the pipe; stringer and disseminated ores are 

found in deeper parts of the pipe. 

The Kombat deposit is composed of at least five essentially stratabound, Cu-Pb-Zn ore bodies 

along the Tsumeb Subgroup-Mulden Group unconformity (Fig. 63). Kombat contains layers of 

manganese and iron oxides along with barite, silicates, and chert within and adjacent to karstic 

sandstones. Oxide mineralization appears to have pre-dated sulfide mineralization (Innes and Chaplin, 

1986; Minz, 2008).  Sulfide mineralization is thought to have occurred during the Damara orogeny with 

sulfides concentrated along parasitic folds in the axial plane of the Otavi Valley Syncline’s north limb 

(Deane, 1993).  Sulfides at Kombat occur in breccia matrix, quartz veins, and as stratabound replacement 

bodies. The main hypogene ore minerals are chalcopyrite, bornite, pyrite, pyrrhotite, covellite, and 

chalcocite ± sphalerite, galena, tennantite, enargite, and pyrite; unlike Tsumeb, Kombat lacks germanium.   

The Kombat orebodies are surrounded by a zone of dolomite recrystallization and fracture controlled 

calcitization and local kaolinization or sericitization of detrital feldspar (Pirajno, 2009). Fluid inclusion 

work suggests two metal sources: one Cu-rich, and another Pb-Zn-rich. Although Kombat’s classification 

remains enigmatic, authors have proposed three models: a redox-controlled sediment-hosted stratiform 

copper deposit (Osterman, 1999), a modified MVT (Awmack, 2012), or a Kipushi-type deposit (Cox and 

Bernstein, 1986; Hitzman et al., 2005).  

 The Tschudi Cu-Ag deposit located on the southern limb of the Tschudi-Uris Syncline is hosted 

within basal Mulden Group sandstones just above the Tsumeb Subgroup-Mulden Group unconformity. 

Tschudi has a relatively simple mineral assemblage of upward-zoned chalcocite to bornite to 

chalcopyrite; it lacks the Zn-Pb±Ge present in the other deposits (Kamona, 2007).  Little to no alteration 

is associated with Tschudi (M.W. Hitzman, pers. commun., 2016). The orebody is generally planar and 

stratiform and likely formed from metal-bearing hydrothermal fluids within karst cavities that permeated 
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into the overlying basal Mulden Group strata.  Sulfides likely precipitated due to a redox change caused 

by hydrogen sulfide (McKinney, 2009).  

In comparison with the OML deposits, the DOF horizon lacks arsenic, germanium, silver, and 

vanadium and is not associated with an unconformity surface.  However, none of the deposits in the OML 

appear to be connected with igneous activity, large sequences of evaporates, or large-scale alteration, 

although some dedolomitization (calcitization) is present.  Moreover, the DOF shares an apparent Damara 

orogenic age with the OML deposits, and the most likely source of copper for all of the OML deposits is 

the Nosib Group red beds stratigraphically below the DOF horizon. Thus, the DOF likely represents a 

deep expression of the types of mineralizing systems that produced the OML deposits.  
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CHAPTER 6 

CONCLUSION 

The Dolomite Ore Formation (DOF) represents a very fine-grained, <1-14m thick, organic-rich 

(~1.5% TOC) shaley, ankeritic dolostone to silty dolostone that dips ~60⁰ to the north and has been 

mapped over a 32km extent. This stratigraphic horizon is defined by its anomalous copper (<0.1-1% Cu), 

zinc, cobalt, lead, manganese and iron with inverse phosphorous relative to the surrounding lithologies; 

mineralization grades increase eastward. The DOF horizon’s Cu-Zn-Co-Pb mineralization is hosted 

primarily in chalcopyrite and supergene chalcocite, sphalerite, cattierite and galena. The horizon thickens 

towards the east in a similar fashion to the underlying Ombombo Subgroup strata. Overall, the basin 

containing the Ombombo Subgroup strata appears to deepen northward (Miller, 2013) and locally 

eastward. The DOF mineralization appears to be controlled by bedding parallel, quartz-ankerite-biotite 

veins and organic-rich veinlets, which suggest a redox control. The veins show little to no alteration other 

than weak silicified halos. Mineralization of the DOF horizon appears to have occurred during a thermal 

event, given the presence of biotite in many mineralized veins.  The only known thermal event to have 

affected the area was the Damara orogeny (ca. 560-550 Ma).  This deformation event is believed to have 

caused the local NNE-directed shortening and the E-directed shortening, which likely produced the 500m- 

to km-scale, upright, open to tight folds plunging 9-32⁰ and later faults across the study area, respectively.  

The Damara orogeny is also known to have been the driver for the formation of a number of mineral 

deposits to the southeast of the study area in the Otavi Mountainland (OML). Consequently, the same 

mineralizing system may have formed both the DOF and other OML deposits stratigraphically-higher in 

the section such as Tsumeb, Kombat, Tschudi, and Berg Aukas. 

The following is recommended for future work: 

 Drill the DOF farther westward to test if the copper is structurally controlled by the same 

crack-seal veins intersected in DOF1 and DOF2 drill holes. 

 Conduct a fluid inclusion study to better constrain the fluid salinity and temperatures.  
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 Additional geological mapping of the areas identified in this study of potential syn-

sedimentary faults (i.e. Fig. 16) and farther geochemical analyses to determine if they are 

mineralized.  

 Determine whether faults exist in the covered area between Transect C and Transect D 

and whether they are mineralized.  This could be accomplished through a detailed 

analysis of the analytical signal geophysics data and additional drilling. 

 Conduct Re-Os for dating of sulfides in order to compare to mineralization dates in the 

Otavi Mountainland, Kalahari Copperbelt, and the timing of the Damara orogeny.  

 Geometallurgical research to determine means of extracting metals from samples of the 

mineralized DOF dolostones.  

 Regional mapping, using Geological Survey of Namibia maps and/or publically available 

geophysical data, to target areas of carbonaceous strata in the Ombombo Subgroup that 

are cut by late Damaran-aged faults that could have the potential for concentrating base 

metal sulfide or oxide minerals.  
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APPENDIX A: STRUCTURAL FIELD DATA 

Table A1: Average strike and dip of beds in the DOF unit from east to west across the field area. 

Zone (Ref: Fig. 11) DOF Dip Direction DOF Dip 
Transect B, A, C 010-030° 60-85° 
DOF Drill holes 020° 60° 

Transect D, 010-030° 30° 
Transect E, F 010-030° 50-58° 
Transect G 220° 62° 

Transect I, N, O, P 020-035° 55-65° 
Transect Q, R 018-028° 45-55° 

 

  

Sample # LONG (E) LAT (N) Elevation Structure Dip Strike

N343 -17.8487670 13.7178960 1301 Cleavage 82 124

N370 -17.8461370 13.7187850 1256 Cleavage 62 130

N376 -17.8467970 13.7180590 1264 Cleavage 78 166

N379 -17.8473660 13.7177630 1276 Cleavage 70 135

N380 -17.8474190 13.7177870 1277 Cleavage 65 120

N401 -17.8455770 13.7211960 1252 Cleavage 75 125

N430 -17.8530260 13.7167790 1353 Cleavage 78 308

N499 -17.8474240 13.6935320 1336 Cleavage 49 320

N502 -17.8469710 13.6926470 1391 Cleavage 53 316

N503 -17.8462530 13.6918990 1392 Cleavage 60 322

N504 -17.8463280 13.6910080 1410 Cleavage 70 290

N517 -17.8449830 13.6872300 1317 Cleavage 85 310

N522 -17.8444250 13.6854690 1311 Cleavage 70 284

N555 -17.85416496 13.69212801 1376 Cleavage 70 292

N556 -17.85143598 13.69261097 1376 Cleavage 76 150

N589 -17.85903501 13.69583096 1465 Cleavage 62 310

TG1 -17.84955299 13.69143097 1396 Cleavage 34 46

N661 -17.84998499 13.82930598 1230 Cleavage 60 290

N688 -17.84410399 13.73064604 1249 Cleavage 65 135

N972 -17.84082097 13.64223498 1468 Cleavage 88 300

N1173 -17.83537701 13.59424003 1375 Cleavage 90 285
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Sample # LONG (E) LAT (N) Elevation Structure Dip Strike Lithology

N198 -17.852603 13.816047 1253 Qtz Vein 68 284

N688 -17.844104 13.730646 1249 Qtz Vein 60 308 DOF

N698 -17.843551 13.728206 1246 Qtz Vein 78 108 DOF

N719 -17.848506 13.666619 1352 Qtz Vein 75 5 Dolostone

N724 -17.848902 13.666580 1353 Qtz Vein 80 124 Silty Sandstone

N752 -17.828411 13.435429 1169 Qtz Vein 68 122 Silty Sandstone

N770 -17.831264 13.435701 1216 Qtz Vein 70 14 Dolostone

N775 -17.832010 13.435776 1221 Qtz Vein 70 42 Dolostone

N833 -17.824178 13.400403 1172 Qtz Vein 67 34 Dolostone

N1107 -17.850031 13.704938 1368 Qtz Vein 68 158 DOF

N1107 -17.850031 13.704938 1368 Qtz Vein 62 200 DOF

N1108 -17.849789 13.704273 1371 Qtz Vein 78 280 DOF

N1108 -17.849789 13.704273 1371 Qtz Vein 58 200 DOF

N1111 -17.849282 13.702609 1357 Qtz Vein 50 187 DOF

N1152 -17.833323 13.551486 1393 Qtz Vein 65 282 DOF

N1176 -17.838711 13.593295 1463 Qtz Vein 58 44 Calc. Silty Sandstone
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Sample # LONG (E) LAT (N) Elevation Structure Dip Strike

N009 -17.8512860 13.8077250 1261 Bedding 70 285

N027 -17.8527410 13.8081260 1248 Bedding 85 315

N046 -17.8513020 13.8077680 1255 Bedding 78 106

N047 -17.8512450 13.8074480 1251 Bedding 58 106

N050 -17.8513370 13.8078980 1258 Bedding 74 294

N053 -17.8514630 13.8087360 1257 Bedding 68 124

N057 -17.8515830 13.8089830 1255 Bedding 72 282

N060 -17.8516710 13.8093280 1257 Bedding 80 128

N062 -17.8523710 13.8090210 1248 Bedding 82 264

N066 -17.8527480 13.8080030 1254 Bedding 88 104

N067 -17.8522050 13.8077440 1246 Bedding 60 274

N074 -17.8509540 13.8082830 1256 Bedding 84 292

N074 -17.8509540 13.8082830 1256 Bedding 84 292

N081 -17.8506250 13.8078900 1254 Bedding 88 278

N081 -17.8506250 13.8078900 1254 Bedding 88 278

N131 -17.8530600 13.8130160 1240 Bedding 78 290

N145 -17.8522520 13.8093610 1244 Bedding 77 290

N161 -17.8528080 13.8150490 1253 Bedding 62 120

N162 -17.8529280 13.8156160 1250 Bedding 80 290

N163 -17.8529400 13.8155160 1251 Bedding 68 124

N169 -17.8533010 13.8163720 1250 Bedding 77 292

N171 -17.8532060 13.8161760 1248 Bedding 78 112

N176 -17.8527820 13.8135000 1240 Bedding 68 110

N253 -17.8510890 13.8063300 1259 Bedding 80 94

N258 -17.8509650 13.8045860 1254 Bedding 78 308

N266 -17.8503870 13.8008550 1253 Bedding 88 290

N268 -17.8502220 13.7999870 1247 Bedding 77 296

N300 -17.8521610 13.8149730 1260 Bedding 82 290

N308 -17.8530300 13.8162580 1249 Bedding 74 280

N312 -17.8527050 13.8160860 1255 Bedding 72 310

N320 -17.8451490 13.8166944 1255 Bedding 78 302

N321 -17.8523060 13.8163210 1255 Bedding 85 300

N327 -17.8532050 13.8165150 1244 Bedding 62 292

N328 -17.8520720 13.8162380 1256 Bedding 70 296

N330 -17.8513350 13.8161200 1256 Bedding 62 288

N335 -17.851022 13.814098 1250 Bedding 87 305

N337 -17.8517030 13.8154550 1259 Bedding 70 290

N341 -17.84900799 13.793653 1250 Bedding 85 284

N350 -17.8482110 13.7176490 1294 Bedding 62 274

N351 -17.8408010 13.7176359 1296 Bedding 48 232

N354 -17.84726297 13.717388 1272 Bedding 30 242
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Sample # LONG (E) LAT (N) Elevation Structure Dip Strike

N360 -17.84843199 13.71621299 1290 Bedding 38 232

N370 -17.8461370 13.7187850 1256 Bedding 78 202

N382 -17.8475970 13.7178320 1282 Bedding 32 240

N386 -17.8479420 13.7180840 1289 Bedding 31 232

N417 -17.85196002 13.71492997 1318 Bedding 58 142

N426 -17.85280801 13.71355802 1343 Bedding 54 278

N429 -17.8494750 13.7153100 1301 Bedding 42 245

N432 -17.85233502 13.71165097 1359 Bedding 56 292

N469 -17.85206001 13.70998699 1385 Bedding 58 295

N483 -17.8481850 13.6982450 1359 Bedding 58 280

N484 -17.848348 13.69720199 1381 Bedding 60 290

N505 -17.84675703 13.69120298 1422 Bedding 62 300

N529 -17.8476430 13.6892940 1378 Bedding 82 307

N541 -17.84390903 13.6856540 1306 Bedding 72 286

N547 -17.84961501 13.69200898 1416 Bedding 58 298

N586 -17.85721396 13.69513803 1447 Bedding 61 340

N722 -17.84879199 13.66679697 1358 Bedding 63 294

N749 -17.82701002 13.43426504 1128 Bedding 85 278

N750 -17.82814904 13.43518403 1152 Bedding 70 128

N751 -17.82832397 13.43544102 1161 Bedding 60 120

N758 -17.82938403 13.43593396 1206 Bedding 62 306

N780 -17.832529 13.43531596 1191 Bedding 85 262

N783 -17.83334398 13.43495999 1157 Bedding 80 290

N786 -17.83418703 13.43475698 1136 Bedding 85 292

N787 -17.83578998 13.43409799 1130 Bedding 80 291

N789 -17.83138999 13.47122404 1180 Bedding 80 274

N818 -17.83868199 13.47126 1219 Bedding 86 271

N818 -17.83868199 13.47126 1219 Bedding 80 277

N844 -17.82597997 13.40039503 1182 Bedding 78 264

N848 -17.82607997 13.40035999 1184 Bedding 85 275

N864 -17.83207303 13.50730503 1241 Bedding 82 278

N885 -17.83568596 13.50710403 1340 Bedding 84 279

N889 -17.83650496 13.50741299 1298 Bedding 80 276

N907 -17.84465301 13.65567704 1476 Bedding 55 288

N968 -17.84086104 13.64429902 1490 Bedding 75 326

N994 -17.84031998 13.63837704 1468 Bedding 59 300

TA9 -17.8519130 13.8082830 1253 Bedding 85 284

TB1 -17.8493560 13.8157340 1255 Bedding 85 120

TB2 -17.8494750 13.8157630 1250 Bedding 80 134

TC2 -17.8492620 13.7961390 1252 Bedding 68 310

TG5 -17.84944503 13.69190396 1418 Bedding 62 132

N1057 -17.83718197 13.61823902 1416 Bedding 53 296
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Sample # LONG (E) LAT (N) Elevation Structure Dip Strike

N1078 -17.83859499 13.60147404 1352 Bedding 55 298

N1088 -17.84021496 13.59649904 1428 Bedding 48 288

N1109 -17.84973898 13.70407398 1365 Bedding 76 98

N1122 -17.831938 13.59493003 1435 Bedding 75 274

N1149 -17.829782 13.55269999 1316 Bedding 85 92

N1155 -17.83365 13.55144698 1399 Bedding 76 82

N1163 -17.87347603 13.66720702 1365 Bedding 75 307

N1168 -17.87799102 13.66619297 1316 Bedding 90 300
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APPENDIX B: ADDITIONAL PETROLOGY 

DOF1 (DOF Mineralization 110.8m to ~103.5m) 

DOF1 drill hole at 72.97m: Carbonate cycle transition from dark-gray, very-fine-grained, 

organic-rich silty carbonate to light-gray, fine- to medium-grained silty carbonate with a lack organics 

and abundance of pyrite cubes (Fig. B1).  

    

Fig. B1: Turbite cycle transition from organic-rich, dark-gray, very fine-grained ankerite (left) to light 
gray, fine- to medium-grained ankerite with abundant pyrite cubes (left) at 72.97m in DOF1 drill hole. In 
A) Core. B) Thin section; PPL.  

DOF1 drill hole at 77.03m: Dark-gray weakly calcareous shale with disseminated pyrite and 

some pyrite blebs. According to the XRF analysis of the core, the pyrite has ~0.5% Cu, based on small 

grains of chalcopyrite (tarnished blue) that pyrite appears to be replacing (Fig. B2B). Some lighter 

medium-gray, fine-grained carbonate-quartz-feldspar clasts too.  

 

Fig. B2: Weakly calcareous shale with disseminated pyrite blebs at 77.03m in DOF1 drill hole. Tarnished 
blue-colored chalcopyrite being replaced by pyrite. In A) Core. B) Thin section; reflected light.  
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DOF1 drill hole at 98.12m: Dark-gray, weakly calcareous shale with some disseminated pyrite 

and supergene carbonate veinlets; sample taken across carbonate vein (whitish) and small (<1mm) quartz 

veinlets with pyrite (Fig. B3).  

  

Fig. B3: Dark-gray, organic-rich, weakly calcareous shale being cross cut by supergene carbonate veinlets 
at 98.12m in DOF1 drill hole. Euhedral pyrite band cuts through weakly calcareous shale. In A) Core. B) 
Thin section; PPL.  

DOF1 drill hole at 101.25m: Dark-gray, weakly calcareous shale with pyrite cubes that appear 

to be focused around lighter-colored quartz and feldspar rich zones (Fig. B4B). Euhedral pyrite appears to 

be replacing trace amounts of chalcopyrite (Fig. B4A). The pyrite lenses (Fig. B4B) roughly exist along 

bedding.  

  

Fig. B4: Bedding parallel pyrite in weakly calcareous shale replacing chalcopyrite at 101.25m in DOF1 
drill hole. In A) Core. B) Thin Section; reflected light.  

DOF1 drill hole at 102.35m: The sample was taken at the change in carbonate cycle, at the start 

of a new carbonate pulse up-hole (up-stratigraphy). It transitions from a dark-gray, fine-grained, weakly 

calcareous shale to a light-gray, medium-grained, carbonate mudstone. There appears to be a slight 

correlation between the copper concentration and the turbidite packages; namely, there are more sulfides 
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in the coarser-grained oolite package than the finer-grained, shaley package (Fig. B5A). This is probably 

because the mineralizing fluids could make their way through the more permeable, coarser-grained rock 

more easily. It appears that cubic pyrite is replacing the blue tarnished chalcopyrite, untarnished straw-

yellow colored chalcopyrite, and the gray-colored sphalerite. The sphalerite appears to be ~syn-

mineralization with the chalcopyrite because both are embaying each other and have inclusions of each 

other (Fig. B5A).  

   

Fig. B5: A) Carbonate cycle transition at 102.35m in DOF1 drill hole in core. B) Pyrite cubes replacing 
blue-tarnished chalcopyrite. The sphalerite appears to be ~syn-mineralization with the chalcopyrite 
because both are embaying each other and have inclusions of each other. Mineralization appears to 
preferentially occur within coarser grained carbonate cycle, possibly because mineralizing fluids could 
make their way through this more permeable host rock; reflected light.  

DOF1 drill hole at 103.06m: Dark-gray, weakly calcareous shale with cubic pyrite roughly 

along bedding. The sulfides appear to be forming in areas that have more quartz +/- feldspar and less 

organics, which may be because the mineralizing fluids used up the organic matter to form the sulfides. 

Most of the pyrite that exists is cubic, not framboidal, which suggests that the pyrite formed late. There is 

also chalcopyrite and sphalerite that appears to be replaced by pyrite (Fig B6A). Elevated copper was not 

detected around this zone via XRF, but clearly some copper still exists this far away from the ‘crack and 

seal’ Cu-bounding structure.  
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Fig. B6: A) Weakly calcareous shale with pyrite aligned roughly along bedding at 103.06m in DOF1 drill 
hole. The cubic, not framboidal, pyrite is likely late. In A) Core. B) Thin Section. Pyrite grain replacing 
chalcopyrite and sphalerite; reflected light.  

DOF1 drill hole at 103.55m: Medium-gray, weakly calcareous shale with abundant quartz veins. 

Sample occurs within the DOF (which starts about 103.5m). Minor pyrite, trace sphalerite (Fig. B7B and 

Fig. B7C) and trace chalcopyrite is observed in the quartz vein.  

 

  

Fig. B7: A) Medium-gray, weakly calcareous shale with abundant quartz veining within DOF at 103.55 in 
DOF1 drill hole. B) Sphalerite in the quartz vein; PPL. C) Same as Fig. B7B but in reflected light.  
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DOF1 drill hole at 105.22m: Dark-gray weakly calcareous shale with very fine (<1mm) quartz 

veinlets sub-parallel to bedding (Fig. B8B). Organic-rich, darker-colored bands have higher 

concentrations of disseminated chalcopyrite and sphalerite (Fig. B8A). This is likely because the 

mineralizing Cu-Zn fluids were reduced at these mobilized, organic-rich centers and consequently 

precipitated out chalcopyrite and sphalerite. Organic material appears migrated in, not in-situ. 

  

Fig. B8: Calcareous shale with cross-cutting organic veinlets at 105.22m in DOF1 drill hole. Organic-
rich, mobilized veinlets appear to concentrate the chalcopyrite and sphalerite. In A) Core. B) Thin section; 
reflected light.  

DOF1 drill hole at 106.7m: Deformed vuggy vein with quartz, dark-gray, weakly calcareous 

shale and high Cu values; only core-visible chalcopyrite seen was observed here (Fig. B9B, circled 

yellow on core). Fig. 9A shows the largest chalcopyrite observed in core (~1mm in size); the chalcopyrite 

has some gray-colored sphalerite intergrown, which appears to have formed syn-chalcopyrite.  

   

Fig. B9: Deformed weakly calcareous shale with abundant quartz veining at 106.7m in DOF1 drill hole. 
Very high Cu values (>1% Cu) recorded in handheld XRF. Chalcopyrite is intergrown with sphalerite 
within the deformed, vuggy quartz vein within the DOF horizon (highlighted by the yellow circle on the 
core in Fig. B9B). In A) Core. B) Thin section; reflected light C) Clinochlore alteration selvage on side of 
deformed quartz vein; PPL.  
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DOF1 drill hole at 109.1m: Medium-gray, weakly calcareous, bedded shale with disseminated 

pyrite and blackish organic bands along bedding. The Cu-Zn sulfides appear to preferentially be forming 

near/along the blackish organic bands (Fig. B10).  

  

Fig. B10: Medium-gray, weakly calcareous, carbonaceous, bedded shale with sphalerite and chalcopyrite 
near organic-rich veinlets at 109.1m in DOF1 drill hole. In A) Core. B) Thin Section. Straw-yellow 
colored chalcopyrite intergrown with gray-colored sphalerite (syn-mineralization); reflected light.  

DOF1 drill hole at 110.3m: Very fine-grained, organic-rich, weakly calcareous shale with 

veinlets of coarse-grained, cubic pyrite (not framboidal pyrite) (Fig. B11). The organic content increases 

towards the pyrite veinlet. Diagenetic carbonate and some quartz infilled in the largely pyrite vein. No 

Cu-sulfides observed.  

 

Fig. B11: Weakly calcareous shale with ~5mm pyrite veinlet at 110.3m in DOF1 drill hole. Organic 
content increases towards pyrite vein.  

DOF1 drill hole at 110.7m: Very fine-grained, organic-rich, weakly calcareous shale with folded 

veinlet of medium to coarse-grained, euhedral pyrite, fine-grained carbonate, quartz fragments and 

organic-rich shaley material (Fig. B12).  
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Fig. B12: Carbonaceous, weakly calcareous shale with disseminated, folded euhedral pyrite veinlet at 
110.7m in DOF1 drill hole. In A) Core. B) Thin Section.  

DOF1 drill hole at 110.8m: “Crack & seal” vein; quartz-ankerite-biotite crack and seal vein 

structure with pyrite and trace Cu-Pb-Zn sulfides; 2500ppm Cu reported from the ALS geochemical assay 

test (Fig. B13A).  

  

Fig. B13: A) “Crack-and-seal” quartz-ankerite-biotite vein structure at 110.8m in DOF1 drill hole. B) 
Pyrite replacing straw-yellow-colored chalcopyrite in the crack and seal vein; reflected light. 

DOF1 drill hole at 110.95m: Dark-gray/black, homogenous, weakly calcareous shale with minor 

disseminated pyrite and chalcopyrite. Sample is taken between two crack-and-seal faults, which bound 

the Cu mineralization. 
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Fig. B14: Dark-gray to black, homogenous, weakly calcareous shale with minor disseminated cubic pyrite 
and subhedral to anhedral chalcopyrite taken between the two crack-and-seal vein structures bounding 
Cu-mineralization; at 110.95m in DOF1 drill hole. In A) Core. B) Thin section, reflected light.  

DOF1 drill hole at 111.2m: Quartz-ankerite-biotite “crack-and-seal” vein fault with pyrite, 

chalcopyrite, and some sphalerite. This structure bounds the mineralization from 451ppm below the 

structure, to 2950ppm in the crack-seal-vein structure and 2450ppm in the interval between sample 

D1_111.2 and D1_110.8 (i.e. the up-strat split of the structure).  

  

 

Fig. B15: “Crack-and-seal” quartz-ankerite-biotite structure that bounds mineralization at 111.2m in 
DOF1 drill hole. In A+B) Core. C) Thin section; reflected light.  
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DOF 2 (DOF Mineralization: 68.75m ~ 58m) 

DOF2 drill hole at 57.17m: Dark-gray, weakly calcareous shale with no veins; some med-

grained, med-gray, weakly calcareous clasts (thin section taken within these); some iron-oxides + rutile; 

foliation is largely defined by black organic matter (Fig. B16A and Fig. B16B). 

 

Fig. B16: Dark-gray, weakly calcareous shale at 57.17m in DOF2 drill hole in PPL (A) and XPL (B) 
showing the fine-grained nature of the rocks. There are abundant quartz fragments, ankerite, iron oxides 
and organic matter. 

DOF2 drill hole at 57.75m:  Dark-gray, weakly calcareous shale with minimal quartz veins and 

trace disseminated pyrite; some chalcopyrite (+/- altering to covellite) that accounts for Cu in XRF (Fig. 

B17A); abundant pyrite altering to iron oxides (Fig. B17) and iron oxides throughout the slide.  

 

Fig. B17: Weakly calcareous shale at 61.87m in DOF2 drill hole. A) Chalcopyrite altering to covellite in 
reflected light. B) Pyrite altering to iron oxides in reflected light. 
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DOF2 drill hole at 59.7m: Quartz vein with black migrated hydrocarbons at the border between 

the vein and the fine-grained carbonate (Fig. B18A and Fig. B18B). These are the largest hydrocarbons 

observed in thin section. 

 

Fig. B18: Migrated hydrocarbons boarding quartz vein and fine-grained, organic-rich carbonate host at 
59.7m in DOF2 drill hole. In A) PPL and B) XPL. 

DOF2 drill hole at 61.87m: This dark-gray, weakly calcareous, high-Cu grade shale is 

dominated by ankerite, quartz fragments, organic material, sulfides, and Fe-oxides (hard to see much in 

thin section; Fig. B19,B20). In reflected light, the thin section has abundant chalcopyrite altering to 

covellite, and pyrite sometimes replacing the chalcopyrite (Fig. B20B).  

  

Fig. B19: A) Chalcopyrite altering to covellite, reflected light. B) euhedral pyrite at 61.87 in DOF2 drill 
hole.  
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Fig. B20: Weakly calcareous shale at 61.87m in DOF2 drill hole with chalcopyrite altering to covellite in 
reflected light.  

DOF2 drill hole at 62.28m: Dark-gray, weakly calcareous, pyritic (disseminated and in blebs), 

organic-rich, high Cu grade shale that has undergone supergene weathering. Relatively large chalcopyrite 

grain observed in reflected light in a vuggy quartz vein (Fig. B21B). The mineralization appears to be  

  

  

Fig. B21: Weakly calcareous shale with supergene weathering at 62.28m in DOF2 drill hole. Chalcopyrite 
is being replaced by supergene chalcocite. In A) Core. B,C,D) Thin section; reflected light.  

mostly chalcopyrite. The reddish material is hematite/goetite, which lost most of its grayish-lustre in 

reflected light because it is pitted and/or fine-grained. There is also a lot of organic material, and there are 
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several pyrite grains replacing chalcopyrite, with some chalcocite rimming the chalcopyrite (Fig. B21C 

and Fig. B21D). 

DOF2 drill hole at 64.72m: Medium-gray, weakly calcareous shale with reddish stringer, 

bedding parallel veinlets and a couple quartz veinlets (Fig. B22A). The thin section contains moderately-

abundant pyrite along the reddish-stringer veinlets, and some chalcopyrite (straw yellow in reflected light) 

and sphalerite (lighter gray in reflected light) throughout (Fig. B22B and Fig. B22C). Some supergene 

iron-oxides are observed with tarnished (blueish) chalcopyrite grains (Fig. B23A and Fig. B23B). 

      

  

Fig. B22: A) Weakly calcareous shale at 64.72m in DOF2 drill hole. B) Chalcopyrite intergrown with 
sphalerite in reflected light. Difficult to say which came first; thus, probably ~ the same time. C) Medium-
gray iron oxides, blueish-chalcopyrite altering to covellite, light gray sphalerite in reflected light. 
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Fig. B23: Weakly calcareous shale with iron oxides and tarnished chalcopyrite at 64.72m in DOF2 drill 
hole. In A) PPL. B) Reflected light. 

DOF2 drill hole at 66.5m: Dark-gray, weakly calcareous with pyrite veinlets and disseminated 

pyrite; thin section taken across organic-rich, supergene weathered zone with pyrite, quartz, chalcopyrite, 

and evidence of supergene chalcocite replacing chalcopyrite (Fig. B24A to Fig. B24D).   

 

 

Fig. B24: A) Weakly calcareous shale with supergene weathering at 66.5m in DOF2 drill hole. B) Iron-
oxide in fine-grained carbonate and organic-rich host rock; there is some pyrite surrounding, but not 
visible in this picture. This makes up the “blackish” vein surrounding the quartz vein in (A). C) 
Chalcopyrite in quartz vein in reflected light. D) Light gray-colored supergene chalcocite replacing 
chalcopyrite in reflected light.  
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DOF2 drill hole at 67.45m: Medium gray, weakly calcareous shale (Fig. B25). The sulfides are 

precipitating out of solution in hydrothermal veins (highlighted by blue line). They are hydrothermal 

because they do not appear diagenetic; pyrite +/- chalcopyrite is also concentrated along carbonaceous 

bands (highlighted in yellow), because they would have precipitated at this redox boundary. In thin 

section, the following sulfides were observed (Fig. B26): chalcopyrite, sphalerite, pyrite, and galena. It is 

common for the chalcopyrite to occur as inclusions within the sphalerite, and appears that the chalcopyrite 

and sphalerite mineralization likely occur simultaneously.  

 

Fig. B25: Weakly calcareous shale at 67.45m in DOF2 drill hole. Medium-gray, weakly calcareous shale 
with evidence of hydrothermal quartz + sulfide precipitates. There are also organic-rich veinlets where the 
sulfides appear to be preferentially precipitating out.  

Hydrothermal vein that is bringing  

in pyrite, and Cu-Pb-Zn-Co sulfides 
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Fig. B26: Weakly calcareous shale at 67.45m in DOF2 drill hole with A+B) Pyrite precipitated along 
carbonaceous band with hydrothermal quartz on the left. A=reflected light; B = XPL. C) Chalcopyrite in a 
hydrothermal quartz vein with some covellite at top left. Reflected light. D) Pyrite replacing sphalerite 
and a small grain of chalcopyrite, circled in orange. It appears that pyrite is replacing sphalerite since the 
pyrite is cubic and a pseudomorph of sphalerite texture in upper right corner; reflected light E) 
Chalcopyrite, sphalerite and cubic galena with some angular pits. It is common for chalcopyrite to occur 
as inclusions within the sphalerite; reflected light. 
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DOF2 drill hole at 68.4m: Dark-gray, weakly calcareous shale with quartz and pyrite veinlets 

(Fig. B27). Displays bedding within host rock and quartz vein cubic pyrite and chlorite vein coatings (Fig. 

B27). 

  

Fig. B27: Organic-rich, weakly calcareous shale with carbonate-pyrite veinlet moderate angle to bedding 
with clinochlore vein coatings; at 68.4m in DOF2 drill hole. In A) Core. B) Thin section, PPL.  

DOF2 drill hole at 68.75m: This “crack-and-seal” vein bounds the mineralization of the DOF, 

such that the copper increased from 244ppm Cu immediately down-stratigraphy to 2450ppm Cu 

immediately up-stratigraphy (from ALS geochemistry results) (Fig. B28A). shows Chalcopyrite slightly 

altered to bluish covellite, surrounded by pyrite (Fig. B28B). Chlorite observed along the “crack and seal” 

vein (Fig. B29A). Sphalerite and cubic pyrite were observed, but it is unclear from this thin section which 

came first (Fig. B29B). 

  

Fig. B28: A) “Crack-and-seal” quartz-ankerite-biotite vein structure at 68.75m in DOF2 drill hole. The 
“crack and seal” vein bounds the copper mineralization from 244ppm Cu immediately down-stratigraphy 
to 2450ppm Cu immediately up-stratigraphy. B) Chalcopyrite slightly altering to blue-ish covellite with 
large euhdral pyrite grains next to chalcopyrite in reflected light. 

Bedding 

B 

A 

 

B 

400 µm 

400 µm 



99 
 

 

 

Fig. B29: Images from 68.75m in DOF2 drill hole. A) Chlorite in the “crack and seal” vein in PPL. B) 
Sphalerite on left with pyrite on right in reflected light. 

DOF2 drill hole at 69.75m: Dark-gray, weakly calcareous, bedded shale with trace disseminated 

fine-grained (<0.5mm) pyrite and some medium-gray quartz grains (Fig. 30A). No mineralization 

detected in XRF.  

  

Fig. B30: A) Weakly calcareous, organic-rich, bedded shale at 68.75m, below the DOF horizon, in DOF2 
drill hole. Quartz fragments and carbonate grains scattered throughout section. Organic-rich bands define 
bedding. B) Thin section taken from quartz rich area.  

DOF2 Drill hole at 73.82m: Dark-gray, weakly calcareous shale with pyrite/quartz band along 

bedding (Fig. B31B); trace chalcopyrite (tarnished blue to covellite) is mixed in with coarse pyrite in the 

quartz vein (Fig. B31A). There is finer-grained pyrite along the edge of the quartz vein boarding the 

shale.  
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Fig. B31: Dark-gray, weakly calcareous shale with quartz and sulfide vein. Trace chalcopyrite (tarnished 
blue to covellite) exists in between coarse, euhedral pyrite grains within the vein; at 73.82m, below the 
DOF horizon, in DOF2 drill hole. In A) Core. B) Thin section; reflected light.  

DOF2 drill hole at 106.35m: Dark-gray, weakly calcareous, bedded arkose (+/- shale) taken 

down-stratigraphy from the DOF. There are very fine-grained sulfides scattered throughout the arkose 

(likely pyrite), and some fine-grained pyrite in the quartz vein (Fig. B32A,B,C).  

            

  

Fig. B32: Weakly calcareous, bedded arkose with very fine-grained disseminated pyrite and 2mm cross-
cutting quartz vein; at 106.35m in DOF2 drill hole, below DOF horizon. In A) Core. B) Thin section, 
XPL. C) Thin section, reflected light. 
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Sample N1077: This immature arkose is located 2.4m down-stratigraphy from the DOF. It has 

some feldspar grains altering to clay and/or mica (seritization) (Table B1, Fig. B33A). Likewise, 

weathered very small (<0.02mm) pyrite grains are present (Fig. B33B).  

Table B1: Notes on sample N1077. 

Mineral Modal 
Percentage 

Average 
Size (mm) 

Average 
Shape 

Notes 

Carbonate 
(Cb)  

50  Wispy, 
chaotic 

Micritic material or diagenetic and pre-
compaction cement because grains are not 
touching; carbonate does not appear twinned 
thus likely not metamorphosed. 

Quartz 
(Qtz) 

30 .05 - .4 Sub-angular to 
sub-rounded 

Lots of metamorphic quartz with undulose 
boundaries 

Feldspar 
(Fsp) 

15 .05 - .15 
(max .25) 

Sub-angular Microline (Mc) ~75% and albite (Ab) ~25%; 
no anorthite seen; minor Fsp that appears to 
be altered to clay or mica (Fig.A) 

Fe-oxides <5 <.05 Blebs Evidence of ~.01mm cubic pyrite (Fig.B); 
most other Fe-oxides appear to alter center of 
carbonate grains 

Mica <2 <.2 Tabular Dominantly muscovite (Ms); minor biotite 
(Bt) 

 

   

Fig. B33: Immature arkose 2.4m down-stratigraphy of the DOF (N1077). A) Thin section showing 
general mineralogy consisting of carbonate, quartz, microcline, albite, and muscovite. B) Cubic Fe-oxide 
grains weathered after ~0.01mm pyrite grains; Ab – Albite, Mc – Microcline, Qtz – Quartz, Ms- 
Muscovite, Cb- Carbonate, Fsp – Feldspar. 
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APPENDIX C: SCANNING ELECTRON MICROSCOPE AND AUTOMATED-MIENRALOGY 

METHODS AND ADDITIONAL IMAGES 

Field Emission scanning electron microscopy (FE-SEM) and TIMA automated mineralogy was 

conducted under the supervision of Dr. Katharina Plaff at the Colorado School of Mines’ Geology and 

Geological Engineering department. Five thin sections were analyzed by FE-SEM. Carbon coated thin 

sections were loaded into a Mira3 field emission SEM (FE-SEM) from TESCAN and scanned at a 

working distance of 10mm. The machine used an acceleration voltage of 15kV, and a beam intensity of 

11. Minerals were identified through analysis of the EDX spectra peak energies and resulting peak 

heights. FE-SEM allowed identifying the mineralogy of the very fine-grained host rock and 

mineralization products. 

Eight samples were analyzed using scanning electron microscopy at the Colorado School of 

Mines to determine their mineralogy. Carbon coated samples were coated into the VEGA SEM platform 

from Tescan and the analysis was initiated using the control program TIMA. Four energy dispersive X-

ray (EDX) spectrometers acquired spectra from each particle with a beam stepping interval (i.e., spacing 

between acquisition points) of 30 µm for overview scans and 7 µm for high-resolution scans, an 

accelerating voltage of 25 keV, and a beam intensity of 14. Interactions between the beam and the sample 

were modeled through Monte Carlo simulation. The EDX spectra were compared with spectra held in a 

look-up table allowing an assignment to be made of a composition at each acquisition point. The 

assignment makes no distinction between mineral species and amorphous grains of similar composition. 

Results were output by the TIMA software as a spreadsheet giving the area percent of each composition 

in the look-up table. This procedure allows a compositional false-color map to be generated. Composition 

assignments were grouped appropriately. 
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Fig. C2: False color image at 106.7m in DOF1 drill hole from TIMA auto-mated 
mineralogy. Large chalcopyrite grain within quartz deformed quartz vein (referenced in 
Fig. 51A).  

 

Fig. C1: Crack and seal vein at 110.8m in DOF2 drill hole showing virtually no albite in false-color 
TIMA automated mineralogy image.  
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Fig. C3: False color image at 67.45m in DOF2 drill hole from TIMA auto-mated mineralogy.  

 

Fig. C4: False color TIMA automated-mineralogy image of calcareous silty sandstone rock type, 
immediately down-stratigraphy of the DOF along Transect E (N426).  
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APPENDIX D: STABLE ISOTOPE METHODS 

The isotopic composition of the carbonate minerals around the DOF were studied to better 

understand the process of alteration and mineralization. δ 13C and δ 18O isotope analyses were completed 

on forty-seven samples from the DOF1 and DOF2 drill cores. Approximately 2mg of pure calcite or 5-

6mg of pure dolomite was liberated from whole rock by micro drilling at the Colorado School of Mines. 

Isotopic analysis of carbonate was conducted using a Micromass Multiprep device attached to a 

Micromass Optima mass spectrometer at the USGS facility in Lakewood, Colorado by Cayce Gulbransen 

and Dr. Craig Johnson. Samples were placed in septum vials, which were heated to 90°C, evacuated, and 

acidified with 100% phosphoric acid to produce CO2 for isotopic analysis by dual viscous inlet.  δ 13C and  

 

Sample

Delta 13C 

wrt VPDB

Delta 

18O wrt 

D2_53.58 -1.95 23.81

D2_55.25 0.08 22.83

D2_57.17 dark 0.85 22.77

D2_57.17 light 1.49 21.32

D2_57.75 -0.57 23.56

D2_59.55 2.57 20.03

D2_59.7 2.46 20.98

D2_60.53 2.30 20.96

D2_61.87 0.57 20.80

D2_62.28 -1.21 23.25

D2_64.72 2.43 21.26

D2_66.5 2.19 20.93

D2_67.15 2.32 21.45

D2_67.45 2.95 21.19

D2_68.4 2.56 21.17

D2_69.15 2.67 23.45

D2_69.75 2.56 22.64

D2_72.1 (rerun) 2.64 21.77

D2_81.02 2.67 22.86

D2_106.35 0.88 21.75

N1077 0.21 19.64

N1077 (replicate) 0.13 19.43

N426 2.55 22.41

N426 (replicate) 2.48 22.03

N995 2.42 18.09

N995 (replicate) 2.43 18.13

Sample

Delta 13C 

wrt VPDB

Delta 18O 

wrt VPDB

D1_72.97 2.95 22.92

D1_77.03 3.07 22.05

D1_91.7 3.03 23.02

D1_98.12 host 1.88 21.75

D1_98.12 vein 2.60 20.42

D1_101.25 3.16 21.88

D1_102.35 dark 2.76 21.20

D1_102.35 light 3.36 21.04

D1_103.06 2.59 20.14

D1_103.55 3.54 20.71

D1_104.83 3.46 20.58

D1_105.22 3.28 20.15

D1_106.7 2.71 20.22

D1_107.72 2.03 20.90

D1_108.25 2.07 21.40

D1_109.95 2.64 21.00

D1_110.3 2.31 21.10

D1_110.7 1.85 20.07

D1_111.2 (rerun) 1.84 20.54

D1_111.45 2.33 22.82

D1_115.15 2.16 22.37

D1_117.7 2.42 23.28

D1_128.76 dark 1.97 23.02

D1_129.9 -1.23 21.90
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δ 18O values are expressed relative to VPDB and VSMOW, respectively. The mass spectrometer system 

was calibrated daily by analyzing laboratory standards that had been previously calibrated against NBS 18 

calcite and NBS 19 calcite using the values recommended for these standards by Brand et al. (2014). 

Reproducibility of the measurements was ±0.06‰ for δ 13C and ±0.1‰ for δ 18O (both 1- σ) (Cayce 

Gulbransen, pers. commun., 2016). 

Eighteen samples of 0.22 ± 0.02 mg pyrite or pyrite ± chalcopyrite, derived by micro drilling at 

the Colorado School of Mines, were analyzed to better understand the source of DOF mineralization 

sulfur. About 1mg of vanadium pentoxide (V2O5) was added to each aluminum sample container. At the 

USGS facility in Lakewood, Colorado, the samples were analyzed by Matt Emmons and Dr. Craig 

Johnson. Macapsules were loaded into the autosampler of a Flash 2000 elemental analyzer coupled to a 

Thermo Delta Plus XP mass spectrometer. Isotopic measurements were performed by continuous flow 

isotope ratio monitoring (Gieseman et al., 1994). Values of δ 34S are expressed relative to Vienna Cañon 

Diablo Troilite (VCDT). Calibration of the mass spectrometer system was carried out daily by analyzing 

internal standards that had been previously calibrated against NBS 127 sphalerite and IAEA-S-1 silver 

sulfide using the δ 34S values recommended for these standards by Brand et al. (2014). Reproducibility of 

the measurements was ±0.2‰ (1-σ) (Cayce Gulbransen, pers. commun., 2016). 
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Sample
Delta 34S 

VCDT Pyrite Occurance Location
D1_101.25 -3.9 pyrite Up-Strat of DOF
D1_103.06 -3.8 pyrite Up-Strat of DOF
D1_106.7 0.1 pyrite/chalcopyriteDOF
D1_109.95 0.5 pyrite DOF
D1_110.3 1.8 pyrite Crack/Seal Vein
D1_110.7 3.0 pyrite DOF
D1_111.2 1.7 pyrite/chalcopyrite Crack/Seal Vein
D1_115.15 9.0 pyrite Down-Strat of DOF
D1_117.7 4.3 pyrite Down-Strat of DOF
D2_66.5 8.7 Pyrite DOF
D2_67.15 6.8 Pyrite DOF
D2_68.4 2.0 Pyrite DOF
D2_68.75 1.3 Pyrite/Chalcopyrite Crack/Seal Vein
D2_69.15 4.7 Pyrite Down-Strat of DOF
D2_72.1 2.7 Pyrite Down-Strat of DOF
D2_73.82 1.5 Pyrite/Chalcopyrite Down-Strat of DOF
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APPENDIX E: GEOCHEMISTRY METHODS AND DATA 

 Trace and major element geochemical analysis was performed at ALS laboratories in South 

Africa. The rocks were analyzed using ALS’ ME-MS61r and ME-XRF26 procedures. Prior to analysis, 

the samples were crushed to 90% <2mm and then pulverized to 95% <106 µm. ME-MS61r is a four acid 

digest on the sample to quantitatively dissolve nearly all minerals in the majority of geological materials. 

Multi-acid digestion using a combination of hydrochloric acid, nitric acid, hydrofluoric acid, and 

perchloric acid (HClO4). Because hydrofluoric acid dissolves silicate minerals, these digestions are often 

referred to as ‘near-total digestions’. Multi-acid (4 acid) digestion is a very effective dissolution 

procedure for multi-element analysis at trace levels of detection, which was important for obtaining Cu, 

Zn, Co, Fe, Mn concentrations in samples across the DOF. However, there can be a loss of volatile 

elements (i.e. B, As, Pb, Ge, Sb) during this type of digestion and some refractory minerals (especially 

oxide minerals) are only partially digested. ALS labs noted that REE may not be totally soluble using this 

method (SGS, 2016).  

 ME-XRF26 is the ALS labs method used for measuring major rock-forming elements (i.e. oxide 

minerals). The nature of lithophile elements and the matrices in which they occur require fusion methods 

for complete dissolution. Both X-Ray Fluorescence (XRF) and ICP-AES (atomic emission spectroscopy) 

instrument finishes can be used effectively for the major rock-forming elements when following a fusion 

(SGS, 2016).  

 The following figures (Fig. 1E to Fig. 10E) show the geochemical findings from the remaining 

transects not displayed in Fig. 52. Overall, these results are consistent with the geochemical results 

discussed in Chapter 4.  
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Fig. E1: Geochemical results from Transect B, located in the far eastern extent of the DOF field area. 
Rock type legend described in Fig. 16. 
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Fig. E2: Geochemical results from Transect C, located in the eastern extent of the DOF field area. Rock 
type legend described in Fig. 16. 
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Fig. E3: Geochemical results from DOF1 drill hole, located in the eastern plains extent of the DOF field 
area. Rock type legend described in Fig. 16. 
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Fig. E4: Geochemical results from Transect D, located in the eastern mountainous extent of the DOF field 
area. Rock type legend described in Fig. 16. 
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Fig. E5: Geochemical results from Transect F, located in the eastern mountainous extent of the DOF field 
area. Rock type legend described in Fig. 16. 
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Fig. E6: Geochemical results from Transect G, located in the eastern mountainous extent of the DOF field 
area. Rock type legend described in Fig. 16. 
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Fig. E7: Geochemical results from Transect I, located in the central mountainous extent of the DOF field 
area. Rock type legend described in Fig. 16. 
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Fig. E8: Geochemical results from Transect O, located in the mountainous extent of the DOF field area. 
Rock type legend described in Fig. 16. 
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Fig. E9: Geochemical results from Transect P, located in the mountainous extent of the DOF field area. 
Rock type legend described in Fig. 16. 



118 
 

 

Fig. E10: Geochemical results from Transect Q, located in the mountainous extent of the DOF field area. 
Rock type legend described in Fig. 16. 
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Fig. E11: LogK vs. Temp (°K) for the reaction Ca5(PO4)3OH (apatite)  5Ca2+ + 3PO4
3- - OH-. The logK 

shows that apatite has extremely low solubility, but unfortunately this graph cannot tell over which 
temperature bracket.  
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APPENDIX F SOURCE ROCK ANALYSIS FULL DATA 

 

  

Fig. F1: Source potential logs from GeoMark Research, Ltd.  

Rock Sample Percent Leco Rock-Eval-2 Rock-Eval-2 Rock-Eval-2 Rock-Eval-2

ID Type Carbonate TOC S1 S2 S3 Tmax

(wt%) (wt%) (mg HC/g) (mg HC/g) (mg CO2/g) (°C)

D1_107.72 Core 46.42 1.64 0.19 0.15 0.17 0

D1_111.45 Core 38.38 0.70 0.14 0.16 0.13 0

D2_68.4 Core 50.94 1.21 0.11 0.08 0.04 0

D2_69.75 Core 39.09 0.68 0.11 0.02 0.12 0

Rock Sample Calculated Hydrogen Oxygen S2/S3 S1/TOC Production

ID Type %Ro Index Index Conc. Norm. Oil Index

(RE TMAX) (S2x100/TOC) (S3x100/TOC) (mg HC/mg CO2) Content (S1/(S1+S2)

D1_107.72 Core 0.00 9 10 1 12 0.56

D1_111.45 Core 0.00 23 19 1 20 0.47

D2_68.4 Core 0.00 7 3 2 9 0.58

D2_69.75 Core 0.00 3 18 0 16 0.85
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Fig. F2: HC indicator and maturity logs from GeoMark Research, Ltd. 

 

Fig. F3: Kerogen Quality Plot from GeoMark Research, Ltd.  
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Fig. F4: Percent total organic carbon (TOC) and carbonate from source rock analysis by GeoMark 
Research, Ltd. Higher percent TOC in mineralized samples likely helped them act as a more competent 
reductant, because migrated hydrocarbons act as a redox front for precipitating copper, zinc, lead and 
cobalt sulfides. 
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APPENDIX G CORE PHOTOS DOF1 AND DOF2 

DOF1 Core Photos (Wet); TD @ 130.6m. DOF is between 111.2~103m: 
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DOF2 Core Photos (Wet); TD @ 139.5m. DOF is between 68.75~55m: 
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Approximate DOF End 
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DOF Start 
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APPENDIX H ADDITIONAL GEOLOGICAL MAPS AND SECTIONS 

 

Fig. H1: Farthest mapped eastern extent of the DOF. The DOF appears to go under alluvial sand cover 
and stays consistently at 0.1-.2% Cu before doing so. Legend referenced in Fig. 43.  
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Fig. H2: Eastern DOF is 2-6m thick, slightly calcareous dolostone ± silty dolostone and contains 0.1-
0.3% Cu. It usually dips steeply to the north. Legend referenced in Fig. 43. 
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Fig. H3: Eastern DOF before it goes under alluvial sand cover to the west; it outcrops <1m 
discontinuously with 0.1% to 0.2% Cu before going under cover. Legend referenced in Fig. 43.   



146 
 

 

Fig. H4: Geological map displaying Transect D, E and F along the DOF. The DOF is 2-4m thick and has 
0.1% to 0.3% Cu. Two carbonate marker rock types were used to constrain the DOF. Three of Rio Tinto’s 
drill holes (SDD1, SDD4, and SDD5) are highlighted. Legend referenced in Fig. 43. 
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Fig. H5: Geological map displaying Transect F and G along the DOF. The DOF folds in the mountains, 
but surprisingly, is not found to outcrop much at all in either large fold nose. The DOF continues to grade 
~0.2% Cu near Rio Tinto’s 1993 boreholes and into the northern fold nose. However, the DOF grades 
<0.1% Cu into the southern fold hinge. Legend referenced in Fig. 43. 
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Fig. H6: Geological map displaying Transect N. The DOF is <1m thick but is moderately mineralized 
(0.1-0.5% Cu) for most of this two kilometer stretch. Legend referenced in Fig. 43. 
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Fig. H7: Geological map displaying Transect I along the DOF. The DOF is <1m thick and is minimally 
mineralized (<500 ppm Cu) until the stretch near Transect I. Legend referenced in Fig. 43. 
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Fig. H8: Geological map displaying Transect O along the DOF. The DOF is <1m thick, 0.1-0.2% Cu and 
outcrops consistently around the small fold to the east before going under cover on the hillside; the large 
fold in the center is assumed based largely on the orthophoto contours and sandstone outcropping. Legend 
referenced in Fig. 43. 
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Fig. H9: Geological map displaying Transect P along the DOF. The DOF is now a silty dolostone, and 
<1m thick with <0.1% Cu. Large areas were not mapped in detail between transects in this westward 
extent. Legend referenced in Fig. 43. 
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Fig. H10: Regional measured sections taken in the western part of the DOF field area. The transects 
across the Ombombo Subgroup were used to help connect the stratigraphy, and learn whether a 
continuous, >1m thick, Cu-rich outcropping horizon exists. Unfortunately, a continuous, >1m 
outcropping, Cu-anomalous horizon was not located in this western extent. The hypothesized location of 
the DOF horizon has been used as a datum for this correlation.  

 

 

 



153 
 

APPENDIX I PHASE DIAGRAMS 

 

Fig. I1: Predominance fields of sulfur species in the system H-S-O as a function of log fO2 and pH at 
200⁰C and 1,000 bars (from Williams-Jones, 2014).  

 

Fig. I2: Predominance fields for chloride, bisulfide, and hydroxide species of copper in aqueous liquid as 
a function of log fO2 and pH at 200⁰C and 1,000 bars, 1m naCl and ΣS = 0.001 m (from Williams-Jones, 
2014).  
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Fig. I3: Predominance diagram for single-phase aqueous system at 250⁰C, As = 0.1, 1000 bars (calculated 
in Prof. Alexander Gysi’s Colorado School of Mines’ GEOL525 class using excel). 
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APPENDIX J DETAILED DOF1 AND DOF2 CORE LOGS 

 

Fig. J1: Detailed log of DOF1 drill core over the mineralized interval from 102-109m. The bottom of this 
log is in Fig. J2. 
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Fig. J2: Detailed log of DOF1 drill core over the mineralized interval from 109-116m. The top of this log 
is in Fig. J1. 
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Fig. J3: Detailed log of DOF2 drill core over the mineralized interval from 55-62m. The bottom of this 
detailed log is in Fig. J4. 
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Fig. J4: Detailed log of DOF2 drill core over the mineralized interval from 62-69m. The top of this 
detailed log is in Fig. J3. 


