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Abstract :- Orogenic gold deposits are typically characterized by structurally controlled hydrothermal 
veins that host auriferous sulfide. Remobilization of gold during post-ore metamorphism and defor-
mation plays a critical role in ore localization. This study investigates boudinaged quartz veins (BQVs) 
at the K1 prospect within the Usakos Dome, central Namibia, which shares geological characteristics 
with the nearby Navachab deposit in the Karibib Dome. 

Detailed field mapping, petrographic observations under reflected light, and gold assays were 
undertaken to evaluate the influence of structural controls on sulfide remobilization and gold distribu-
tion. Petrography reveals ore textures indicative of sulfide remobilization, including `durchbewegung´ 
structures, chalcopyrite–pyrrhotite intergrowths, and pyrite replacement by pyrrhotite. At Navachab, 
boudinaged quartz veins are mineralized with sulfides, predominantly pyrite, chalcopyrite, pyrrhotite, 
as well as minor arsenopyrite, galena, sphalerite, and covellite. Gold assays from Navachab indicate 
elevated concentrations in boudin necks relative to the boudin bodies, suggesting that well-developed 
boudinage promotes localized gold enrichment through rheological contrasts between the vein and wall 
rock. However, this relationship is not clearly established at the K1 prospect. 

Field mapping and structural analysis at the K1 prospect indicate that veins earlier thought of as 
boudinaged, actually represent `apparent´ boudinage, implying that the remobilization process differs 
from previous interpretations or may not have occurred at all. Although vein density at Navachab 
exceeds that at K1, it appears to exert limited control on sulfide remobilization and gold grade within 
individual veins. Instead, structural deformation and vein rheology play a more dominant role in con-
trolling gold redistribution in orogenic vein-type deposits.  

 
Keywords: Remobilization, Sulfides, Boudinaged quartz veins, Spes Bona Member, Oberwasser 
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Introduction 

 
Orogenic gold deposits are the most sig-

nificant epigenetic gold systems in metamor-
phic terrains and account for roughly 70–75% 
of the world’s primary lode gold (Goldfarb et 
al., 2005; Goldfarb & Groves, 2015). These de-
posits form predominantly from metamorphic 
fluids generated by converging plates and are 
associated with accretionary or collisional oro-
genic zones (Groves et al., 1998; Kerrich et al., 
2000; Gaboury, 2019). Structurally, mineraliza-
tion occurs in hydrothermal vein systems 
hosted in brittle to brittle-ductile deformation 
zones along ancient faults or folds (Groves et 
al., 1998; Goldfarb et al., 2001; Kisters, 2005; 

De Carvalho, 2019; Goldfarb et al., 2019). 
These veins commonly contain sulfide minerals 

such as pyrite, pyrrhotite and arsenopyrite, 
which are closely associated with gold (Gold-
farb & Groves, 2015). 

An important mechanism affecting oro-
genic gold deposits is metamorphic remobiliza-
tion by which pre-existing mineralization is re-
distributed and chemically modified during 
metamorphism (Vokes, 1969; Marshall & Gilli-
gan, 1987, 1993). It involves the movement of 
ore-forming elements through solid-state, hy-
drothermal, or combined mechanisms, leading 
to the reconcentration and alteration of metals 
and minerals, particularly during prograde 
metamorphism and fluid-rock interaction (Cox, 
1987; Rutter, 1993; Li et al., 2022).  Mechani-
cal remobilization requires rheological diver-
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gence between sulfides and their host rocks 
(Marshall & Gilligan, 1987). Gold remobiliza-
tion in orogenic gold deposits can be achieved 
through alteration and deformation of structures 
containing sulfides (Biagioni et al., 2020; 

Hastie et al., 2020; Li et al., 2023). Brittle-duc-
tile boudinage structures are prime examples of 
features that record deformation, that form 
when layers, bodies, or foliation planes with 
contrasting rheology are stretched and seg-
mented during bulk extension (Goscombe et al., 
2004; Rodrigues & Pamplona, 2018; Bamberg 

et al., 2022).  
Structures that superficially resemble 

boudinage may in fact be `apparent´ boudinage, 
which can lead to misinterpretation. Bons & 
Druguet (2007) note that these features may 
arise from shear bands, faults, or the opening of 
fracture jogs. In apparent boudins, beads are 
joined by thin connecting seams with minimal 
internal deformation, whereas true boudins ex-
hibit strongly sheared material within the con-
necting zones (Bons et al., 2004). 

Previous studies focused on ore remobi-
lization due to metamorphism and deformation 
in general (Barnes, 1987; Plimer, 1987; Mar-
shall & Gilligan, 1987, 1993; Marshall & 

Mancini, 1994; Xu & Zhou, 2001; De Roo & 

Staal, 2003; Houghton et al., 2004; Zhao et al., 
2021; Li et al., 2022). Although many orogenic 
gold deposits display boudinaged quartz veins 
as evidence of deformation, there is compara-
tively limited research specifically investigat-
ing remobilization processes within these bou-
dinaged vein structures (Amponsah et al., 2015; 

Williams & Blenkinsop, 2024). Understanding 
these processes is critical, because they directly 
influence gold concentration, vein geometry, 

and ultimately exploration strategies in struc-
turally complex terrains. 

This study focused on the QKR Nava-
chab Gold Mine and K1 prospect located in the 
southern Central Zone (sCZ) of the Pan-African 
Damara Belt, central Namibia (mineral explo-
ration licence EPL 999, Karibib District, 
Erongo Region). Gold mineralization at the 
Navachab pit is characterized by semi-massive 
sulfide lenses and quartz sulfide veins (Kisters, 
2005; Wulff et al., 2010, 2017; Creus, 2011; 

Vollgger et al., 2015). Previous studies (e.g. 
Kisters, 2005; Kitt, 2008; Wulff et al., 2017) in-
dicated that vein sets oriented at high angles to 
the bedding and favorably to the stress field are 
more mineralized than others oriented at low 
angles. Sheeted quartz veins are irregularly 
shaped in marble units, with highly varying 
thicknesses showing pronounced pinch- and 
swell and boudinage-type structures.  

The complex polymetallic ore assem-
blage in the quartz-sulfide veins and semi-mas-
sive sulfide lenses is mostly composed of chal-
copyrite, pyrrhotite, arsenopyrite, pyrite, and 
sphalerite (Dziggel et al., 2009). Alteration as-
sociated with mineralization led to the quartz-
sericite assemblage.  

The primary aim of this study is to inves-
tigate the remobilization of sulfides within bou-
dinage quartz veins at the K1 prospect (Usakos 
Dome, Karibib area), and to compare these pro-
cesses with similar occurrences at the Navachab 
Gold Mine main pit. By analyzing the orienta-
tion, density, and geometry of boudinaged 
veins, it hopes to establish the relationship be-
tween sulfides and gold, providing new insights 
into structural controls on gold distribution in 
complex metamorphic terrains. 

 
Geological context 

 
Regional geology of the Karibib district 

The northeast-trending intracontinental 
branch of the Damara Orogen formed as a result 
of the amalgamation of the Gondwana Super-
continent after break-up of Rodinia and repre-
sents the collisional suture between the Congo 
and Kalahari Cratons (Fig. 1A; e.g. Miller, 
1983, 2013; Van Zijl & De Beer, 1983; Gray et 
al., 2008; Schmitt et al., 2018). The Neoprote-
rozoic (750-600 Ma) Damara Supergroup is a 
lithologically heterogenous succession (Poli & 
Oliver, 2001; Longridge et al., 2011), which 
records the entire orogenic history from rifting 

and associated rift sedimentation and volcan-
ism, through an oceanic spreading stage with 
marine sedimentation, to convergence and final 
continental collision (Miller, 1983; Gray et al., 
2008; Goscombe et al., 2017; Schmitt et al., 
2018).  

The study area is located within the 
southern Central Zone (sCZ) of the Damara 
Orogen (Fig. 1B; Johnson, 2005; Kitt, 2008; 

Wulff et al., 2017; Kisters et al., 2004; Kisters, 

2005; Owen, 2011), which is characterized by 
kilometer-scale, elongated and ovoid-shaped 
dome structures, ranging from 10 to 40 km in 
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length and 4 to 18 km in width, with a south-
west-northeasterly trend. This study focuses on 

the Karibib Dome (Navachab main pit) and the 

Usakos Dome (K1 prospect), which are sepa-
rated by the Navachab Syncline (Figs 2A, B). 

These domes are made up of Damara Super-
group metasediments, which are cored by the 

Abbabis Metamorphic Complex (Kisters et al., 

2004; Johnson, 2005; Table 1). Both domes 

preserve an early D1 fabric, expressed as bed-
ding-parallel foliation (S1) in the Chuos For-
mation and Spes Bona Member; D2 defor-
mation is observed in the Okawayo Member as 

isoclinal folding (Table 2). The Usakos Dome's 

southeastern limb is truncated by a massive, 

northwest-verging thrust known as the Mon 

Repos Thrust Zone (MRTZ, Figs 2A, 3; Kisters 

et al., 2004).  

Figure 1. Geology of the study area: (A) collision between the Congo and Kalahari cratons during the Gondwana 

amalgamation (modified after Longridge et al., 2011); (B) tectonostratigraphic zones of Namibia (modified after 

Miller, 2008), (C) cross-section of the Damara belt illustrating the different tectonostratigraphic zones (modified 

after Poli & Oliver, 2001).  
 

The Abbabis Metamorphic Complex 

(AMC) outcrops in an erosional window in the 

core of the Karibib Dome, southeast of the 

Navachab open pit, and 3-5 km south of the 

Usakos Dome (Kisters et al., 2004; Kitt, 2008; 

Steven et al., 2014). It is characterized by 

quartzo-feldspathic, pink to gray gneisses, 

schists, amphibolite, and pegmatite, which rep-
resent the oldest rocks in the area (Miller, 1983; 

Jacob et al., 1978). The Etusis Formation, the 
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lowest unit of the Damara Supergroup, is ex-
posed along the southeastern limb of the Usa-
kos Dome (Kitt, 2008; Table 1). It consists of 
thin interbedded meta-arkose, metapelite and 
metaconglomerate (Miller, 1983; Johnson, 

2005; Kitt, 2008), and forms noticeable ridges 
southeast of the Navachab open pit (Kitt, 2008). 
The diamictites and dolomitic marker horizons 
of the Chuos Formation overlie the Etusis For-
mation (Hoffman et al., 1996; Kitt, 2008). 

Metapelites, composed of well-foliated, dark-

gray quartz-biotite+muscovite schists with 
fine-grained quartzite clasts and porphyroblasts 
of cordierite (Badenhorst, 1988), are thought to 
be a small slice of the Chuos Formation. The 
thick succession of the Kuiseb Formation forms 
the center of the Kranzberg Syncline, which 
marks the northwestern and northern extend of 
the Usakos Dome, and has a normal, shallow-
dipping northwestern and a steeply dipping to 
inverted southeastern limb (Owen, 2011).  

 
Table 1. Stratigraphy of the study area (SG - supergroup, MC – metamorphic complex). 

 
Local Geology  

This section summarizes previously 
documented geological information at the de-
posit scale, with emphasis on the Navachab and 
K1 areas.  
 
Navachab main pit 

The Navachab pit is located on the steep 
northwestern limb of the Karibib Dome (Fig. 
2A). Although both the Navachab main pit and 
the K1 prospect occur within the Damara Su-
pergroup (Fig. 3), the stratigraphic units at 
Navachab display distinct facies characteristics 
and thickness variations (Kitt, 2008). The open 
pit exposes a near-complete cross-section 
through the Swakop Group (Table 1), from the 
Spes Bona Member in the east to the Ober-
wasser Member and Karibib Formation in the 
west. Lithological variations within this succes-
sion exert a strong control on quartz veining.  

This study focuses on selected areas 
within the Navachab main pit, i.e. Pushback 3 
(PB3) and the Eastern Pit (E1) (Fig. 2B). Work 
at PB3 was conducted on two levels: (i) Level 
69 (L69WPB3) and (ii) Level 74 (L74WPB3) 
on the western wall (Fig. 2C). The marble-calc-
silicate unit (MC), located at the contact be-
tween the Okawayo and Spes Bona Members, 
hosts the high-grade gold mineralization at 
Navachab. 

 
K1 prospect  

The K1 prospect is situated within the 
hinge of a parasitic fold of the Usakos Dome 
(Fig. 2A), which prominently exposes the upper 
stratigraphic units of the Swakop Group (Table 
1). At the core of the dome, the Spes Bona 
Member consists of interbedded calcsilicate fel-
sites, pale-gray metapsammites, and dark-gray 
to black biotite schists (Fig. 4). Strong folding 

Kuiseb Mica schist, minor calc- silcate

Onguati Mica schist, impure marble, calc-silicate

Arises River  Massive calcitic marble

Otjongeama Impure marble, minor calc-silicate
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Oberwasser Mica schist, minor calc-silicate

Okawayo Marble, interbedded calc-silicate

Spes Bona Mica schist, interbedded calc-silicate
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schist 
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and granite intrusions complicate correlations 

within this unit (Johnson, 2005; Kitt, 2008). 

The Okawayo Member, exposed along the 

southwestern limb of the Usakos Dome, is a 

thin marble unit separating the schistose Spes 

Bona and Oberwasser Members (Johnson, 

2005; Wulff et al., 2010, 2017). Its lower part 

contains intercalated calcsilicate and calcitic 

marble, while the upper dolomitic section is 

free of calcsilicate.  
The Oberwasser Member comprises a 

banded siliciclastic succession of dark-gray 

biotite schists, calcsilicate felsites, and minor 

carbonate breccia (Badenhorst, 1992; Kitt, 

2008). Centimeter-thick tremolite-rich layers 

provide useful marker horizons within this suc-
cession (Johnson, 2005). Overlying this unit, 

the Karibib Formation contains deformed dolo-
mitic marbles characterized by cream-weath-
ered surfaces and white, sugary fresh textures 

(Brandt, 1985; Lehtonen et al., 1996). To-
gether, these units define the stratigraphy at K1, 

with the Spes Bona Member at the core, young-
ing through the Okawayo and Oberwasser 

Members, Karibib and Kuiseb Formations to-
ward the dome margins (Kisters et al., 2004; 

Johnson, 2005; Owen, 2011). 

 
 
Table 2. Deformation phases in the Navachab area and associated fabrics (after Kisters, 2005).  
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Figure 2. (A) Locality map with red polygons indicating study areas, i.e. Navachab main pit on the western limb 
of the Karibib Dome marked B, K1 prospect in the nose of a parasitic fold of the Usakos Dome. Also shown are 
the Mon Repos Thrust Zone, Karibib Thrust Zone and the Navachab Syncline; (B) plain view of the Navachab 
pit, with red polygons delineating the two areas of interest within the pit: Pushback 3 and Eastern Pit; (C) 
stereoscopic outline of the Navachab pit in Pushback 3 showing the two levels studied, i.e. level 69 (L69WPB3) 
and level 74 (L74WPB3) on the western wall of Pushback 3. 
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Figure 3. Simplified geological map of the Karibib and Usakos Domes (modified after Kisters et al., 2004); 
Abbabis basement gneisses and the lower units of the Damara Supergroup are exposed in the core of the Karibib 
Dome, whereas the Usakos Dome is cored by higher stratigraphic levels, i.e. the Spes Bona Member of the Arandis 
Formation. The Pan-African-age Mon Repos granodiorite and Rote Kuppe granite intrude the eastern parts of the 
study area. In the south, Abbabis gneisses have been thrust over stratigraphically much higher marbles of the 
Karibib Formation along the Mon Repos Thrust Zone. 

 
 

Methodology 
 

Sampling  
Boudinaged quartz veins were sampled 

at Pushback 3 on levels 69 (L69WPB3) and 74 
(L74WPB3), in the Eastern Pit and at the K1 
prospect in the Usakos Dome. A total of 30 
samples was collected, comprising 15 from 
Pushback 3, seven from the Eastern Pit, and 
eight from the K1 prospect. The study aims to 
explain remobilization in the boudinaged quartz 
veins by comparing gold grades and petro-
graphic features in the boudin body and neck of 
the same vein. For each BQV, four samples 
were collected, where possible. Two samples 
were obtained from the boudin body domain, 

while the remaining two samples were taken 
from the neck (Fig. 4). Of the two samples 
taken from each domain, one sample was used 
for geochemical gold assay, and the other for 
petrographic studies in polished section. Not all 
BQVs were large enough to yield four samples 
that would provide representative results. 
Where possible, the vein was divided into four 
samples in the field. However, in most cases, 
the entire vein was collected and cut into sec-
tions at the camp to obtain representative sam-
ples, which were placed into individual sample 
bags. 
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Figure 4. (A) Sampling strategy of the boudinaged quartz veins (BQV) for petrographical and geochemical 

analysis at Navachab and K1; (B) naming of samples by boudinage position, study area and sample number. 
 
Geochemical gold assay  

Gold grade was determined by melting 

and separation from other metals using the fire 

assay procedure, commonly referred to as cu-
pellation, at the QKR Navachab Gold Mine lab. 

The procedure includes:  
 

Sample Preparation Process Flow: The milling 

process aims to obtain a finer particle size, en-
sure homogeneity, and achieve effective gold 

liberation. After drying the samples for eight 

hours, they are weighed, labelled, and placed in 

a labelled box. The mill is cleaned with quartz 

pebbles between samples to prevent contamina-
tion. Particle size distribution is determined on 

the first sample using a 75μm sieve. The dried 

sample is then weighed and used to calculate 

the percentage of mass of material passed 

through the sieve, which should be between 

93% and 95%. If not in the range, the milling is 

repeated until the desired range is achieved. 
 

Balance Room: The main aim of fluxing is to 

extract/concentrate gold from its ore. For flux-
ing, 30 g of the sample was weighed, and 30 g 

of the right flux added and mixed with the 

sample. The mixture was poured into a crucible. 

Copper sulphate was added to acts as a marker 

to differentiate specific batches and to aid in the 

later stages of separating precious metals 

(gold/silver) from the copper-rich lead button. 

In addition, 5 ml of silver nitrate was added to 

further the collection of gold (making the prill).  
 

Fusion: Crucibles were put in a fusion furnace 

for 90 minutes at 1100˚C. After changing into 

liquid state, the mixture is poured into a mold. 

Gold and other metals segregate at the bottom 

(lead button), while the slag (containing flux, 

calcium fluoride, etc.) floats at the top. 
 

Hammering: After cooling and solidifying the 

lead button is hammered to separate it from the 

slag, and placed in a tray to be weighed. 
 

Cupellation: Cupels first were warmed for a 

few minutes to the same temperature as in the 

cupellation furnace. Lead buttons were placed 

in the cupels and stayed in the cupellation fur-
nace for an hour. The cupels are composed of 

bone ash, which absorbs lead and base metals 

during the process. As a result, only silver and 

gold prills remain. The prills were allowed to 

cool for approximately 20 minutes before un-
dergoing the prill dissolution process.  
 

Prill Dissolution: Prills were placed into a 10 

ml volumetric flask, to which nitric acid was 

added to break them. HCl was added to dissolve 

gold, and lanthanum chloride to settle any base 

metals. After cooling, distilled water was added 

and the flask was covered and shaken to ho-
mogenize the solution. 
 

AAS Analysis: The solution was analysed by 

atomic absorption spectroscopy (AAS), cali-
brated by using Navachab lab standards. 
 
Assay graph plots  

Assay data from boudin necks and bodies 

were analyzed using a combination of explora-
tory, comparative, and estimation-based statis-
tical visualizations. Overall assay trends and 

data overlap were first assessed using linear 

scatter plots including all samples. Differences 

in central tendency and data dispersion between 
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domains were evaluated using box plots; only 
veins sampled both in the neck and boudin body 
domains were plotted for an informed compari-
son. Agreement and systematic bias between 
neck and boudin body assays were examined 
using difference-versus-average (Bland–Alt-
man) plots incorporating Welch’s t-test statis-
tics (Altman & Bland, 1983; Welch, 1947) to 
account for unequal variances. Finally, estima-
tion plots were employed to quantify differ-
ences between group means, with effect sizes 
and 95% confidence intervals reported.  
 
Petrography  

Petrographic analyses of the boudinaged 

quartz veins (BVQs) were conducted using a re-
flected light microscope at the laboratories of 
Namibia’s Ministry of Mines, Industries and 
Energy. Imaging was performed under 4x/0.13 
magnification. The rock samples were prepared 
as polished sections, which were examined in at 
least two different areas of each section. This 
approach was intended to ensure the identifica-
tion and characterization of the representative 
distribution and textural features of sulfides 
within the sample. Detailed imaging and inter-
pretation aimed at a comprehensive understand-
ing of the sulfide mineralogy and texture within 
the polished sections. 

 
Results 

 
Navachab pits: Pushback 3 (PB3) 
Field relations  

Pushback 3 of the main pit exposes the 
Okawayo and Oberwasser Members, from east 
to west. However, the present study only cov-
ered the Oberwasser Member at level 69 west-
ern wall (L69WPB3) and level 74 western wall 
(L74WPB3), due to accessibility in the pit and 
the presence of well-exposed boudinaged 
quartz veins for sampling purposes. Figure 5 

shows a schematic diagram of boudin neck and 
body dimensions, as measured in the field. The 
Oberwasser Member is dominated by biotite 
schist and biotite schist-calcsilicate. The biotite 
schist predominantly consists of fine-grained 
biotite, feldspar and quartz, while the biotite 
schist-calcsilicate is made up of fine-grained 
feldspars with minor quartz and biotite. The 
strata dip steeply (70˚ to 80˚) WNW, striking 
NNE-SSW.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Schematic drawing illustrating width and height of boudin body and neck, respectively. 
 
The main visible quartz veins consist of 

milky white to gray smoky quartz. The boudins 
are mainly dominated by milky quartz, while 
the boudin necks consist of smoky quartz (Fig. 
6A). The strike of the BQVs is on average 30˚, 
with a dip of approximately 60˚ NW. The 
BQVs occur in most cases close to one another, 
spaced ± 2 m apart (Fig. 6). The geometry is not 
constant in all BQVs. Boudins are only partially 
separated, as they remain linked by a boudin 
neck that is variably filled with sulfides, rang-
ing from partial to complete infilling (Fig. 6). 

Bboudin necks are about 2 to 3 cm thick, while 
the boudins have a width of ± 12 cm and a thick-
ness of ± 5 cm.  

The main sulfides in the BQVs are py-
rite, pyrrhotite, chalcopyrite, with minor born-
ite (Fig. 7). Pyrrhotite was observed to occur 
massively in the boudin necks, while other sul-
fides like pyrite, chalcopyrite and bornite only 
occur as fine grains or fracture infills (Fig. 6). 
According to Aghaei et al. (2023) a milky white 
coloration signifies little or no mineralization, 
although previous studies at Navachab (Dziggel 



Ndeunjema et al., Analysis of sulfide remobilization in boudinaged quartz veins of the K1 prospect 
and Navachab Gold Mine main pit, Karibib area, central Namibia: implications for gold distribution 

 

10 

 

et al., 2009; Wulff et al., 2010, 2017) have 
found through photomicrographs and geochem-
ical analyses that there are fine grains of gold in 
milky white quartz, indicating that variable 
gold concentrations are associated with specific 

quartz varieties. Sulfides in the boudins appear 
to be more widely spaced, while sulfides at the 
rims/edges of the boudins spread into the wall 
rock (Fig. 6). 

 

 
Figure 6. Summary of observations in Pushback 3: (A) BQV with sulfide filled boudin neck and some small 
disseminated sulfide grains indicated by black arrows within the boudin; (B) schematic diagram of the distribution 
of BQVs and relation with bedding (S0) and foliation (S1); (C) BQV (Qtz) in biotite schist - calcsilicate (Bsc), 
with arrows indicating sulfides in the boudin neck; (D) massive sulfides in Bsc of the boudin necks (white arrows) 
- the white dotted circle in the boudin body shows more widely space sulfide grains; (E) stereographic plot in 
lower hemisphere for 14 BQVs averaging a trend of 030˚ and dip of 45˚ NW.  
 

Geochemical assays 
Assay results from boudin and neck do-

mains show fluctuating gold concentrations, 
with the highest grade found in the neck (26.6 
ppm) and the lowest in the boudin domain (0.03 
ppm; Fig. 8A). In general, boudins have a lower 
average grade than neck samples; however, 
there are individual boudin samples with higher 
grades than found in the necks of other BQVs 
(Fig. 8A). Box plot analysis shows that neck 
samples exhibit a higher median grade relative 
to the boudin samples, accompanied by a nar-
row interquartile range, which is low but rela-
tively higher than for the boudin, reflecting 

slightly fluctuating assay values with limited 
dispersion below 20% of the data (Fig. 8B). 
Linear regression of the Bland–Altman differ-
ence-versus-average data yields a slope of 
1.067 with a y-intercept of 5.637 and an x-in-
tercept of −5.725 (Fig. 8C). The slope is close 
to unity, and the reciprocal slope (1/slope = 
0.9375) is also near unity, indicating only minor 
proportional bias between neck and boudin as-
say values. Estimation plots further quantify 
this difference, showing a mean difference of 
0.6525 ppm, with most data points falling 
within the 95% limits of agreement, also sup-
porting consistency between the two data sets. 
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Figure 7. Summary of observations in Pushback 3 (Navachab main pit): (A) sample taken from a boudin 
indicating sulfides such as pyrite grains (Py), massive pyrrhotite (Po), disseminated chalcopyrite (Cpy) and minor 
bornite (Bn); (B) BQV sample taken from the margin between vein (Qtz) and host rock (Bsc), showing significant 
sulfide disseminations of pyrrhotite (Po) and pyrite (Py); (C) boudin sample of a BQV with minor disseminated 
pyrite (Py) and pyrrhotite (Po); (D) boudin neck sample of a BQV, dominated by massive pyrrhotite (Po), but also 
containing minor pyrite (Py) and bornite (Bn); (E) pyrrhotite (Po) grains in boudin sample of milky white BQV; 
(F) fracture filling of bornite (Bn), pyrrhotite (Po) and pyrite (Py).  
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Figure 8. (A) Linear scatter plot of assay results from vein neck and boudin domains showing overall data 
distribution and trend; (B) box plot comparison of neck and boudin assays illustrating differences in median and 
interquartile range; (C) Bland–Altman difference-versus-average plot assessing agreement between neck and 
boudin assays, also indicating the mean difference and 95% limits of agreement; (D) estimation plot showing the 
difference between mean assay values for neck and boudin domains with associated 95% confidence intervals.  

 
Petrography 

The primary sulfides identified are py-
rite, pyrrhotite, chalcopyrite, and subordinate 

amounts of arsenopyrite. These minerals are 

predominantly found as crack infill within 

covellite, sphalerite, and galena in the boudin 

bodies, but also occur in massive form within 

the boudin necks of the BVQs. The replacement 

dynamics between the sulfides in this assem-
blage are a defining characteristic. Chalcopyrite 

is known to replace pyrite and pyrrhotite, 

whereas pyrrhotite replaces pyrite and chalco-
pyrite (Fig. 9; see also Qian et al., 2011; Zhang 

et al., 2020). In the boudin, the rim replacement 

of pyrrhotite by chalcopyrite is significant, sug-
gesting a slow transformation at the mineral 

surfaces. This delayed shift at the contact zones 

between pyrrhotite and pyrite (Fig. 9B) and be-

tween chalcopyrite and pyrrhotite (Figs 9A & 

G) is a sign of slow deformation processes 

(Qian et al., 2011; Helpa, 2015).  
In the matrix of pyrrhotite, rounded, tiny 

pyrite inclusions are observed locally in boudin 
neck samples (Fig. 9K), producing a `durch-
bewegung´ texture, which is suggestive of de-
formation and remobilization (Marshall & Gil-
ligan, 1987; Zhao et al., 2021). In support of 
this, chalcopyrite also partially appears as mi-
cro-inclusions in pyrrhotite and pyrite. Minor 
disseminated chalcopyrite and pyrite exhibit 
plastic deformation, resulting in rounded or 
elongated grains (Fig. 9D) under high-tempera-
ture conditions, where minerals are deformed 
without fracturing (Rincon, 2022). Pyrrhotite 
exhibits a spot-like texture (Figs 9J & K), which 
is caused by brecciation due to deformation. 
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Minor arsenopyrite forms micro-inclusions in 
pyrite, which is especially evident in boudin 
neck samples (Figs 9D & L). Pyrite, chalcopy-
rite, and pyrrhotite occur as inclusions within 
boudins, while covellite is primarily found in 
massive form. Covellite inclusions are ob-
served in the pyrrhotite matrix of boudin necks, 
which have suffered more substantial defor-
mation and are distinguished by spot-like tex-
tures (Fig. 9K). Massive sphalerite engulfs 
other sulfides as crack infill. Brecciation and 
brittle fracturing of sphalerite probably is the 
result of late-stage deformation, presumably af-
ter the peak of ductile deformation and meta-
morphism. 

 
Navachab pits: Eastern Pit (E1) 
Field relations 

The Eastern Pit (E1) is located east of 
Pushback 3, and it exposes most, if not all of the 
Spes Bona Member (lower schist). Lithologi-
cally like the Oberwasser Member (upper 
schist), the Spes Bona Member is dominated by 
fine-grained biotite schist, quartz-biotite schist 
and calcsilicate. The biotite schist is well foli-
ated, but appears massive and consists mainly 
of biotite, plagioclase and K-feldspar, with mi-
nor quartz; abundant garnet occurs in the schists 
and at the contact with quartz veins (Figs 6 & 
10). Like the Oberwasser Member, the strata are 
striking NNE-SSW and dipping at approxi-
mately 75˚ SE. 

BQVs strike 53˚ NE and are slightly shal-
lower dipping than the BQVs in the Oberwasser 
Member (32˚ SE; Fig. 10). Quartz appears 
milky white in some areas and reddish orange 
in others due to oxidation. Distribution of 
BQVs in the wall rock is not constant, but on 
average veins are spaced at 2.5 m intervals. 
Boudin neck and swell structures are not clear 
in some BQVs, but domino boudins are evident. 
The boudins have an average thickness between 
3 and 3.5 cm. Sulfides are not readily visible in 
the field due to high oxidation, and have a dark 
purple to black color. Sulfides are massively 
distributed in the boudin necks of the BQVs 
(Fig. 10).  
 

Geochemical assays 
Assay results from boudin and neck do-

mains show that the neck samples have higher 
Au-grades than the boudin body samples, with 

the highest grade being 11.35 ppm (neck) and 
the lowest 0.34 ppm (boudin body domain; Fig. 
11A). The difference in Au-grades between the 
quartz vein samples is not constant. Box plot 
analysis shows that boudin samples have a 
higher median grade than neck samples due to 
an unequal number of samples analyzed from 
each domain, with a narrow interquartile range 
(Fig. 11B). Linear regression of the Bland–Alt-
man difference-versus-average data yields a 
slope of 2.828, with a y-intercept of -5.520 and 
an x-intercept of 1.952 (Fig. 11C). The slope is 
close to unity, and the reciprocal slope (1/slope 
= 0.3536) indicates a proportional bias between 
the two methods, with differences increasing at 
higher averages, suggesting underestimation at 
low values, and agreement at an average around 
1.952. Although the mean of the boudin group 
was higher than that of the neck group, the dif-
ference was not statistically significant 
(Welch’s t-test, t = 1.811, df = 1.03, P = 0.315), 
and the small sample sizes and unequal vari-
ances (F = 30.17, P = 0.024) limit the reliability 
of this comparison (Fig. 11D).  
 
Petrography 

Pyrrhotite characteristically forms tiny 
grains scattered throughout the matrix and frac-
ture infills. The occurrence of chalcopyrite of-
ten indicates a late-stage alteration or replace-
ment process (Fig. 12). Tiny chalcopyrite inclu-
sions in pyrrhotite point to a dynamic mineral 
environment during formation, and suggest a 
major textural link, where pyrrhotite may have 
largely replaced chalcopyrite (e.g. Fig. 12D). 
Chalcopyrite is mainly replaced by pyrrhotite. 
Minor inclusions of arsenopyrite highlight the 
potential for gold mineralization as arsenopy-
rite is often associated with auriferous deposits. 
A massive matrix of covellite might indicate 
that it has formed through alteration of chalco-
pyrite (Tagirov et al., 2016). `Durchbewegung´ 
textures are present where rounded clasts of py-
rite are carried and transported in a matrix of 
sphalerite and covellite (Figs 12E, F, H & I). 
Quartz is the dominant gangue mineral, coex-
isting with deformed sulfides. Brecciation and 
brittle fractures in sphalerite, which are proba-
bly the result of late-stage deformation (pre-
sumably after the peak of ductile deformation 
and metamorphism) are infilled with pyrite be-
ing replaced by pyrrhotite (Figs 12H & I). 
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Figure 9. Representative photomicrographs of ore minerals in BQVs under reflected light microscopy (main pit, Pushback 3): (A) massive matrix of covellite with crack 
infilling of pyrite being replaced by pyrrhotite and chalcopyrite in the boudin; (B & C) massive sphalerite matrix containing pyrrhotite at the rims of chalcoyrite; (D & E) 
chalcopyrite inclusions in pyrite, which also contain micro-inclusions of arsenopyrite, and chalcopyrite replacement by pyrrhotite in D; (F) chalcopyrite inclusion in massive 
pyrrhotite matrix, and pyrite forming stains in the matrix of the BQV rims at the wall rock contact; (G) gradual pyrite replacement by pyrrhotite producing a spot-like texture 
within a covellite matrix; (H) massive, highly fractured pyrite with micro-inclusions of arsenopyrite; (I) massive galena with disseminated individual chalcopyrite and pyrrhotite 
grains; (J) pyrite replacement by pyrrhotite in sphalerite matrix; (K) covellite inclusions in massive pyrrhotite matrix; (L) brecciated galena matrix hosting pyrrhotite, small 
chalcopyrite grains and pyrite with arsenopyrite inclusions. 
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Figure 10. Summary of observations in the E1 pit: (A) Two sub-horizontal BQVs some 1.43 m apart and about 6 cm thick; (B & C) BQV parallel to bedding with minor 
sulfides in the necks; (D) two BQVs spaced about 42 cm apart, with thickness of 5 cm (top) and 3 cm (bottom); (E) quartz vein with distinct boudinage structure containing 
garnets at the contact with the biotite schist-calcsilicate host rock signifying alteration; (F) lower hemisphere stereographic net representing structural measurments of ten BQVs 
in the E1 pit, striking 53˚ (NE) and dipping at an average angle of 32˚ SE. 
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Figure 11. (A) Linear scatter plot of assay results from vein neck and boudin domains showing overall data 

distribution and trend; (B) box plot comparison of neck and boudin assays illustrating differences in median and 

interquartile range; (C) Bland–Altman difference-versus-average plot assessing agreement between neck and 

boudin assays, also indicating the mean difference and 95% limits of agreement; (D) estimation plot showing the 

difference between mean assay values for neck and boudin domains. 

 
K1 Prospect 
Field relations 
Mapping and vein distribution 

The K1 prospect is characterized by a 

major Z-fold, with minor parasitic M-folds in 

the fold hinge (Fig. 13). Stratigraphically, the 

Spes Bona Member is overlain by the Okawayo 

Member, consisting of the marble - dolomitic 

marble (MDM) and marble - calcsilicate (MC) 

units, which in turn are succeeded by the Ober-

wasser Member schist. The amphibolites of the 

Daheim Member (Ghaub Formation) are lo-

cated at the contact of the Oberwasser Member 

with the dolomitic marbles of the overlying 

Karibib Formation (Table 1). Well-exposed 

pavements reveal highly folded marble and 

calcsilicate rocks within the Okawayo Member. 

Northwest striking quartz veins were mapped 

mainly at the contact of the upper schist of the 

Spes Bona Member with the marble – calcsili-
cate of the Okawayo Member, with vein density 

increasing toward the fold hinge of the Z fold 

(Figs 13 & 14). This is due to the difference in 

competence between the carbonate and si-
liciclastic units, which causes maximum frac-
turing during folding. According to Roberts & 

Stromgard (1972), less competent layers have 

non-planar cleavage, which reflects variation in 

the orientation of the local XY-plane (Fig. 15). 

There is no cleavage at the neutral point (Fig. 

15E).  
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Figure 12. Photomicrographs of BQVs from E1 pit under reflected light: (A) finely disseminated pyrrhotite and chalcopyrite in sphalerite matrix; (B) chalcopyrite replacement 

by pyrite;  (C) fracture infill of massive chalcopyrite being replaced by pyrrhotite, with small inclusions of pyrite; (D) chalcopyrite inclusion in pyrrhotite and pyrite with 

pyrrhotite rims, all within fractures of sphalerite; (E) covellite brecciation with gangue quartz containing pyrrhotite with pyrite inclusions forming a `durchbewegung´ texture; 

(F) pyrite fracture filling in sphalerite matrix with arsenopyrite inclusions being replaced by pyrrhotite; (G) pyrrhotite replaced by pyrite in sphalerite matrix; (H & I) brecciated 

sphalerite containing pyrite as inclusions, with pyrrhotite filling its fractures.
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Figure 13. Geological map of the K1 prospect, showing the Z-fold of the Usakos Dome, high vein density toward 
the fold hinge of the anticlinal fold and delineated approximate anticlinal and synclinal axes; bedding 
measurements for each unit are represented by stereonet to the right of the image.  

 
Quartz veins 

Quartz veins collapse and become in-
flated during emplacement in marbles, without 
any vein-parallel stretching. S0/1 is deflected 
around the beads and cuts across the space be-
tween the beads (Fig. 14). Mainly N- to NNW–
trending (350°–360°) quartz veins display ap-
parent boudinage rather than true boudinage. In 
high-strain zones within the marble, these ap-
parent boudinaged veins are strongly attenuated 
and separated (Figs 12B & 14A), reflecting the 
pronounced rheological contrast between the 
marble host rock and the quartz vein. 

Quartz veins in the siliciclastic units 
(Spes Bona and Oberwasser Members) do not 

show any well-defined boudinage structures 
(Fig. 14B). There is a strong lithological control 
on the development of the veins, i.e. veins are 
present in the dolomitic marble, but absent in 
the calcitic marble. Shear-band boudinaged 
veins were only identified within the marble. 
According to Rodrigues & Pamplona (2018) the 
shear-band boudin shape develops during the fi-
nal stages of deformation and includes the for-
mation of blunt-tip domains (i.e. rounded or 
thickened ends of boudins), and furthers sec-
ondary shear planes (Goscombe et al., 2004; 
Fig. 15). There are no visible sulfides within the 
quartz veins, indicating they are unmineralized 
(Fig. 14B).  
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Figure 14. (A) Schematic drawing of a quartz vein that underwent inflation causing S0/1 to deflect around the 
beads and cut across the space between them; (B) N-trending quartz vein in the marble - dolomitic marble unit 
(MDM)  
 
Geochemical assays 

Assay results from boudin bodies and 

necks generally show higher Au-grades in the 

boudin body, with the highest grade in the 

boudin (2.39 ppm) greater than the highest 

grade in the neck (2.25 ppm); however, the 

lowest grade was also found in a boudin (0.03 

ppm) (Fig. 16A). In sample K1_07 Au-grades 

are approximately the same in both boudin and 

neck. Box plot analysis shows that boudin 

samples have a higher median grade than neck 

samples, which is due to an unequal number of 

samples analyzed from each domain, with a 

narrow interquartile range indicating limited 

variability and only minor fluctuations in assay 

values (Fig. 16B). Linear regression of the 

Bland–Altman difference-versus-average data 

yields a slope of -1.143 with a y-intercept of 

0.2457 and an x-intercept of 0.2150 (Fig. 16C). 

The slope is close to 1, and the reciprocal slope 

(−0.8750) shows a nearly proportional inverse 

bias between the data sets, with little constant 

offset but increasing divergence at higher 

values. Estimation statistics (Fig. 16D) show a 

higher mean grade in boudin samples; however, 

the wide 95% confidence interval (−8.92 to 

9.99) indicates considerable uncertainty, likely 

reflecting limited and unequal samples. 
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Figure 15. Summary of observations at the K1 prospect: (A) Apparent boudinage of quartz veins in MDM; (B) 

quartz vein in biotite schist - calcsilicate (Spes Bona Member); (C) shear-band boudinaged quartz vein in MDM 

and schematic diagram (adapted from Rodrigues & Pamplona, 2018); bottom right of the image); (D) sample 

BK_02 of a boudinaged quartz vein (Qtz) within MDM; (E) schematic model of high vein density formation 

during folding of layers with different competence (modified after Robert & Stromgard, 1972), explaining vein 

distribution at K1.  

 
Petrography 

The BQVs at K1 are characterized by 
small grains of disseminated pyrite, pyrrhotite 
and minor fine-grained chalcopyrite, which is 
incorporated in the galena matrix, exhibiting 
brittle deformation and fracturing (Fig. 17). As 
observed in other study areas (Pushback 3 and 
E1 in the Navachab main pit), quartz occurs as 
small grains within the galena matrix and in 
fractures, predominantly within the boudin 
body. Pyrrhotite frequently forms inclusions 
within pyrite (Fig. 17A). Galena is predomi-

nantly observed in BQVs from the marble - dol-
omitic marble unit (MDM), whereas BQV sam-
ples from biotite schist - calcsilicate units (Bsc) 
mostly contain a sphalerite matrix. Pyrite oc-
curs intergrown with gangue minerals, predom-
inantly quartz, within a massive sphalerite ma-
trix. Additionally, disseminated grains of pyr-
rhotite and pyrite are present within the galena 
matrix, indicating complex mineralogical asso-
ciations and potential multi-stage sulfide for-
mation processes.  

 
Discussion 

 
Microstructural evidence of sulfide 

remobilization 
The main sulfides identified are pyrite, 

pyrrhotite, chalcopyrite, covellite, sphalerite 

and galena, with minor arsenopyrite. According 

to Kitt (2008), Wulff et al. (2010) and Dziggel 

et al. (2009), the ore assemblage present in 

quartz-sulfide veins and semi-massive sulfide 

lenses is mostly composed of chalcopyrite, 

pyrrhotite, arsenopyrite, pyrite, and sphalerite. 

Galena and covellite commonly occur as minor 

or late-stage sulfides, often forming 
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intergrowths, rims, or matrix phases associated 

with primary ore minerals in sulfide systems. 

However, studies at the Navachab deposit (i.e. 

Kitt, 2008; Wulff et al., 2010) indicate that 

galena is only present in trace amounts and 

covellite is not reported among the primary 

sulfide assemblage.  
Sulfides display complex interactions, 

including `durchbewegung´ and replacement 

textures, indicating the effects of deformation, 

which are observed in most areas (e.g. Figs 9K 

& 10E). `Durchbewegung´ refers to a process 

involving disruption, separation, kneading, 

milling, and rotational movement of competent 

ore minerals within an incompetent sulfide 

matrix (Barnes et al., 2018; Zhao et al., 2021; 

Li et al., 2022; Raisch et al., 2025). Inclusions 

of sulfides in the matrix, such as pyrite included 

in pyrrhotite (Fig. 9J), covellite included in 

pyrrhotite (Fig. 9K) and arsenopyrite included 

in pyrite, are evidence of significant internal 

remobilization, suggesting that the sulfides 

were subjected to high strain, which allowed for 

the movement and reconfiguration of sulfide 

minerals within the matrix (e.g. Rincon et al., 

2024). Pyrite exhibits an alignment parallel to 

the tectonic foliation (Fig. 12E), which results 

from mechanical remobilization during 

deformation, reflecting the stress conditions 

prevailing during formation, consistent with 

Rincon et al. (2024). 

 

 
 
Figure 16. (A) Individual Au-assay values show no clear overall trend, although boudin domains generally exhibit 
higher grades than necks; (B) box plot analysis indicates a higher median Au-grade in boudin samples with limited 
variability; (C) Bland–Altman difference-versus-average analysis reveals a near-proportional inverse bias 
between the data sets with minimal constant offset; (D) estimation statistics show higher mean Au-grades in 
boudin samples, but wide confidence intervals, indicating substantial uncertainty due to limited and unequal 
sample sizes.
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Figure 17. Photomicrographs of BQVs from the K1 prospect under reflected light: (A) Pyrrhotite and pyrite in the boudin neck with minor chalcopyrite; (B) boudin dominated 
by galena containing small chalcopyrite grains and gangue-filled fractures with disseminated pyrite; (C) boudin sample with galena containing small, disseminated chalcopyrite 
grains; (D) boudin neck sample with pyrite grains in a massive matrix of galena; (E & F) boudin sample dominated by galena; (G) boudin sample from the Spes Bona Member 
dominated by sphalerite with gangue-filled crack; (H) disseminated pyrite and pyrrhotite in galena; (I) pyrite grain with gangue rims in massive sphalerite.
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Sulfides found in fractures provide evi-
dence of localized remobilization, indicating 
that during deformation spaces were created for 
fluid transport and subsequent mineral precipi-
tation, leading to the redistribution of metals 
(Kampmann et al., 2018; Rincon et al., 2024). 
Pyrrhotite forms a rim around chalcopyrite, 
which signifies replacement of chalcopyrite by 
pyrrhotite (Figs 9B & D). Pyrrhotite is often 
more stable at lower temperatures and can form 
under reducing conditions, which may promote 
the breakdown of chalcopyrite and its subse-
quent replacement (Craig & Vokes, 1993), indi-
cating retrograde metamorphism. Conversely, 
pyrite growth, recrystallization, and alteration 
to pyrrhotite probably occurred during prograde 
metamorphic conditions. The presence of frac-
tures in sphalerite and covellite is consistent 
with the brittle deformation that occurs after 
ductile deformation has ceased. Sphalerite and 
chalcopyrite healing of fractures in pyrite, and 
the development of ‘durchbewegung’ textures 
are best explained as a consequence of disloca-
tion flow during metamorphism and defor-
mation under conditions comparable 
to regional metamorphism (e.g. Cook et al., 
1993; Marshall & Gilligan, 1993; Zhao et al., 
2021). 

 
Apparent boudinage 

Boudinage in intrusive sheets or dykes 
may result from extension and competence con-
trast with the host rock (Bons et al., 2004). Al-
though such structures can resemble strings of 
lenses or beads, their intrusive nature becomes 
evident upon closer examination (Bons et al., 
2004). Individual segments are irregular in 
shape, and layering is commonly continuous 
between them (Figs 14B & 15A). A foliation, 
which typically trends 45˚ angles to the vein, 
only develops when dykes intrude into hot 
rocks and magma solidifies slowly enough to 
allow the development of beads (Bons et al., 
2004). Monoclinic symmetry is usually present 
in the deflection of the main foliation, particu-
larly where bead strings and foliation (S1) form 
a relatively small angle (Bons et al., 2004). The 
maximum elongation of the short and flattened, 
rod-shaped beads ranges from vertical to 45˚ 
(Fig. 17A; Bons & Druguet, 2007). They occa-
sionally display partially split geometries that 
resemble pinch and swell structures.  

Quartz veins in shear zones within the 
marble - dolomitic marble unit (MDM) at the 
K1 prospect exhibit features consistent with a 

high-strain boudinage model (Bons et al., 2004; 

Fig. 18). The K1 prospect preserves clear evi-
dence of magmatic activity, including dyke-like 
intrusions of minor mafic magma and abundant 
pegmatites. As illustrated in figure 18C, the 
boudinage model is characterized by zones of 
elevated strain between boudins, in contrast to 
the inflation model (Fig. 18B; Bons et al., 
2004), where maximum strain occurs at the cor-
ners of expanding beads and decreases away 
from them. In the inflation model, beads form 
from an intruding pegmatite dyke that disinte-
grates into bead-like segments through local-
ized collapse and inflation, without stretching 
parallel to the bead string; typically, they termi-
nate in narrow, crack-like tips. Such intrusions 
are thought to occur under peak metamorphic 
conditions, when the host rock approaches ana-
texis and is capable of ductile flow around the 
beads (Bons et al., 2004). These conditions are 
consistent with observations made in the study 
area, where deflated quartz veins are preferen-
tially developed within shear zones of the 
MDM unit of the Okawayo Member (Figs 13, 
14 & 15A).  

 
Relationship between boudinage structures 
and sulfide redistribution 

Sulfide redistribution in BQVs occurs 
because of deformation during the boudinage of 
quartz veins. The formation of boudins is con-
trolled by the rheology of the material under de-
formation and results in the mechanical remo-
bilization of sulfides. These boudinage struc-
tures likely created zones of differential stress 
and localized deformation, which facilitated the 
redistribution of sulfides by promoting fluid 
flow and mineral remobilization along frac-
tures, boudin necks, and pressure shadows. 
Ductile sulfides, such as chalcopyrite and pyr-
rhotite, accommodate deformation mainly 
through plastic flow, whereas more brittle sul-
fides, like pyrite, are prone to fracturing under 
stress. This results in a massive matrix of duc-
tile sulfides in the boudin necks. Temperature 
exerts a strong control on sulfide mineral stabil-
ity and redistribution through phase transfor-
mations, recrystallization, and redox-coupled 
dissolution–reprecipitation reactions (Qian et 
al., 2011; Zhang et al., 2020). This is also true 
in boudinaged quartz veins since temperature 
changes occur during deformation. Sulfides are 
stable at specific temperature conditions, i.e. 
pyrite is stable over a broad temperature range, 
while pyrrhotite is favored at higher tempera-
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tures under reducing conditions, and chalcopy-
rite commonly forms at moderate to high tem-
peratures, often replacing earlier iron sulfides 

(Barton & Toulmin, 1966; Lusk & Maxwell 

Bray, 2002; Qian et al., 2011; Zhang et al., 

2020; Frenzel et al., 2022). Accordingly, the re-
placement of sulfides by other sulfides occurs 

at different temperatures (Craig & Vokes, 

1993).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 
Figure 18. (A) Schematic drawing of the three-dimensional geometry of a bead string adapted from Bons et al. 
(2004): individual beads are generally elongated in the vertical direction; (B & C) schematic illustration of the 
two models that may lead to boudin/bead string geometries: (B) collapse and inflation of a pegmatite dyke upon 
emplacement, without dyke-parallel stretching; (C) boudinage of a solidified pegmatite dyke, due to dyke-parallel 
stretching (adapted from Bons et al., 2004). 

 
Boudins  

Boudins experience more strain, which 

causes gashes or fractures that are filled with 

sulfides (Williams & Blenkinsop, 2024). The 

most dominant sulfide minerals within boudins 

are chalcopyrite and pyrite containing minor ar-
senopyrite inclusions. Both chalcopyrite and 

pyrite are being replaced by pyrrhotite (Figs 9B, 

C, D & 12C, D). Chalcopyrite is being replaced 

by pyrrhotite during retrograde metamorphism. 

Galena occurs as a massive matrix with pyrrho-

tite and disseminated chalcopyrite (Fig. 9I); it 

may behave brittle under mechanical stress, 

which leads to fracturing rather than ductile de-
formation (Cox, 1987; Rutter, 1993; Marshall 

& Gilligan, 1987). Pressure applied during 

compaction can influence the densification of 

galena, which in turn affects its structural integ-
rity and hardness (e.g. Al-Saqarat et al., 2024). 

Galena is the dominant sulfide in the marble-

hosted quartz veins at the K1 prospect, whereas 

sphalerite is more characteristic in siliciclastic-
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hosted veins. Additionally, pyrite commonly 
occurs intergrown with gangue minerals, typi-
cally quartz, within the massive sphalerite ma-
trix, suggesting a complex mineralogical asso-
ciation influenced by local geochemical condi-
tions.  

 
Boudin necks 

The ‘durchbewegung’ texture is most 
common in boudin necks, where competent sul-
fide minerals are enclosed within an incompe-
tent sulfide matrix during remobilization (Zhao 
et al., 2021). Pyrrhotite is the most common 
sulfide in the boudin neck, due to the replace-
ment of chalcopyrite and pyrite (Figs 9A, B, 
12C, D, G & 19). Pyrrhotite is a common inter-
stitial phase that typically surrounds chalcopy-
rite grains like a rim (Fig. 9B). This implies a 
sequence in which pyrrhotite replaces chalco-
pyrite along fractures or grain boundaries, pro-
ducing a unique textural connection (e.g. She-
non, 1932.; Bischoff et al., 2011). Chalcopyrite 
can also be found as inclusions in pyrrhotite, 
suggesting that it either originated later because 
of alteration or was incorporated during the 
crystallization of pyrrhotite. Under certain cir-
cumstances, such as variations in temperature 
or pressure, the stability of chalcopyrite ex-
ceeds that of pyrrhotite, which explains why the 
occurrence of chalcopyrite inclusions is fre-
quently linked to the alteration of pyrrhotite 
(Bischoff et al., 2011). Pyrrhotite undergoes 
partial recrystallization during deformation, re-
sulting in the formation of coarse grains (Craig 
& Vokes, 1993). Covellite and sphalerite are 
mostly found in the boudin necks of the veins, 
where they occur as a massive matrix, hosting 
inclusions of pyrrhotite, pyrite, and chalcopy-
rite (Figs 7, 9 and 12). In the context of this 
study, sphalerite, by buffering sulphur activity, 
may have influenced the recrystallization pro-
cess, altered stability, and modified transfor-
mation pathways during metamorphic events. 
This likely scenario, as described by Craig & 
Vokes (1993), contributes to the formation of 
the diverse textures observed in the sulfide min-
erals of boudin necks.  
 
Implications of sulfide mobilization for gold 
mineralization patterns 

During regional metamorphism, the 
shape of the orebody, spatial distribution, min-
eral assemblage, and ore fabric are modi-
fied.(Cook et al., 1993; Marshall & Gilligan, 

1987). Solid state or mechanical remobilization 

of sulfides mostly takes place via diffusion 
mass transfer, continuous flow, and plastic flow 
(Cook et al., 1993; Li et al., 2022). In the case 
of the Navachab gold deposit, the replacement 
of chalcopyrite and pyrite by pyrrhotite, along 
with well-developed ‘durchbewegung’ textures 
in the boudin necks, strongly indicate sulfide re-
mobilization. Unlike most other sulfides, which 
can migrate during ductile deformation, pyrite 
typically behaves in a more competent manner 
(Marshall & Gilligan, 1987; Zhao et al., 2021). 
The presence of pyrite inclusions within pyr-
rhotite provides evidence of ‘durchbewegung’. 
The most common manifestation of this texture 
is the ocurrence of small gangue minerals, usu-
ally quartz, included in pyrrhotite, which is pri-
marily observed in the boudin necks of boudi-
naged quartz veins.   

Gold is liberated from earlier auriferous 
pyrite through processes strongly indicative of 
coupled dissolution–reprecipitation (CDR), 
which result in the presence of native gold and 
accessory sulfide phases, and gold can be pre-
served within pyrite (Hastie et al., 2020). Ac-
cording to this study, decoupling of gold and 
silver during remobilization resulted in the 
Au/Ag ratio in early pyrite changing from 0.5 - 
5 to around 9 in the new native gold (900 Au 
purity), and incorporation of Ag into cogenetic 
secondary mineral phases (such as chalcopyrite, 
tetrahedrite, and galena). At the Navachab Gold 
Mine, chalcopyrite and galena are commonly 
found within the boudins of quartz veins, where 
relatively low gold grades are observed. In con-
trast, the boudin necks of the veins, which are 
dominated by pyrrhotite, pyrite, covellite, and 
sphalerite, are associated with higher gold con-
centrations (Figs 8 & 11). 

 
Comparative analysis of mineralization 
between K1 prospect and Navachab main pit 

One of the hypotheses of this study was 
that the remobilization processes and miner-
alogy in the two study areas, i.e. K1 prospect 
and Navachab main pit (Fig. 2), are relatively 
similar. This hypothesis was supported by pre-
vious literature (e.g. Johnson, 2005; Kisters et 
al., 2004), which highlighted similarities in 
geological setting, stratigraphy, and defor-
mation events. However, the results show that 
despite all these resemblances, remobilization 
differs in the two areas.  

The BQVs of the main pit are far more 
developed in terms of remobilization and min-
eralization than those at the K1 prospect. Quartz 
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veins in the main pit show definite boudinage 
structures with visible sulfides (Figs 5, 6, 8, 9, 
11 & 19). On the other hand, at K1 quartz veins 
in the siliciclastic units do not show any signs 
of boudinage (Fig. 14B). This relates to K1 be-
ing located in a fold hinge of the Usakos Dome, 
which influenced deformation mechanisms and 
intensity, and consequently affected sampling. 
The veins exhibit more intense deformation 
(identified as apparent boudinage) within the 
Okawayo marble than in the adjacent schists; 
this probably reflects the lower competence of 
the marble and its greater ability to accommo-
date strain under metamorphic conditions (Figs 
13 & 15), which in turn affects the remobiliza-
tion process. Veins at the K1 prospect are 
densely distributed on the limbs toward the fold 
hinge of the regional Z-fold of the Usakos 
Dome (Fig. 13), as the less competent layers 
display non-planar cleavage reflecting variation 
in the orientation of the local XY-plane, which 
leads to fracturing and vein formation (Fig. 
15E; Robert & Stromgard, 1972). 

Results from geochemical Au-assays 
show that samples from the Navachab main pit 
have higher gold concentrations, with the high-
est value found in the boudin neck domain 
(26.95 ppm; Fig. 19) and the lowest in the bou-
din body domain (0.03 ppm; Figs 8 & 11). In 
contrast, at the K1 prospect the maximum gold 
grade is 2.39 ppm in the neck domain, with a 
minimum of 0.03 ppm also in the neck domain 
(Fig. 15). K1 is primarily characterized by fine, 
widely spaced grains of pyrite, pyrrhotite, chal-
copyrite, and galena. Quartz veins from marble 
units are dominated by pyrite, pyrrhotite, chal-
copyrite, and galena, while sphalerite is more 
prominent in samples collected from the schist 
units. Samples collected from schist units at K1 
show no significant remobilization textures, en-
hancing the differences between the two study 
areas (K1 prospect and Navachab main pit), 
which are clearly reflected in both petrographic 
observations and Au-assay results. 

 
Conclusions  

 

Thie purpose of this study was to 
investigate sulfide remobilization in boudinaged 
quartz veins (BQVs) at the Navachab Gold Mine 
main pit (Karibib Dome) and the nearby K1 pro-
spect within the Usakos Dome through integration 
of field observations, petrographic analysis, and 
geochemical Au-assays. The results confirm that 
in the Navachab main pit, boudin necks are 
preferential sites of gold enrichment relative to 
boudin bodies (Figs 9A, B, 12C, D, G & 19), 
consistent with enhanced sulfide concentration 
and deformation-driven fluid flow during ex-
tension. Well-developed boudinage is associated 
with higher strain and localized fracturing, 
facilitating sulfide remobilization along boudin 
necks, fractures, and pressure shadows, whereas 
vein thickness does not exert a primary control on 
this process. 

In contrast, structures at the K1 prospect 
previously interpreted as boudinage are demon-
strated to represent apparent boudinage formed by 
vein or dyke inflation and subsequent collapse. 
These structures lack microstructural and geo-
chemical evidence for sulfide remobilization and 
are associated with comparatively low Au-grades, 
indicating a fundamentally different formation 
mechanism and mineralization potential. 

 

New key contributions of this study include: 
1. the identification of covellite and galena 

within the Navachab main pit at a micro-
scopic scale, not previously reported; 

2. dominant pyrrhotite with minor pyrite, 
covellite and chalcopyrite in the neck of 
boudinaged quartz veins; 

3. presence of chalcopyrite and sphalerite 
with minor pyrrhotite and pyrite in bou-
din fractures; 

4. ‘durchbewugung‘ as microstructural evi-
dence linking deformation intensity to 
sulfide remobilization; 

5. veins of different thickness have approx-
imately the same neck to boudin Au-ra-
tio; 

6. first detailed small-scale geological and 
petrographic assessment of the K1 pro-
spect, establishing the presence of appar-
ent boudinage, lack of remobilization, 
and limited gold potential. 

 
These findings refine the understanding of 

the relationship between deformation, vein geo-
metry, and sulfide behavior in BQVs, and high-
light the importance of distinguishing between 
true and apparent boudinage in evaluating gold 
mineralization processes and exploration targets. 
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Figure 19. The diagram shows the implications of sulfide remobilization for gold mineralization, based on field 
relations, petrographic studies, and Au-assays. Petrography summarizes the distribution and texture of sulfides in 
both the boudin body and neck, with the most significant being ‘durchbewegung’ textures in the neck and rim 
replacement of chalcopyrite and pyrite by pyrrhotite. Field relations prove that sulfides appear more massive in 
the boudin neck than in the boudin, where they form fracture infills and disseminations. Au-assays indicate a 
relative pattern within the BQVs, with the neck having higher gold grades than the boudin. However, at K1 the 
opposite of this has been observed, which might be a result of apparent boudinage, leading to different 
mineralization controls or none at all. 
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