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Abstract 

 Detrital zircon provenance study of a metamorphosed sedimentary succession in the 

eastern part of the Kaoko Belt in Namibia has revealed two distinct sources for the 

Neoproterozoic sedimentation along the southwestern Congo Craton margin. The lower part 

of the succession shows detrital zircon ages consistent with erosion of Paleoproterozoic 

basement of the Congo Craton with an inferred Mesoproterozoic volcano-sedimentary cover. 

Within the middle part of the succession, which includes glaciogenic sediments correlated 

with the Sturtian (717–660 Ma) glaciation, the Mesoproterozoic zircon grains disappear and 

the signal is dominated by ages known from the Congo Craton basement. The sedimentation 

in these parts of the succession is interpreted as related to the early Neoproterozoic rifting.  

The sedimentary rocks in the top part of the profile contain only subordinate 

proportion of the Paleoproterozoic–Archaean zircon grains and the populations are dominated 



by three age groups of ca. 1.0–1.2 Ga, ca. 800–750 Ma and ca. 650 Ma, consistent with 

erosion of the Punta del Este–Coastal Terrane exposed in the centre of the Kaoko–Dom 

Feliciano–Gariep orogen. An associated glaciogenic horizon interpreted as reflecting the 

Marinoan (645–635 Ma) glaciation constrains the sedimentation in the upper part of the 

succession and suggests a short time span between the high-grade metamorphism/magmatism 

in the Punta del Este–Coastal Terrane and its exhumation. Sedimentary rocks with such 

detrital zircon pattern appear also in the Damara and Gariep belts. Their source in the western 

part of the Kaoko–Dom Feliciano–Gariep orogen suggests that they represent an early 

orogenic flysch that originated during early collision in the western part of the orogen.  

The short time span between the metamorphism/magmatism in the Punta del Este–

Coastal Terrane and deposition of the early orogenic flysch derived from it suggests that the 

Coastal Terrane was never separated from the Congo Craton by an oceanic domain. The 

estimated time span between the end of lithospheric stretching and sedimentation of the early 

flysch suggests that the hypothetical Adamastor Ocean separating the western and eastern 

forelands of the Kaoko–Dom Feliciano–Gariep orogen must have been small.  
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Introduction 

 The pre-collisional position and extent of separation of the crustal units involved in the 

formation of the Kaoko–Dom Feliciano–Gariep orogenic system (Fig. 1) is a widely discussed 

topic (e.g. Porada, 1989; Basei et al., 2005; Goscombe and Gray, 2007; Gray et al., 2008; 

Frimmel et al., 2011; Konopásek et al., 2014), which has consequences for the reconstruction 

of the Rodinia and Gondwana supercontinents. Central to such discussion is the position and 



extent of a potential oceanic domain, the consumption of which culminated in the formation 

of the Kaoko–Dom Feliciano–Gariep orogen. The hypothesis of such ocean (Proto-South 

Atlantic Ocean of Porada, 1979, Adamastor Ocean of Hartnady et al., 1985 or Brazilides 

Ocean in South American literature) is apparently widely accepted, but its pre-collisional 

position is unclear due to the lack of evidences for its existence, as would be exhumed 

blueschist/eclogite facies rocks or ophiolite fragments. Some authors (e.g. Passchier et al., 

2002; Oyhantçabal et al., 2009; Chemale et al., 2012) placed the assumed oceanic domain 

between the Punta del Este–Coastal Terrane (Fig. 1) and the eastern foreland represented by 

the attenuated Congo Craton margin in the north and the western edge of the Kalahari Craton 

in the south. Consequently, such configuration implies the Neoproterozoic suture on the 

eastern side of the Kaoko–Dom Feliciano–Gariep orogen. Other authors (e.g. Basei et al., 

2000; Goscombe and Gray, 2007; Frimmel et al., 2011) placed the oceanic domain between 

the Punta del Este–Coastal Terrane and the western foreland represented by the Nico Perez–

Luis Alves terranes in Uruguay and southeastern Brazil (Fig. 1). Solution of this ambiguity 

requires data that allow an interpretation of the measure of the pre-convergence separation of 

the Punta del Este–Coastal Terrane from the foreland domains of the Kaoko–Dom Feliciano–

Gariep orogen.  

 In our previous work we have presented evidence for proximity of the Coastal Terrane 

and the attenuated Congo Craton margin in the Kaoko Belt between ca. 650 Ma and the time 

of their mutual collision at ca. 580 Ma (Konopásek et al., 2014). This evidence is based on the 

zircon provenance data from the upper part of the high-grade metamorphosed sedimentary 

succession covering the Congo Craton basement of the Orogen Core unit and northwestern 

Central Kaoko Zone, which point to the Coastal Terrane as the most likely source of the 

clastic sediments laid down in that time span. However, as the upper sedimentary succession 



described in that study is devoid of syn-sedimentary volcanic units that would allow dating of 

the sedimentation, the exact timing of the Costal Terrane erosion remained unconstrained. 

Within the southeastern Central Kaoko Zone (Fig 1), a thick folded but 

stratigraphically continuous low- to medium-grade basinal succession is composed of mainly 

coarse- to fine-grained clastic and minor carbonate sedimentary rocks and local volcanic 

rocks with low grade of metamorphic overprint (Fig. 2).  The middle part of the succession 

contains weakly metamorphosed thick glaciogenic diamictite with shale and thin limestone 

correlated with the Chuos Formation of the middle Otavi Group carbonate platform sequence 

of the Eastern Kaoko Zone (Figs 2 and 3; Guj, 1970). The presence of a second thin glacial 

interval, consisting of ice-rafted debris correlated with the Ghaub Formation of the upper 

Otavi Group has recently been identified from new field mapping within the upper 

succession. The glacial units are correlated with the global Sturtian (717–660 Ma; Macdonald 

et al., 2010; Rooney et al., 2014; 2015) and Marinoan (< 645–635 Ma; Hoffmann et al., 2004; 

Condon et al., 2005; Rooney et al., 2015; Prave et al., 2016) glacial episodes respectively, and 

thus provide a reliable age model for the timing and duration of sedimentation of the middle 

and upper sedimentary successions. 

In this contribution we present new detrital zircon age spectra from this continuous 

and stratigraphically well-constrained succession of the southeastern Central Kaoko Zone. 

Such data allow correlation of the studied low-grade Neoproterozoic units with the high-grade 

metasedimentary rocks in the western part of the Kaoko Belt, and also with the clastic 

sedimentation in the basinal part of the Damara Orogen. Moreover, the data provide robust 

arguments for the discussion of the pre-collisional position of the Punta del Este–Coastal 

Terrane with respect to the hypothetical Adamastor/Brazilides Ocean, as well as other crustal 

blocks involved in the assembly of western Gondwana along the Kaoko–Dom Feliciano–

Gariep orogenic system. 



 

Geological setting 

 The Kaoko Belt in northwestern Namibia consists of two principal tectonic units. The 

major part of the belt is an attenuated margin of the Archaean–Mesoproterozoic Congo Craton 

(Seth et al., 1998; S. Kröner et al., 2004; A. Kröner et al., 2010; 2015) with its Neoproterozoic 

sedimentary cover (Guj, 1970; Dingeldey et al., 1994; Prave, 1996; Hoffman and Prave, 1996; 

Goscombe, 1998a,b; Konopásek et al., 2014). The overriding tectonic unit is the Coastal 

Terrane (Fig. 1; Goscombe et al., 2005; Goscombe and Gray, 2007). 

 The attenuated Congo Craton margin is subdivided into three zones with different 

styles of deformation and metamorphic grade (Miller, 1993; Goscombe et al., 2005). Its 

western part represents the Orogen Core unit (Goscombe et al., 2005) showing granulite-

facies metamorphism and extensive partial melting at ca. 550 Ma (Goscombe et al., 2005; 

Konopásek et al., 2008). Farther to the east and in the tectonic footwall is the Central Kaoko 

Zone (Miller, 1993), which is a thrust and fold belt with slices of the basement incorporated 

into its metamorphosed and deformed sedimentary cover. Dating of volcanic rocks and 

detrital zircon grains in the host sedimentary rocks has shown that the metasedimentary part 

of the Central Kaoko Zone is built of two distinctively different successions (Konopásek et 

al., 2014). The sedimentation associated with volcanic activity in the lower part of the 

succession took place between at least ca. 740 and 710 Ma. The sedimentary age of the upper 

part is between ca. 650 and 580 Ma, where the upper limit is set by the age of an early 

metamorphism of this unit (Goscombe et al., 2003). Due to the metamorphism and 

deformation, it is not clear whether there has been any sedimentary unconformity present 

between these two successions. The whole unit has developed an inverted Barrowian-type 

metamorphism and the grade decreases towards the east (Goscombe et al., 2003; Will et al., 

2004). The Central Kaoko Zone was thrust along the Sesfontein Thrust (Fig. 2) over the very 



low grade Eastern Kaoko Zone represented by the western edge of the Otavi Group carbonate 

platform and overlying molasse sedimentary rocks of the Mulden Group (Guj, 1970; Prave, 

1996; Hoffmann and Prave, 1996). The Otavi Group contains two regional glacial diamictite 

units, the lower Chuos Formation and the upper Ghaub Formation (Hoffmann and Prave, 

1996; Hoffman and Halverson, 2008). 

The Coastal Terrane shows markedly different evolution with respect to the 

underlying Congo Craton margin. There is apparently no pre-Neoproterozoic basement 

exposed in the Coastal Terrane and the pre-collisional rock association is represented by 

metamorphosed clastic sedimentary rocks with intercalated quartz-feldspathic gneisses and 

amphibolites. The gneisses and amphibolites have been interpreted as former syn-sedimentary 

bimodal volcanic rocks and dated at ca. 800 Ma (Konopásek et al., 2008). The volcano-

sedimentary succession was migmatized at ca. 650–630 Ma (Franz et al., 1999; Goscombe et 

al., 2005; Konopásek et al., 2008) and this partial melting event was associated with an 

intrusion of small portions of magmatic rocks (Seth et al., 1998; S. Kröner et al., 2004). After 

the migmatization, but still prior to the thrusting over the Congo Craton margin, the Coastal 

Terrane was intruded by basic–intermediate and felsic plutonic rocks of the Angra Fria 

Magmatic Complex now exposed in the NW part of the unit. The ages of the intrusions show 

two time intervals, where the older suite intruded at ca. 625–620 Ma and the younger suite at 

ca. 585–575 Ma (Konopásek et al., 2016). The metamorphic and magmatic history of the 

Coastal Terrane and the Angra Fria Complex coincides with that recognized in the Punta del 

Este Terrane and the Florianópolis Batholith of the Dom Feliciano Belt in South America, 

respectively (Gross et al., 2009; Oyhantçabal et al., 2009; Lenz et al., 2011). This allowed 

establishment of an improved spatial link between the geological units of the Kaoko and Dom 

Feliciano belts (Konopásek et al., 2016). 



In the final stage of its evolution, the Coastal Terrane was thrust obliquely over the 

Congo Craton margin between ca. 580 and 550 Ma (Goscombe and Gray 2007; Ulrich et al., 

2011). The thrusting was accompanied by intrusions of a large number of magmatic bodies 

with ages spanning the whole time interval of thrusting (Seth et al., 1998; S. Kröner et al., 

2004; Masberg et al., 2005; Konopásek et al., 2008; Janoušek et al., 2010).  

 

Sedimentary succession of the study area 

 The rocks studied in this work represent a Neoproterozoic sedimentary cover of the 

Congo Craton basement in the easternmost part of the Central Kaoko Zone (Figs 2 and 3). 

The Neoproterozoic succession was folded with various intensity and metamorphosed under 

the lower greenschist-facies conditions (Guj, 1970; Dingeldey et al., 1994). 

 The succession starts with coarse-grained clastic sedimentary rocks of the Nosib 

Group directly overlying the Archaean–Paleoproterozoic basement of the Congo Craton. The 

Nosib Group rocks are overlain by a thick succession of fine- to medium-grained schists and 

quartzites with dolomite and limestone beds in the lower part and mainly calcareous quartzite 

and micaceous quartzites interbedded with schists in the upper part. Both the lower and upper 

parts were intruded by small bodies (or apophyses of a larger body) of a coarse-grained 

metagabbro (Figs 2 and 3). Above the quartzites there is a unit of mafic volcanic rock 

metamorphosed to greenschist followed by a thick succession of glaciogenic, medium-grained 

clastic sedimentary rocks with centimetre- to decimetre-sized polymict basement and minor 

carbonate clasts and with high proportion of iron oxides. This glaciogenic succession is 

correlated with the Chuos Formation diamictite of the Otavi Group (Fig. 3) and interpreted as 

representing the Sturtian (717–660 Ma) global glaciation. The diamictite of the Chuos 

Formation is overlain by an intercalation of fine- and medium-grained clastic 



metasedimentary rocks and these pass gradationally into a thick succession of metagreywacke 

with subordinate carbonate beds.  

A thin unit consisting of laminated, weakly metamorphosed pelite with rare, pebble- to 

boulder-sized lonestones, interpreted as ice-rafted clasts (dropstones), and sharply overlain 

(capped) by thin (10–15 cm) dark rusty brown weathering medium grey dolostone, forms a 

laterally continuous unit within the middle part of the greywacke succession (Fig. 3). This is 

followed by thinly interbedded dolostone and metapelite and grey limestone. The dropstone-

bearing pelite and cap dolostone are correlated with the Ghaub Formation and overlying cap 

dolostone (Keilberg Member) of the Otavi Group and therefore interpreted as representing the 

Marinoan (ca. 645–635 Ma) glaciation (Hoffmann et al., 2004; Prave et al., 2016).  

 

Description of samples and results of U–Pb detrital zircon dating 

U–Pb ages of the zircon populations were determined by laser ablation inductively 

coupled plasma mass spectrometry (LA–ICP–MS) and the isotopic data are given in the 

electronic appendix. Reported zircon U–Pb concordia age spectra (Figs 4, 5 and 6a) comprise 

only analyses with 2σ uncertainty ≤ 10 % and probability of concordance ≥ 1 %. The 

frequency of zircon age populations is presented in form of histograms and kernel density 

estimate of Vermeesch (2012). Description of zircon separation and analytical method is 

provided in the Appendix.  

 

Sample NL 20 

 Sample NL 20 (S19°10.894', E13°34.886' – all coordinates are WGS 84) is a 

carbonate-bearing feldspathic quartzite with an accessory opaque mineral collected from the 

lower part of a unit of schists and quartzites overlying the basal Nosib Group (Figs 2 and 3).  

The zircon grains are mostly ca. 100–150 µm long, oval in shape and some of them show 



relic morphology of prismatic crystals with abraded edges. Cathodoluminescence (CL) 

imaging of the grains revealed mostly the presence of oscillatory zoning that is in numerous 

grains truncated at the edges, probably due to abrasion during transport. Smaller proportion of 

grains revealed sector zoning or no zoning at all.  

 Isotopic dating yielded data with the probability of concordance ≥ 1 % and 2σ 

uncertainty ≤ 10 % for 83 zircon grains. The results of dating are plotted in Fig. 4a, where the 

corresponding spectrum of dates shows the highest proportion distributed around a peak at ca. 

1.80 Ga. The remaining analyses form a broad peak centred at ca. 1.30 Ga, which represents 

clusters of data between ca. 1.00 and 1.50 Ga. Some individual data appear also in the interval 

ca. 1.95–2.75 Ga.   

 

Sample NL 24B 

 Sample NL 24B (S19°19.908', E13°35.702') is a carbonate-bearing micaceous 

quartzite occurring directly below the layer of metamorphosed volcanic rock (Figs 2 and 3). 

The quartzite contains the mineral assemblage quartz-carbonate-plagioclase-microcline-

biotite-chlorite-white mica with accessory tourmaline and opaque mineral. Zircon crystals 

extracted from this sample mostly show relic prismatic crystal shape, some of them are more 

rounded and show oval shapes. Grains are ca. 80–200 µm long, mostly with well visible 

oscillatory zoning in CL. Again, small number of grains is CL-bright with sector or convolute 

zoning and some show CL-bright rims with embayments into the oscillatory-zoned parts. 

 Analysis of 98 grains provided data with the probability of concordance ≥ 1 % and 2σ 

uncertainty ≤ 10 %. The spectrum of concordia ages is presented in Fig. 4b and shows several 

peaks at ca. 1.85, 1.70, 1.40, 1.20 and 1.05 Ga, as well as some individual data at ca. 950 Ma 

and between 2.00 Ga and 2.20 Ga. 

 



Sample NL 21 

 Sample NL 21 (S19°13.233', E13°34.937') is a quartzite occurring within the 

metavolcanic unit (Figs 2 and 3). The quartzite contains white mica, carbonate, plagioclase, 

microcline, chlorite, opaque mineral and epidote. Zircon grains extracted from this sample are 

either ovoid in shape or show well preserved prismatic crystals. The grains are ca. 100–150 

µm long and most of them show oscillatory zoning in CL, nevertheless the proportion of 

sector-zoned crystals is apparently higher than in the previous two samples. Some grains 

show again distinct CL-bright rims with embayments into the darker parts of the crystal. 

 Analysis of 98 grains yielded data with the probability of concordance ≥ 1 % and 2σ 

uncertainty of ≤ 10 %. The dates form two maxima at ca. 1.75 and 1.85 Ga and there is also a 

small number of individual data at ca. 900 Ma, between 1.30 and 1.60 Ga, around 2.00 Ga 

and at 2.50 Ga (Fig. 4c). 

  

Sample NL 26 

 Sample NL 26 (S19°28.076', E13°34.505') is a quartzite collected directly below the 

lower diamictite horizon of the profile (Figs 2 and 3). The sample is strongly foliated and 

bears the mineral assemblage quartz-muscovite-biotite-plagioclase-carbonate with accessory 

titanite and opaque mineral. Zircon occurs as prismatic crystals ca. 100–200 µm long with 

various degrees of abrasion of the edges. CL imaging of the grains revealed mostly oscillatory 

zoned crystals and numerous crystals with complex internal structures. As in the previous 

samples, several zircon grains show CL-bright, ca. 10 µm wide rims with embayments into 

darker, often oscillatory zoned parts of the crystals.  

 Isotopic dating yielded data with the probability of concordance ≥ 1 % and 2σ 

uncertainty ≤ 10 % for 92 zircon grains. The resulting spectrum (Fig. 4d) is very similar to 

that observed in the sample NL 21 (Fig. 4c). The calculated concordia ages cluster around 



1.75 and 1.85 Ga and there is a small number of individual dates around 1.20 and 2.00 Ga and 

at ca. 2.60 and 2.80 Ga.  

 

Sample NL 25 

 Sample NL 25 (S19°27.492', E13°35.108') represents the lower glaciogenic unit 

interpreted as the Chuos Formation diamictite (Figs 2 and 3). In the hand specimen, the 

sample is composed of centimetre- to decimetre-sized carbonate clasts surrounded by 

medium-grained rusty-brown matrix suggesting a high proportion of iron oxide. In the thin 

section made from the matrix, the rock is composed by ca. 30% of opaque mineral 

accompanied by quartz, plagioclase, biotite, carbonate and subordinate chlorite. Zircon in this 

sample are mostly ca. 50–150 µm large fragments of ovoid or prismatic grains. Majority of 

them show oscillatory zoning in CL, some grains have numerous fractures and sometimes 

show CL-bright regions around them.   

 Dating of zircon from this sample yielded 96 concordia ages with the probability of 

concordance ≥ 1 % and 2σ uncertainty of ≤ 10 %. The vast majority of the data forms a peak 

around 1.85 Ga. There is another group of dates clustering around ca. 1.70 Ga and the rest are 

individual data in the interval 900 Ma – 1.50 Ga and several data around 2.50–2.60 Ga (Fig. 

4e). 

 

Sample MDB-6 

 The lower diamictite horizon is overlain by weakly metamorphosed pelitic 

sedimentary rocks (Figs 2 and 3), which alternate with more psamitic rocks and the 

metamorphosed psamite is the sample MDB-6 (S19°29.715', E13°26.783'). The sample 

consists of ca. 0.5–1 mm large, partly recrystallized clasts of plagioclase and quartz 

surrounded by finer-grained matrix made of recrystallized quartz, feldspar, carbonate mineral, 



muscovite, biotite, chlorite and an opaque mineral. Analysed zircon grains are ca. 70–180 µm 

large. Most of them show well-developed concentric oscillatory zoning in CL and only minor 

proportion of the crystals shows ill-defined oscillatory or sector zoning. 

   Isotopic dating provided 107 dates with the probability of concordance ≥ 1 % and 2σ 

uncertainty ≤ 10 %. The data show a single peak centred at ca. 1.80 Ga and individual data at 

ca. 1.00, 1.50 and between ca. 1.90 and 2.20 Ga (Fig. 4f). 

  

Sample NL 27 

The uppermost part of the sampled sedimentary succession is represented by a unit of 

weakly metamorphosed greywacke with subordinate dolomite beds. This unit contains the 

upper glaciogenic horizon (Figs 2 and 3) that is interpreted as the Marinoan (ca. 645–635 Ma) 

Ghaub Formation diamictite. The greywacke sample NL 27 (S19°34.197', E13°27.036') was 

collected at the bottom of this unit and its mineralogy is mostly represented by quartz and 

carbonate together with high proportion of opaque mineral, white mica, subordinate 

plagioclase feldspar, biotite and tourmaline. Zircon crystals extracted from this sample are 

mostly ca. 120–150 µm long and show various shapes and patterns in CL. Large proportion of 

grains is short or long prismatic with preserved crystal faces and well developed oscillatory 

zoning. Other grains do not have well defined crystal shape, they are oval and show truncated 

oscillatory zoning. Finally, ca. 10% of grains show irregular or ovoid shapes or fragments of 

crystals with sector or faint and irregular zoning in CL. 

Analysis of 73 grains yielded data with the probability of concordance ≥ 1 % and 2σ 

uncertainty of ≤ 10 %. The dates form two maxima at ca. 1.05 Ga and ca. 800 Ma, but the 

later one in fact represents a group of dates between ca. 650 and 850 Ma. A small number of 

individual data appear at ca. 1.65 Ga, between 1.85 and 2.00 Ga and at 2.65 Ga (Fig. 5a). 

   



 

Sample MDB-5 

 Sample MDB-5 (S19°28.725', E13°24.715') comes from the same unit of 

metagreywackes as the sample NL 27, but from the position directly below the Ghaub 

Formation diamictite (Figs 2 and 3). The sample MDB-5 consists of quartz, feldspar, 

carbonate mineral, muscovite, chlorite, biotite, opaque mineral and accessory tourmaline. CL 

imaging of the zircon grains revealed large variety of grain shapes from long (>200µm) 

prismatic with well-defined crystal shapes through short prismatic up to ovoid (ca. 90µm 

large), strongly abraded grains with clearly truncated oscillatory zoning. Most of the zircon 

crystals show concentric or non-concentric oscillatory zoning, but large proportion of the 

grains have faint, patchy or sector zoning and some of them are featureless in CL. 

 Dating of zircon extracted from the sample MDB-5 provided 114 dates with the 

probability of concordance ≥ 1 % and 2σ uncertainty of ≤ 10 % and they cluster in two broad 

peaks centred at ca. 700 Ma and ca. 1.05 Ga. Minor number of analyses provided data with 

calculated concordia ages between ca. 1.75 and 2.00 Ga and one concordia age at 2.60 Ga 

(Fig. 5b). 

 

 

Samples HKB-1 and NL 29 

  Samples HKB-1 (S19°34.785', E13°25.678') and NL 29 (S19°34.738', E13°25.601') 

were collected from the metagreywackes overlying the Ghaub Formation diamictite horizon 

(Figs 2 and 3). The samples consist mostly of quartz, plagioclase feldspar and carbonate, 

together with smaller amount of muscovite, biotite, chlorite, opaque mineral and subordinate 

tourmaline. The shape and internal features of zircon crystals in HKB-1 are similar to those 

observed in the sample HKB-5. Zircon grains separated from the sample NL 29 are mostly 



long prismatic with euhedral crystal shapes and lengths of ca. 150–270 µm. Such grains 

mostly show concentric oscillatory zoning in CL. Small proportion of grains is short prismatic 

or ovoid in shape but also with well-developed concentric zoning. Only individual grains have 

irregular shapes and these usually show complicated internal textures in CL like convolute or 

patchy zoning or they have no zoning at all.  

 Sample HKB-1 yielded 108 dates with the probability of concordance ≥ 1 % and 2σ 

uncertainty of ≤ 10 %. The data show one broad peak between ca. 950 and 1.15 Ga and one 

broad group of data between ca. 600 and 800 Ma with two peaks at 650 and 700 Ma. There 

are also some individual data at ca. 1.90 and 2.70 Ga (Fig. 5c).  

Isotopic analysis of zircon in the sample NL 29 yielded 85 concordia ages with the 

probability of concordance ≥ 1 % and 2σ uncertainty of ≤ 10 %. The dates concentrate in two 

time intervals, where one group represents dates between ca. 1.00 and 1.25 Ga with a peak at 

ca. 1.05 Ga, and the other between ca. 650 and 850 Ma with two well-defined peaks at ca. 

650 and 800 Ma. Only four analyses provided dates older than 1.40 Ga (Fig. 5d).  

 

 

Sample NM 32 

  Sample NM 32 (S19°12.438', E13°50.464') is a weakly metamorphosed pelitic 

sediment collected in the Eastern Kaoko Zone east of the main study area (Fig. 2). This rock 

represents the molasse sediments of the Mulden Group consisting of alternation of quartz- and 

white mica + chlorite-rich layers and the other mineral phases are epidote and accessory 

opaque mineral. Nearly all of the zircon crystals extracted from the sample are long prismatic 

with length between ca. 120 and 200 µm and only subordinate number is short prismatic with 

length of ca. 100 µm. Most of the grains show well-developed concentric or nonconcentric 

oscillatory zoning in CL and only small number of them show sector or convolute zoning. 



  Isotopic dating yielded data with the probability of concordance ≥ 1 % and 2σ 

uncertainty ≤ 10 % for 65 zircon grains. The data are plotted in Fig. 6c and the resulting 

spectrum shows the highest proportion of dates distributed around a peak at ca. 600 Ma. The 

remaining analyses form two smaller peaks centred at ca. 800 Ma and 1.05 Ga. Some 

individual data appear in the age interval between ca. 1.90 and 2.10 Ga. 

 

Sm-Nd isotopes 

 In order to further characterize possible sources of the detritus for the samples, we 

have analysed Nd isotopic compositions in four samples from the lower and middle parts, and 

in four samples from the top of the studied stratigraphic interval. The new Nd isotopic 

analyses are presented in Tab. 1 together with previously published data from the rocks 

representing the Neoproterozoic metasedimentary units of the Kaoko Belt. Some of the 

published Sm/Nd ratios from metasedimentary samples collected in migmatitic units 

(Goscombe et al., 2005; Jung et al., 2007) are markedly different from those typical of the 

average continental crust. Thus, the depleted-mantle Nd model ages were calculated using the 

two-stage Nd evolution model of Liew and Hofmann (1988) assuming a major Sm/Nd 

fractionation during the last high-grade metamorphic event in the study area, i.e. at ca. 550 

Ma. The two-stage Nd model ages obtained for samples from the bottom part of the 

stratigraphic interval (NL 21 and NL 24 B) are 2.39 and 2.17 Ga, respectively. Samples from 

the middle part of the profile (NL 25 and MDB-6) yielded the Nd model ages of 1.85 and 1.98 

Ga and the samples from the stratigraphic top of the profile (NL 27, NL 29, HKB-1 and and 

MDB-5) show the Nd model ages of 1.45, 1.56, 1.46 and 1.40 Ga, respectively. 

 

Discussion 

 



1. Detrital zircon age patterns of the clastic sediments in the eastern part of the Kaoko Belt 

 The detrital zircon data show four different patterns. First pattern appears in the 

samples NL 20 and NL 24B (Fig. 4a,b), where the data apparently cover the entire time 

interval between ca. 1.00 and 2.00 Ga with one group of dates between ca. 1.70 and 1.85 Ga 

and another group straddling a larger time interval between ca. 900 Ma and ca. 1.40 Ga. The 

samples NL 21, NL 26, NL 25 and MDB-6 (Fig. 4c, d, e, f) represent the second group. Here, 

the vast majority of the dates appears only in the age interval ca. 1.70–1.85 Ga. The third age 

pattern comes solely from the samples collected in the uppermost greywacke unit of the 

sedimentary succession, i.e. the samples NL 27, HKB-1, MDB-5 and NL 29 (Fig. 5). Their 

detrital zircon age spectra show a bimodal distribution with one group of dates in the interval 

ca. 900 Ma – 1.20 Ga and another group in the interval ca. 630–850 Ma. The last age pattern 

shows the dates obtained from the detrital zircon population of the sample NM 32 (Fig. 6c) 

representing the Mulden Group in the Eastern Kaoko Zone. The pattern itself is similar to that 

observed in the previous group, but in the sample NM 32 the largest number of dates appears 

around ca. 600 Ma. 

 The presence of clastic zircon with dates ≤ 1.00 Ga in the samples from the lower part 

of the studied succession confirms its Neoproterozoic age. The dates from the samples NL 20 

and NL 24B differ from those recorded in the samples NL 21, NL 25, NL 26 and MDB-6 by 

substantial suppression of the Mesoproterozoic dates in the latter group (Fig. 4). The detrital 

zircon concordia age patterns in these two groups of samples suggest a permanent availability 

of ca. 1.75–2.0 Ga old source. This is no surprise, as the (meta)granitoid rocks of this age 

dominate the underlying Congo Craton basement (Seth et al., 1998; S. Kröner et al., 2004; A. 

Kröner et al., 2010; 2015; Kleinhanns et al., 2015). The Mesoproterozoic dates between ca. 

1.4 and 1.0 Ga appear in a large number in the samples from the lower part of the studied 

stratigraphic interval (NL 20 and NL 24B; Fig. 4a,b) and their disappearance towards the 



higher stratigraphic levels suggests gradual erosion of source rocks with Mesoproterozoic 

zircon. Rocks with ages between 1.4 and 1.0 Ga are not common in the Congo Craton 

basement and the only occurrence of metamorphosed Mesoproterozoic igneous rocks is 

known from the northern Kaoko Belt (A. Kröner, pers. comm.). It is however possible that a 

volcanosedimetary series of this age covered this part of the craton before the onset of the 

Neoproterozoic rifting and was eroded during ongoing crustal extension. An alternative 

source of the detrital material for the lower part of the studied sedimentary succession are the 

Mesoproterozoic rocks of the Namaqua Metamorphic Complex and the Rehoboth Inlier along 

the northwestern and western edge of the Kalahari Craton (Fig. 1; Becker et al., 2006), which 

may have been in close proximity with the Congo Craton at the onset of the Neoproterozoic 

rifting.  

 Samples from below and above the recently identified Marinoan glaciogenic unit of 

the Ghaub Formation within the upper sedimentary succession of the southeastern Central 

Kaoko Zone show markedly different detrital zircon age patterns than the samples collected in 

the lower stratigraphic positions. The populations in all four dated samples (NL 27, NL 29, 

HKB-1 and MDB-5; Fig. 5) are dominated by the late Mesoproterozoic – early 

Neoproterozoic zircon grains, whereas the Paleoproterozoic dates are scarce. The lack of the 

Paleoproterozoic dates and an overall presence of the ca. 650 Ma zircon in these samples 

rules out the Congo or Kalahari cratons and their Neoproterozoic sedimentary cover as the 

source rocks. This is because the ca. 650 Ma felsic–intermediate igneous rocks that could 

have provided zircon of this age are not known from any of the tectonic units of the Kaoko, 

Damara or Gariep belts with the Congo or Kalahari cratonic basement. The closest tectonic 

unit with the demonstrated presence of ca. 650 Ma igneous and high-grade metamorphic 

activity is the Coastal Terrane in the Kaoko Belt and its equivalent, the Punta del Este 

Terrane, in the Dom Feliciano Belt (Seth et al., 1998; Franz et al., 1999; Goscombe et al., 



2005; Konopásek et al., 2008; Oyhantçabal et al., 2009; Lenz et al., 2011). Apart from the ca. 

650 Ma plutonic activity and associated granulite-facies metamorphism, the Punta del Este–

Coastal Terrane contains an important proportion of metamorphosed felsic–intermediate 

igneous rocks dated between ca. 800 and 770 Ma (Konopásek et al., 2008; Oyhantçabal et al., 

2009; Lenz et al., 2011; Basei et al., 2011; Masquelin et al., 2012). These ages correspond 

well with the Neoproterozoic zircon populations older than ca. 650 Ma found in the samples 

NL 27, NL 29, HKB-1 and MDB-5. Finally, inherited zircon grains dated in some of the 

Neoproterozoic igneous rocks of the Punta del Este–Coastal Terrane show almost exclusively 

mid–late Mesoproterozoic (ca. 1.30–0.95 Ga) ages (Lenz et al., 2011; Basei et al., 2011; 

Masquelin et al., 2012), which is in agreement with the late Mesoproterozoic zircon 

populations observed in all four samples from this stratigraphic position. All these facts point 

to the Punta del Este–Coastal Terrane as the most likely source for the samples NL 27, NL 29, 

HKB-1 and MDB-5. 

Three zircon grains in the sample HKB-1 collected above the diamictite horizon of the 

Ghaub Formation yielded dates of ca. 600 Ma. Although all of them fulfil the criterion for 

considering them as concordant or nearly concordant analyses, two of them have a low 

probability of concordance (1 and 19%) and the third grain we consider as outlier that says 

little about the maximum depositional age of the sample protolith. The other youngest dates 

(22 data) cluster around an age of 630 Ma (weighted average of concordia ages is 629 ± 4 

Ma), which we consider as the best estimate of the age of the youngest zircon population in 

the sample HKB-1. The youngest zircon population in the sample NL 29 from an equivalent 

stratigraphic positions does not show dates younger than ca. 630 Ma and the weighted 

average of concordia ages for the 13 youngest dates is 652 ± 6 Ma. 

 The differences in sources for the sedimentation of the lower, middle and upper part of 

the studied profile are reflected also by different Nd model ages of the samples (Tab. 1). The 



samples NL 21 and NL 24B from the lower part of the profile show early Paleoproterozoic 

model ages (2 stage TNdDM of 2.39 and 2.17 Ga, respectively), whereas the model ages of the 

samples NL 25 and MDB-6 in the middle part of the profile are slightly younger (2 stage 

TNdDM of 1.85 and 1.98 Ga, respectively). In contrast to that, the samples from the upper part 

of the profile (NL 27, NL 29, HKB-1 and MDB-5) show younger, mostly Mesoproterozoic 

model ages between 1.56 and 1.40 Ga, which is another evidence that rules out the 

Paleoproterozoic basement of the Congo Craton as a source region. These data are consistent 

with the previous observations made in other parts of the Neoproterozoic sedimentary cover 

in the Kaoko Belt (see summary in Tab. 1) 

 The sample NM 32 of the late orogenic molasse sediments from the Eastern Kaoko 

Zone shows generally the same detrital zircon age signals as the samples from the uppermost 

strata of the Central Kaoko Belt succession. The major difference is the suppression of late 

Mesoproterozoic dates and the dominance of Neoproterozoic dates with two peaks at ca. 800 

Ma and at ca. 600 Ma. As discussed above, the dates between ca. 800 and 630 Ma represent 

the typical Punta del Este–Coastal Terrane signal. Large proportion of grains dated at ca. 600 

Ma suggests initial erosion of magmatic rocks intruded along the western edge of the Punta 

del Este–Coastal Terrane represented by the Aiguá, Pelotas and Florianópolis batholiths in the 

Dom Feliciano Belt and the Angra Fria Complex intruding the Coastal Terrane in the Kaoko 

Belt (see summary in Konopásek et al., 2016).   

 

 

2. Comparison of the results with the data from the high-grade part of the Central Kaoko 

Zone 

The presence of the Sturtian (ca. 717–660 Ma) and Marinoan (ca. 645–635 Ma) 

glacial intervals recognized within the tectonically uninterrupted and well documented 



stratigraphic succession of the southeastern Central Kaoko Zone, provide important age 

constraints for comparison and improved correlation with previously published detrital zircon 

data from the medium – high-grade metasedimentary succession of the Kaoko Belt in which 

the glaciogenic units appear to be absent or have not been recognized (Konopásek et al., 

2014). Such comparison shows that the sample of the basal Neoproterozoic Nosib Group 

quartzite (sample NI 177 in Fig. 4 of Konopásek et al., 2014) yielded zircon age spectrum 

very similar to the samples from the lower part of the stratigraphic section (samples NL 20 

and NL 24B in Fig. 4) dated in this work. Goscombe et al. (2005) also reported comparable 

spectrum of detrital zircon ages from a quartzite of the Hartmann Group in the northern 

Kaoko Belt.  

Samples from the quartzites overlying the basement in the Central Kaoko Zone and in 

the Orogen Core domain (samples NK 54 and NI 128, respectively, in Fig. 4 of Konopásek et 

al., 2014) show one zircon population between ca. 1.70 and 2.00 Ga and another population 

with Mesoproterozoic dates between ca. 1.20 and 1.50 Ga. We also consider the detrital 

zircon signals in these samples as equivalent to samples NL 20 and NL 24B presented in this 

work and the only difference is the appearance of ca. 950 Ma – 1.10 Ga zircon dates in the 

later samples.  

 Zircon age populations in samples from the upper part of the medium to high-grade 

cover of the Kaoko Belt (samples NI 133, NL 15 and NH 059 in Fig. 4 of Konopásek et al., 

2014) match with the age spectra from rocks representing the top of the sedimentary 

succession at the eastern edge of the Central Kaoko Zone (samples NL 27, NL 29, HKB-1 and 

MDB-5; Fig. 5). These samples have zircon populations with dominant late Mesoproterozoic 

– early Neoproterozoic dates and the Paleoproterozoic zircon dates are present only 

sporadically. The only exception is the sample NH 059, where the proportion of 

Paleoproterozoic and even Archean zircon is high. 



 The sample NM 32 from the Mulden Group molasse has no equivalents in the Central 

Kaoko Zone or the Orogen Core unit of the Kaoko Belt.  

Fig. 6 shows the results of the detrital zircon dating from this study and from previous 

studies (Goscombe et al., 2005; Konopásek et al., 2014) in the medium – high-grade part of 

the Kaoko Belt pooled into three groups. These groups represent: a) the rifting-related 

sedimentation with the source region represented by the Congo Craton ± temporal equivalent 

of the Namaqua Natal Complex/Rehoboth Inlier (Fig. 6a), b) sedimentation with the source in 

the Punta del Este–Coastal Terrane (Fig. 6b) and c) the late-orogenic molasse sediments of the 

Mulden Group (Fig. 6c). 

 

3. Comparison with the U–Pb zircon provenance data from the Damara and Gariep belts 

 Basei et al. (2005), Zimmermann et al. (2011) and Hofmann et al (2014; 2015) 

presented detrital zircon data from the pre-collisional clastic metasedimentary rocks of the 

Gariep Belt. The pre-Marinoan continental rift deposits of the par-autochthonous Port Nolloth 

Zone show one broad peak of detrital zircon dates between ca. 1.00 and 1.40 Ga and another 

group of data between ca. 1.75 and 2.10 Ga. This pattern matches with that observed in our 

samples NL 20 and NL 24B. However, the detrital zircon data obtained directly from the 

Marinoan Witputs diamictite by Zimmermann et al. (2011) and Hofmann et al. (2015) show 

the same distribution of dates as the pre-Marionan sediments suggesting that the present day 

western edge of the Kalahari Craton was at that time still receiving the detrital material from 

the underlying basement.  

The detrital zircon ages obtained from the upper part of the clastic sedimentary 

sequence in the allochthonous Marmora Terrane of the Gariep Belt show matching pattern 

with our samples from the top of the studied profile in the Central Kaoko Zone (our samples 

NL 27, HKB-1, MDB-5 and NL 29), i.e. one group of data between ca. 600 and 700 Ma, 



another group between ca. 900 Ma and 1.05 Ga and some data close to 1.80–1.90 Ga (Basei et 

al., 2005).  

Foster et al. (2015) published a dataset of detrital zircon dates for various stratigraphic 

units of the Damara Belt. Their samples from the basal Nosib Group overlying the Congo 

Craton basement in the Central Zone of the Damara Belt show one maximum at ca. 1.00 Ga 

and some data at ca. 2.00 Ga. Although stratigraphically older, their sample from the Nosib 

Group, just like our samples NL 21, NL 25, NL 26 and MDB-6, suggests availability of a 

local source with rocks representing only one or two age groups.  Samples of Foster et al. 

(2015) collected below or within the Marinoan (ca. 635 Ma) Naos diamictite along the 

northern edge of the Kalahari Craton show very good correlation of the detrital zircon age 

patterns with our samples NL 20 and NL 24B. The data cover almost the entire interval 

between ca. 1.00 and 2.00 Ga, in case of the data by Foster et al. (2015) showing one broad 

peak centred at ca. 1.20 Ga and another at ca. 1.85 Ga (only data for their samples DF09-4 

and DF 09-12a).  

Most striking is the match of the detrital zircon data of Foster et al. (2015) from the 

Karibib and Kuiseb formations of the Damara Belt with the data from the uppermost 

sedimentary succession in the Central Kaoko Zone and the Orogen Core unit in the Kaoko 

Belt (samples NL 27, HKB-1, MDB-5 and NL 29 in this study and NH 059, NL 15 and NI 

133 in Konopásek et al., 2014). The same match is also seen with the sample of Basei et al. 

(2005) from the sediments of the Marmora Terrane in the Gariep Belt. Even though each of 

the above-mentioned samples shows variable proportion of zircon grains older than ca. 1.30 

Ga, they always show one peak at ca. 1.00 – 1.10 Ga in a group of data between ca. 950 Ma 

and 1.20 Ga, and one or two peaks in a group of dates between ca. 600 and 900 Ma. The 

youngest peak in the latter group of dates is usually centred at ca. 650 Ma and the other peaks 

appear anywhere between ca. 700 and 800 Ma (Fig. 5). This similarity suggests that the 



uppermost parts of the Congo Craton cover in the Central Kaoko Zone and the Orogen Core 

unit of the Kaoko Belt has the same source of the detrital material as the Karibib and Kuiseb 

formations of the Central and Southern zones of the Damara Belt (the Swakop and Khomas 

zones, respectively, of Hoffmann et al., 2004). Moreover, the presence of the ca. 635 Ma 

Ghaub Formation diamictite in the uppermost greywacke horizon of the sampled profile in the 

eastern Central Kaoko Zone shows that these greywackes are temporally equivalent to the 

uppermost Okonguarri/Arandis and the lowermost Karibib formations in the Damara Belt (see 

summary of the Damara Belt stratigraphy by Hoffmann et al., 2004). 

  

4. The meaning of the ca. 800–650 Ma detrital zircon populations in the metasediments of the 

Kaoko, Damara and Gariep belts 

 

 As discussed above, the presence of a large proportion of the ca. 650 Ma detrital 

zircon together with detrital zircon with ages between ca. 800 and 770 Ma is critical for the 

provenance of the clastic lower part of the Karibib Formation and the Kuiseb Formation in the 

Damara Belt, and their temporal equivalents in the Kaoko and Gariep belts. This clastic 

sedimentation preceded the deposition of the late orogenic molasse (the Mulden Group in 

northern Namibia and the Nama Group in the south) in the Kaoko, Damara and Gariep belts 

and, according to the position in the profile studied in this work, started shortly before the 

time of the ca. 645–635 Ma Marinoan glaciation. As discussed above, the closest tectonic unit 

containing the 650 Ma felsic igneous or metamorphic rocks together with older 

Neoproterozoic (ca. 800–770 Ma) zircon-bearing (meta)igneous rocks is the Punta del Este–

Coastal Terrane (Seth et al., 1998; S. Kröner et al., 2004; Konopásek et al., 2008; Gross et al., 

2009; Oyhantçabal et al., 2009; Lenz et al., 2011). Because the Karibib/Kuiseb formations-

equivalent sedimentary rocks were already involved in the Kaoko Belt orogenesis, the Punta 



del Este–Coastal Terrane must have been uplifted prior to its thrusting over the attenuated 

Congo Craton margin that took place at ca. 580–550 Ma (Goscombe et al., 2005; Ulrich et al., 

2010; Konopásek et al., 2014) and provide the detrital material for the sedimentation. This 

uplift is well documented on the South American side of the Kaoko–Dom Feliciano–Gariep 

orogenic system, where the cooling related to the exhumation of the Punta del Este Terrane 

has been determined at ca. 620–625 Ma (K–Ar white mica cooling ages; Oyhantçabal et al., 

2009). All these data suggest that the clastic sedimentary rocks of the Karibib and Kuiseb 

formations, as well as their temporal equivalents in the Kaoko and Gariep belts represent early 

orogenic flysch sediments of the Kaoko–Dom Feliciano–Gariep orogenic system related to 

the compressional tectonics and associated uplift along its western edge in the Dom Feliciano 

Belt. The position of the samples in which the detrital zircon data suggest their affinity to the 

early orogenic flysch is shown in Fig. 7. The distribution of the samples suggests a regional 

character of the early flysch sedimentation and the only position, in which the flysch is 

apparently missing is the pre-collisional (par)authochthon along the western edge of the 

Kalahari Craton (see data in Hofmann et al., 2014; 2015). 

 

5. Implications for a pre-convergence configuration of tectonic units in the Kaoko–Dom 

Feliciano–Gariep orogenic system 

 

Recognition of the Punta del Este–Coastal Terrane as the source of the detrital material for the 

clastic sediments of the Karibib and Kuiseb formations and their temporal equivalents in the 

Kaoko and Gariep belts is critical for the understanding of the pre-convergence position of the 

tectonic units in the Kaoko–Dom Feliciano–Gariep and Damara belts. Clastic sediments at the 

bottom of the Karibib formation in the Damara Belt appear directly above the ca. 635 Ma 

Ghaub Formation diamictite without the presence of any erosional unconformity, so 



according to the stratigraphy of the Damara Belt revised by Hoffmann et al. (2004) is their 

age ca. 630 Ma. The sedimentary age of the samples NL 27, HKB-1, MDB-5 and NL 29 from 

the uppermost strata of the Congo Craton cover in the easternmost Central Kaoko Zone is 

very similar, given the presence of the glaciogenic horizon recognized as the Ghaub 

Formation diamictite. This fact shows that the Punta del Este–Coastal Terrane started to be 

uplifted and provide sediments for the cover of the Congo Craton already during or shortly 

after its high-grade metamorphism at 650–630 Ma, i.e. 50–80 myr prior to its thrusting over 

the attenuated Congo margin in the Kaoko Belt. This timing provides an evidence for the pre-

convergence proximity of these two units first suggested by Goscombe and Gray (2007; 2008) 

and recently discussed by Konopásek et al. (2014). The proximity of the Coastal Terrane as 

the source region and the Congo Craton margin as the deposition region at ca. 635–630 Ma 

shows that the Coastal Terrane was situated at the attenuated cratonic margin already at the 

time of its high-grade metamorphism at ca. 650–630 Ma. The fact that there is no evidence 

for any convergent movements in the Kaoko Belt prior this period allows us to draw the 

conclusion that the Coastal Terrane has been already during the Neoproterozoic rifting an 

integral part of the rifted Congo Craton margin. These two units were never separated by an 

oceanic domain that could have been subducted during the late Neoproterozoic evolution of 

the Kaoko Belt. Such conclusion is in agreement with the pre-collisional position of the 

Coastal Terrane inferred by Goscombe and Gray (2007), as well as with the assumed 

evolution of the Gariep Belt (Basei et al., 2005; Frimmel et al., 2011) representing the 

southeastern part of the same orogenic system.  

However, all those models assume that the eastern edge of the Kaoko–Dom Feliciano–

Gariep orogenic system represents a back-arc domain developed above a subducting oceanic 

domain (Adamastor or Brazilides Ocean) that opened approximately between 720 and 650 

Ma. Konopásek et al. (2014) dated the youngest syn-rifting igneous rocks in the Kaoko Belt at 



ca. 710 Ma. Based on sedimentological data from the Otavi Platform, Hoffman and Halverson 

(2008) inferred that the rift–drift transition took place between the deposition of the 

glaciogenic sediments of the Chuos (Sturtian in age) and the Ghaub (Marinoan in age) 

formations and suggested its timing at ca. 680 Ma. However, this time constraint does not fit 

with the recent estimates for the termination of the Sturtian glaciation, which place it at ca. 

660 Ma (Rooney et al., 2011; 2015). This, together with the uplift of the Punta del Este–

Coastal Terrane, its erosion and deposition of the early flysch sediments in the Kaoko Belt 

already before ca. 635 Ma constrains the maximum lifetime of a hypothetical oceanic domain 

(Adamastor or Brazilides Ocean) between the eastern and western forelands of the Kaoko–

Dom Feliciano–Gariep orogenic system to less than 25 myr. With such time available for 

opening and closure, the oceanic domain could have reached a large width (> 1000 km) only 

at extreme spreading rates observed at present e.g. along the East Pacific Rise (e.g. Müller et 

al., 2008).  

 

Conclusions 

 The U–Pb zircon provenance study of the Neoproterozoic sedimentary succession 

covering the Congo Craton in NW Namibia makes it possible to draw the following 

conclusions: 

1)  The clastic material for the lower part of the succession was derived from a source that 

contained both the Paleo- and Mesoproterozoic units. The origin of such detritus is interpreted 

as a result of erosion of the Paleoproterozoic (meta)igneous rocks of the Congo Craton 

basement with volcanosedimentary cover or intrusions of Mesoproterozoic age. 

2) Clastic metasedimentary rocks in the middle part of the succession including the Sturtian 

diamictite of the Chuos Formation show the dominance of the Paleoproterozoic detrital 

zircon, whereas the proportion of Mesoproterozoic zircon grains is small. This is consistent 



with the interpretation that at the time of the sedimentation, the Mesoproterozoic 

volcanosedimentary cover was already eroded away and the dominant source was the Congo 

Craton basement.  

3) The clastic sedimentation in the lower and middle part of the succession is attributed to the 

early Neoproterozoic rifting period. 

4) The uppermost part of the succession contains predominantly late-Mesoproterozoic and 

Neoproterozoic detrital zircon populations that point to the Punta del Este–Coastal Terrane in 

the centre of the Kaoko–Dom Feliciano–Gariep orogen as a source region. The presence of 

the Marinoan (ca. 645–635 Ma) glaciogenic interval within the metasediments dates the onset 

of early foredeep sedimentation at ca. 650–645 Ma. 

5) The erosion of the Punta del Este–Coastal Terrane in the west, and the dispersal of the 

sediment towards the eastern foreland of the orogen suggest that the uppermost strata of the 

studied profile represent an early orogenic flysch that was later involved into collisional 

processes forming the Kaoko Belt. The early flysch sediments can be traced also in the 

Damara and Gariep belts, which suggests their regional character.  

6) The dispersal of the early flysch sediments sourced in the Punta del Este–Coastal Terrane 

on top of the western edge of the Congo Craton already at ca. 650–645 Ma, as well as the ca. 

50–80 myr time span between its sedimentation and the thrusting of the Coastal Terrane over 

the Congo Craton margin is evidence that these two crustal domain were never separated by 

an oceanic domain. On the contrary, before its thrusting over the Congo Craton margin, the 

Coastal Terrane was an integral part of it and represented a part of the rift system. Such 

conclusion is in accord with existing models for the tectonic evolution of the Kaoko–Dom 

Feliciano–Gariep orogenic system (e.g. Basei et al., 2005; Goscombe and Gray, 2007; 

Frimmel et al., 2011) 



7) The time difference between the estimates for the end of active crustal stretching and the 

onset of convergence marking the beginning of the development of the Kaoko–Dom 

Feliciano–Gariep orogen is less than 25 myr. With this time available for an opening and 

closure, a potential oceanic domain developed after the rifting period must have been narrow. 

Such a short timespan between the break-up and onset of collision poses a problem for models 

implying that the convergent tectonic evolution of the Kaoko–Dom Feliciano–Gariep orogen 

was driven by subduction of the Adamastor/Brazilides Ocean.     
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Appendix A. – Analytical techniques 

Zircon separation techniques 

Approximately 3 to 5 kg of rock material for each sample was crushed and disintegrated using 

disc mill to obtain grain fraction between ca. 50–500 microns in size. The milled samples 

were sieved to obtain the size fraction <315 microns and this fraction was processed by using 

the Wilfley table in order to concentrate the heavy minerals. The heavy fraction of the 

samples was loaded to sodium polytungstate (SPT) and subsequently to diiodomethane (DIM) 

heavy liquids, followed by removal of the magnetic minerals from the heavy fraction using 

the Frantz isodynamic separator. Zircon crystals were then transferred in ethanol from the 

pool of separated grains to a double-sided tape using pipette and mounted in 1 inch epoxy-

filled blocks and polished using SiC and diamond paste to obtain even surfaces suitable for 

cathodoluminescence imaging and laser ablation ICP-MS analysis. 



 

Zircon imaging and LA-ICP-MS techniques 

Cathodoluminescence images of zircon were obtained using the Zeiss Supra 55 VP scanning 

electron microscope at the University of Bergen. Prior to U–Pb analysis, the carbon coating 

was removed and the sample surfaces were cleaned with 2% HNO3, DI water, and ethanol. 

Isotopic analysis of zircon in samples labelled NL and NM followed the technique 

described in Košler et al. (2002). A Thermo-Finnigan Element 2 sector field ICP-MS coupled 

to a 193 ArF Excimer laser (Resonetics RESOlution M50-LR) at Bergen University was used 

to measure Pb/U and Pb isotopic ratios in zircon grains. The sample introduction system was 

modified to enable simultaneous nebulisation of a tracer solution and laser ablation of the 

solid sample (Horn et al., 2000). Natural Tl (205Tl/203Tl = 2.3871 – Dunstan et al., 1980), 209Bi 

and enriched 233U and 237Np (>99%) were used in the tracer solution, which was aspirated to 

the plasma in an argon–helium carrier gas mixture through an Apex desolvation nebuliser 

(Elemental Scientific) and a T-piece tube attached to the back end of the plasma torch. A 

helium gas line carrying the sample from the laser cell to the plasma was also attached to the 

T-piece tube. The laser was set up to produce energy density of ca 7 J/cm2 at a repetition rate 

of 5 Hz. The laser beam was imaged on the surface of the sample placed in the two-volume 

ablation cell, which was mounted on a computer-driven motorised stage of a microscope. 

During ablation the stage was moved beneath the stationary laser beam (19–26 μm in 

diameter) to produce a linear raster in the sample. Typical acquisitions consisted of a 35 

second measurement of analytes in the gas blank and aspirated solution, particularly 203Tl – 

205Tl – 209Bi – 233U – 237Np, followed by measurement of U and Pb signals from zircon, along 

with the continuous signal from the aspirated solution, for another 120 seconds. The data were 

acquired in time resolved – peak jumping – pulse counting mode with 1 point measured per 

peak for masses 202 (flyback), 203 and 205 (Tl), 206 and 207 (Pb), 209 (Bi), 233 (U), 237 



(Np), 238 (U), 249 (233U oxide), 253 (237Np oxide) and 254 (238U oxide). Raw data were 

corrected for dead time of the electron multiplier and processed off line in a spreadsheet-

based program Lamdate (Košler et al., 2002). Data reduction included correction for gas 

blank, laser-induced elemental fractionation of Pb and U and instrument mass bias. Minor 

formation of oxides of U and Np was corrected for by adding signal intensities at masses 249, 

253 and 254 to the intensities at masses 233, 237 and 238, respectively. No common Pb 

correction was applied to the data. Details of data reduction and corrections are described in 

Košler et al. (2002) and Košler and Sylvester (2003). Zircon reference material 91500 (1065 

Ma – Wiedenbeck et al., 1995) and GJ-1 (609 Ma – Jackson et al., 2004) were periodically 

analysed during this study and they yielded pooled concordia ages of 1065 ± 3 and 608 ± 2 

Ma, respectively.  

A Nu AttoM high resolution ICP-MS was used to measure the Pb/U and Pb isotopic 

ratios in zircon crystals extracted from samples labelled HKB and MDB. The laser was fired 

at a repetition rate of 5 Hz and energy of 80 mJ with 19 microns spot size. Typical 

acquisitions consisted of 15 second measurement of blank followed by measurement of U and 

Pb signals from the ablated zircon for another 30 seconds. The data were acquired in time 

resolved – peak jumping – pulse counting mode with 1 point measured per peak for masses 

204Pb + Hg, 206Pb, 207Pb, 208Pb, 232Th, 235U, and 238U. Due to a non-linear transition between 

the counting and attenuated (= analog) acquisition modes of the ICP instruments, the raw data 

were pre-processed using a purpose-made Excel macro. As a result, the intensities of 238U are 

left unchanged if measured in a counting mode and recalculated from 235U intensities if the 

238U was acquired in an attenuated mode. Data reduction was then carried out off-line using 

the Iolite data reduction package version 3.0 with VizualAge utility (Petrus and Kamber, 

2012). Full details of the data reduction methodology can be found in Paton et al. (2010). The 

data reduction included correction for gas blank, laser-induced elemental fractionation of Pb 



and U and instrument mass bias. For the data presented here, blank intensities and 

instrumental bias were interpolated using an automatic spline function while down-hole inter-

element fractionation was corrected using an exponential function. No common Pb correction 

was applied to the data but the low concentrations of common Pb was controlled by observing 

206Pb/204Pb ratio during measurements. Residual elemental fractionation and instrumental 

mass bias were corrected by normalization to the natural zircon reference material 91500 

(Wiedenbeck et al., 1995). Zircon reference materials Plešovice (Sláma et al., 2008) and GJ-1 

(Jackson et al., 2004) were periodically analysed during the measurement for quality control 

and the obtained mean values of 334 ± 3 (2σ) Ma and 610 ± 3 (2σ) Ma are 1% accurate 

within the published reference values (337 Ma, Sláma et al., 2008; 609 Ma Jackson et al., 

2004, respectively).  

 

Whole rock Nd isotopic analysis 

For the radiogenic isotope determinations, the samples were dissolved using a 

combined HF–HCl–HNO3 acid attack. Strontium and neodymium from samples marked NL 

were isolated by exchange chromatography techniques following a chemical separation 

described by Le Roex and Lanyon (1998). Sm–Nd isotopic analyses were performed on a 

Finnigan MAT 262 thermal ionization mass spectrometer housed at the University of Bergen 

in dynamic (143Nd/144Nd) and static (148Nd/144Nd and 149Sm/152Sm) mode using a double Re 

filament assembly. Concentrations of Nd and Sm were quantified by isotopic dilution with in-

house 148Nd-149Sm mixed spike. The 143Nd/144Nd ratios were corrected for mass fractionation 

to 146Nd/144Nd = 0.7219 (Wasserburg et al., 1981). External reproducibility was estimated 

from repeat analyses of the La Jolla (143Nd/144Nd = 0.511850 ± 0.000006, 2σ) isotopic 

standard.  



Strontium and neodymium in samples marked MDB and HKB were isolated from bulk 

matrix by the column chromatography techniques using TRU, Ln and Sr resins (Triskem Intl.) 

by method adapted from Pin et al. (1994) and Pin and Zalduegui (1997). Isotopic analyses 

were performed on a MC-ICP-MS Neptune (Thermo-Fisher Scientific) housed at the Czech 

Geological Survey in Prague. The 143Nd/144Nd ratios were corrected for mass fractionation to 

146Nd/144Nd = 0.7219 (Wasserburg et al., 1981). External reproducibility was estimated from 

repeat analyses of the JNdi-1 (143Nd/144Nd = 0.512081 ± 15 (2σ, n = 20)) isotopic standard. 

Results were recalculated to recommended JNdi-1 value of 143Nd/144Nd = 0.512115 (Tanaka 

et al., 2000). The Sm and Nd concentrations were obtained by Q-ICP-MS. 

The decay constants applied to age-correct the isotopic ratios are from Lugmair and 

Marti (1978). The εNd values were obtained using Bulk Earth parameters of Jacobsen and 

Wasserburg (1980), the two-stage Depleted Mantle Nd model ages (TNdDM) were calculated 

after Liew and Hofmann (1988). 
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FIGURE CAPTIONS 

 

Figure 1. Simplified geological map of the Dom Feliciano and Kaoko belts (modified after 

Gross et al., 2009 and Frimmel et al., 2011). The mutual position of Africa and South 

America is shown at 140 Ma (see inset), the dot-and-dash line shows the inferred position of 

the rift centre after Heine et al. (2013). Pre-Neoproterozoic domains: 1–Congo Craton; 2-

Rehoboth Inlier; 3–Namaqua Metamorphic Complex; 4–Rio de la Plata Craton – Piedra Alta 

Terrane; 5–Rio de la Plata Craton – Nico Perez Terrane; 6–Luis Alves Terrane. MV–

Montevideo; PA–Porto Alegre; FL–Florianópolis; LÜ–Lüderitz; SW–Swakopmund.  

 



 
 
Figure 2. Geological map of the Sesfontein area in the southeastern part of the Kaoko Belt 

with the location of the samples used for this study. The map is based mainly on the results of 

geological mapping by Guj (1970) and it is redrawn from a provisional compilation of the 

1:250 000 Geologial Sheet 1912 Sesfontein published by the Geological Survey of Namibia.  



 

Figure 3. Lithostratigraphic subdivision of the low-grade southeastern part of the Central 

Kaoko Zone and its correlation with the stratigraphy of the Otavi Group carbonate platform in 

the Eastern Kaoko Zone. The stratigaphic position of the studied samples is marked by 

asterisks. Age dates (U-Pb zircon) of volcanic units within the Otavi Group and correlative 

units of the Swakop Group are from: 1) Halverson et al. (2005), 2) Hoffman et al. (1996), 3) 

Hoffmann et al. (2004) and 4) Prave et al. (2016). 



 

Figure 4. U–Pb detrital zircon data for the samples of the lower part of the sampled 

stratigraphic profile. Width of individual bins in the frequency histograms is 30 Ma.  



 

Figure 5. U–Pb detrital zircon data for the samples of the upper part of the sampled 

stratigraphic profile in the proximity of the ca. 635 Ma glaciogenic horizon of the Ghaub 

Formation. Width of individual bins in the frequency histograms is 30 Ma. 



 

Figure 6. a) U–Pb detrital zircon data for the sample NM 32 representing the late orogenic 

molasse sediments of the Mulden Group. b) Pooled U–Pb detrital zircon data for the 

metasedimentary samples of this study and from Konopásek et al. (2014) interpreted as the 

early orogenic flysch of the Kaoko Belt. c) Pooled U–Pb detrital zircon data for the rifting-

related sedimentation in the lower part of the Neoproterozoic cover of the Congo Craton in 

the Kaoko Belt (data from this study, Konopásek et al., 2014 and Goscombe et al., 2005). 

Upper part of each figure is a bar diagram showing distribution of protolith ages in potential 

source areas. In the detrital zircon age record, the time interval between ca. 630 and 850 Ma 

shown as a red verical bar represents a typical signal of the Punta del Este–Coastal Terrane, 

whereas the interval between ca. 550 and 630 Ma shown in green represents a typical signal 

of the plutonic activity in the Aiguá, Pelotas, Florianópolis and Angra Fria batholiths and of 

the syn-collisional magmatism in the Coastal Terrane. 



 

Figure 7. Position and the detrital zircon record of the samples representing the early 

orogenic flysch covering the rifting-related sediments of the Kaoko, Damara and Gariep belts. 

The samples from the Damara Belt are from Foster et al. (2015), the sample from the Gariep 

Belt is from Basei et al. (2005) and the samples from the Kaoko Belt are from this study and 



from Konopásek et al. (2014). The diagram marked CPET represents the distribution of the 

dates obtained by SIMS dating of single zircons in meta-igneous rocks of the Punta del Este 

Terrane basement interpreted as the source region for the early orogenic flysch sediments 

(data from Lenz et al., 2011 and Masquelin et al., 2012). The grey bands underlying the data 

diagrams show the timing of zircon-forming events in the particular tectonic units and these 

events and units are explained in the upper left part of the figure. Abbreviations: CPET – 

Punta del Este–Coastal Terrane; KDE – Kernel density estimate; n – number of data. The 

simplified map of tectonic units does not show the distribution of syn- to post-orogenic 

granites in the particular metamorphic belts. 
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