
1. INTRODUCTION

The geology of the Etendeka region in S.W.A/Na-
mibia has been described in some detail by Erlank et al. 
(1984) and Milner (1986). In summary, the Etendeka 
Formation consists of a series of interbedded basalt and 
quartz latite units which overlie Karoo sediments and 
pre-Karoo basement. Detailed mapping of the south-
ern Etendeka area (Milner, 1986) has shown that the 
quartz latites, which form extensive sheet-like depos-
its but rarely exhibit pyroclastic textures, are probably 
high-temperature ash flow tuffs. Three distinct groups 
of quartz latite units are recognised in the field by dif-
ferences in outcrop pattern and petrographic charac-
ter, namely the Springbok, Tafelberg and Interbedded 
Coastal groups. The term “unit” as used here can be 
considered synonymous with “cooling unit”. It is not 
certain whether some cooling units contain multiple 
flow units, but this would seem likely in some areas on 
the basis of outcrop characteristics.

Recent field studies have resulted in a refinement of 
the stratigraphy defined by Milner (1986). A section 
through the Springbok group south of the Huab River 
has revealed the presence of a second lower Spring-
bok quartz latite unit and two additional quartz latite 
units have been recognised in the Tafelberg group. The 
first of the additional Tafelberg quartz latites is a thin, 
sparsely porphyritic unit cropping out 15-20 m below 
the upper Tafelberg unit between Wêreldsend and Berg-
sig, and will be referred to as the middle Tafelberg unit. 
The second is a separate unit above the main upper 
Tafelberg quartz latite which was sampled at Tafelberg 
beacon and will be referred to as the Tafelberg beacon 
unit. A regional stratigraphic column for the Etendeka 
Formation is not readily compiled using the field and 
petrographic data available because of local differences 
in stratigraphy and the faulted nature of the coastal re-
gion.

A total of 198 quartz latite samples have been ana-
lysed for 32 major and trace elements and it is now 
possible to attempt a chemical characterisation of in-
dividual quartz latite units. This characterisation ena-

bles a stratigraphic correlation of units where field and 
petrographic relationships are obscure. The effects of 
primary within-unit variation and secondary alteration 
have also been taken into consideration. In all of the 
diagrams the data presented were not recalculated to 
100% on a volatile free basis.

2. CLASSIFICATION OF QUARTZ LATITES

Erlank et al. (1984) divided the acidic rocks of the 
Etendeka Formation into quartz latites and high K dac-
ites on the basis of their relative SiO2 and K2O con-
tents, according to the classification schemes proposed 
by MacKenzie and Chappell (1972) and Peccerillo and 
Taylor (1976). Only three of the Etendeka acidic rocks 
were classified as high-K dacites with markedly lower 
K2O contents than the quartz latites. All the presently 
analysed Etendeka acidic rocks are plotted on a SiO2 vs 
K2O diagram (Fig. 1).

With the much larger data set that is now available it 
is clear that all samples with lower K2O contents, and 
specifically those which plot in the dacite or high K-
dacite fields, are pitchstones. Most of the acid rocks 
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have a cryptocrystalline to microcrystalline ground-
mass in which devitrification textures are common and 
such rocks will be referred to in this paper as devitrified 
quartz latites.

The pitchstones whose compositions are shown in 
Fig. 1 are from a variety of localities and units. The 
pitchstones generally crop out at the Base of a unit (see 
Milner, 1986, Fig. 3) but there are rare instances where 
pitchstone also forms lenses or bands within the main 
body of a unit. Pitchstone and devitrified quartz latite are 
often found in close proximity at the same stratigraphic 
height near the base of a unit. No examples are known 
of a low-K (< 3.0 per cent K2O) devitrified quartz latite 
in the Etendeka Formation. Therefore, it seems unlikely 
that the pitchstones represent a distinct magma type, or 
an eruptive product from a compositionally zoned mag-
ma chamber which was also the source of the devitrified 
quartz latites.

3. QUARTZ LATITE ALTERATION

Comparison of whole-rock data for pitchstone and 
devitrified quartz latite pairs from the upper Springbok 
and lower Interbedded Coastal groups are presented 
in Table 1. The samples in each pair, which were col-
lected at similar locations and heights within each unit, 

show differences for a number of oxides and elements, 
but particularly for K2O, LOl, CaO, Na2O and Cs. The 
juxtaposition of sample sites suggests that these differ-
ences are not of a primary magmatic nature and may 
reflect secondary alteration processes. Elements con-
sidered relatively immobile during alteration support 
this conclusion, as illustrated by a plot of TiO2 vs. LOl 
(Fig. 2). This figure also indicates that simple addition 
or subtraction of H2O+ (the dominant component of 
LOl) cannot account for the compositional variations 
observed.

Petrographically the pitchstones appear unaltered and 
it is tempting to regard their composition as that most 
closely representing the original quartz latite magma. 
However, they represent a small proportion of the quartz 
latite outcrop in the Etendeka area and it seems highly 
unlikely that the main volume of devitrified quartz lat-
ite, totalling several hundred cubic kilometres, could 
gain up to 2 wt per cent K2O by post-eruptive altera-
tion in a subaerial environment. Zielinski (1982), Jezek 
and Noble (1978) and Cerling et al. (1985) have docu-
mented alkali exchange and loss in volcanic glass and 
reported that a low temperature hydration of glass by 
ground water is accompanied by the exchange of Na+ 

and K+ with positive hydronium ions (H3O
+) in the fol-

lowing reaction:
2H2O + K+ (Glass) → H3O

+ (Glass) + KOH	 .
Cerling et al. (1985) stated that in peralkaline glasses 
“up to 40 per cent of the alkali cations (Na+ and K+) 
could be replaced by H+ with no measurable change in 
the bulk composition of the glass or in the distribution 
of minor and trace elements, excepting other alkali ions 
such as Rb+”.

A plot of K2O against LOl for the Etendeka samples 
exhibits a negative correlation, which is consistent with 
alkali loss during a hydration event (Fig. 3a). This rela-
tionship is more clearly illustrated by a plot of K2O/LOl 

Upper Springbok Lower Interbedded 
Coastal

Pitchstone
Sample
(SM23)

Divitrified 
Sample
(SM21)

Pitchstone
Sample
(SM97)

Divitrified 
Sample
(SM98)

SiO2 
TiO2 
Al2O3
Fe2O3* 
MnO 
MgO 
CaO 
Na2O 
K2O 
P2O5 
H2O- 
LOl 
TOTAL

65.68
0.91

12.63
6.65
0.11
1.11
3.73
3.27
1.91
0.27
0.64
3.12

100.03

66.42
0.92

12.61
6.89
0.15
1.50
2.58
2.50
4.28
0.27
0.36
1.39

99.87

66.34
0.84

12.81
5.72
0.11
0.97
3.15
3.54
2.32
0.28
0.25
3.45

99.75

67.68
0.86

12.98
5.82
0.08
1.15
2.35
2.83
4.89
0.28
0.13
1.11

100.16

Cs 
Rb 
Ba 
Sr 
Zr 
Nb 
V 	
Cu 
Y 
La 
Ce 
Nd

28
196
657
186
269
22
65

14.4
42
46
90
47

< 5
166
638
147
265
23
67

13.4
44
46
91
50

19.5
191
648
160
266
25
55
38
42
44
87
48

< 5
184
612
132
267
24
60
42
41
44
85
47

Fe2O3 * - Total Fe reported as Fe2O3.
LOl - Loss of volatiles after roasting at 850°C

TABLE 1: A Comparison of individual pitchstone and devit-
rified quartz latite sample pairs.
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against LOl (Fig. 4). The relative magnitude of K2O 
and LOl variations shown in Fig. 3a and the well-de-
fined trend in Fig. 4 strongly suggest that H2O + is the 
principle exchange component for K+ in the glass. It 
is surprising, however, that pitchstones and devitrified 
quartz latites do not show different concentrations of 
Rb and that pitchstones appear to have markedly higher 
concentrations of Na2O and Cs than do the devitrified 
quartz latites (Table 1).

The higher concentration of CaO in the pitchstones 
relative to the divitrified quartz latites (Fig. 3b) is more 
difficult to explain. Since Al2O3 contents in the pitch-
stones and devitrified quartz latites do not differ signifi-
cantly, differences in CaO cannot be ascribed to prefer-
ential concentration of plagioclase phenocrysts in the 
pitchstones. Plagioclase and pyroxene crystals in the 
pitchstones show little alteration compared to those in 
the devitrified quartz latites, which are often replaced 
by sericite, serpentine and minor carbonate. It seems 
likely that as a consequence of this alteration process 
CaO1 and possibly Na2O1 has been lost from the devitri-

fied quartz latites.
In conclusion, the alkali and alkali earth elements 

are mobile in post-eruptive alteration processes and the 
concentrations of these elements are not representative 
of primary eruptive compositions. This is an important 
factor to consider in petrogenetic modelling and has se-
rious implications for K-Ar and Rb-Sr age dating tech-
niques.

4. WITHIN-UNIT VARIATION

Detailed studies of many ash flow deposits that are 
related to calderas show systematic mineralogical and 
chemical variations, as exemplified by the Bishop Tuff, 
California (Hildreth, 1979), the Bandelier Tuff, Valles 
Caldera, New MexiCO2 (Smith and Bailey, 1966) and 
the Mazama ash flow, Crater Lake, Oregon, (Williams, 
1942; Ritchey, 1980). Vertical zonations within ash 
flows are often translated into lateral variations as the 
sheet thins away from its source area. It is necessary 
therefore to recognise such trends if successful correla-
tions are to be made in distal or faulted portions of a 
succession. Processes leading to within-flow variation 
include sorting (which may involve crystal-glass frac-
tionation during eruption and outflow), alteration, and 
pre-eruptive compositional gradients in magma cham-
bers. Hildreth (1981) and Smith (1979) gave compre-
hensive accounts of the types of compositional zona-
tions observed in ash-flow tuffs and suggested possible 
mechanisms for their formation.

Serial stratigraphic sections and lateral traverses were 
sampled in several localities in order to evaluate the ex-
tent to which the Etendeka quartz latites show vertical 
and lateral variations. The discussion below is specific 
to a single quartz latite unit but identical conclusions 
can be drawn from comparable studies made on other 
quartz latite units.
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4.1 Vertical Variation

The evidence for vertical compositional variation 
within the quartz latite units can be illustrated using the 
lower Tafelberg unit as a type example. A 70 m sec-
tion of this unit was sampled on the farm Wêreldsend, 
where the exposure is complete and readily accessible. 
Fig. 5 shows the variation of Fe2O3 *, (total iron re-
ported as Fe2O3) TiO2, Zr and Cu with height from the 
base. These elements are not affected by the alteration 
processes discussed above and also show the greatest 
differences between different quartz latite groups and 
units (see Section 5). Within the main body of the unit 
(0-65 m) Fe2O3, TiO2, Zr and Cu show no systematic 
variation outside the limits of analytical error. However, 
the two uppermost samples show significant departures 
from the composition of the lower portions of the unit. 
This is probably due to high temperature alteration 
where the contorted, brecciated and amygdaloidal flow 
top is highly oxidised and contains abundant zeolite and 
secondary quartz.

4.2 Lateral Variation

The limited range of compositions exhibited within 
a vertical section allows the construction of a lateral 
traverse with samples that are not necessarily from 
the same stratigraphic level within an individual unit. 
A traverse of this nature was constructed for the lower 
Tafelberg unit from isolated hilltop remnants between 
Tafelberg in the east and the more tilted succession in 
the west. West of the Ambrosius Berg Fault Zone, where 
the lower Tafelberg unit is down-faulted, samples were 
collected along strike between the Torra Bay-Bergsig 
road and Ambrosius Berg (See Fig. 2 in Milner, 1986, 
for a geological map showing these localities). Fig. 6 
shows the variation of Fe2O3*, TiO2, Zr and Cu with 
lateral distance. For the most part, the compositional 
range of these elements lies within the limits of analyti-
cal error and highlights the extremely uniform chemical 

composition of individual quartz latite units.

5. GEOCHEMICAL CORRELATION OF 
QUARTZ LATITE UNITS

5.1 Compositional Differences

Despite the overall compositional uniformity dis-
played by the Etendeka quartz latites, small but signifi-
cant compositional differences do occur between some 
of the units. The principle discriminating elements are 
TiO2, Fe2O3* and Cu. On the plot of TiO2 vs. Fe2O3* the 
Springbok quartz latites can be distinguished from the 
Tafelberg and Interbedded Coastal groups by relatively 
higher Fe2O3* content (Fig. 7). The lower and upper 
Springbok units are not clearly separated on this dia-
gram, although the lower Springbok samples fall at the 
high TiO2 and high Fe2O3* end of the lower trend where 
they are associated with samples from Albin beacon 
(Erlank et al., 1984) and the Gobobosebberge lava field 
surrounding the Messum Complex. The lower Tafel-
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berg and lower Interbedded Coastal quartz latites form 
a single grouping that can be distinguished from sam-
ples of the middle Interbedded Coastal and upper Tafel-
berg groups. Data for the Upper Interbedded Coastal 
quartz latites and the Tafelberg Beacon unit plot at the 
high TiO2 and Fe2O3* end of the upper trend, forming 
a cluster of points distinct from the other Tafelberg and 
Interbedded Coastal quartz latites. It is interesting to 
note that successive units in the Tafelberg and Interbed-
ded Coastal quartz latites show a trend of increasing 
Fe2O3* and TiO2 with increasing stratigraphic height. 
Quartz latite units within the Springbok group, howev-
er, show a decrease in Fe2O3* and TiO2 with increasing 
stratigraphic height.

A diagram of Cu vs. Fe2O3* demonstrates the Cu is 
a more effective discriminant than TiO2 for the groups 
discussed so far (Fig. 8). The Springbok quartz latites 
define a discrete population with a completely different 
trend to the Tafelberg and Interbedded Coastal groups. 
Although the lower Interbedded Coastal quartz latites 
have slightly higher Cu values than those of the lower 
Tafelberg unit, this plot does not permit a Further sepa-
ration of the Tafelberg and Interbedded Coastal Sam-
ples from the three groups recognised in Fig. 7.

5.2. Discriminant Function Analysis

The objective of discriminant function analysis 
(DFA) is to examine how far it is possible to distin-
guish between members of various groups on the basis 
of observations made upon them. DFA is a comparative 
analysis of data which have already been pre-classified 
into groups using criteria different from those entered in 
the discriminant function; it is also possible to classify 
“unknown” samples in terms of the groups defined.

Geochemical data which can be related to different 
formations or lithological groups, like the quartz latites 
of the Etendeka, are ideally suited to this type of statis-
tical treatment (Le Maitre, 1982). A full description of 
the methods employed here can be found in Duncan et 
al. (1984).

A discriminant function is a combination of variables 
which best describes the inter-group variance of a data 
set and reduces its dimensionality. In the program used 
(BMDP7M; Dixon et al., 1981) the variables are cho-
sen in a step-wise selection procedure and entered into 
the function on the basis of their ability to discriminate 
between groups. Variables which are strongly corre-
lated with those already in the function are excluded, 
as they contribute little to increasing the resolving 
power of the function. The discriminant function is 
expressed in terms of canonical variables which are a 
linear combination of weighted variables. The first ca-
nonical variable score describes the maximum variance 
between groups and successive canonical variables the 
maximum residual variance orthogonal to the previous 
score. It is important to note that the selection of discri-
minant elements and the canonical variable scores are 

dependent upon the sample groups used in the DFA, 
and that they change according to the groups used to 
define the function.

Fig. 9 presents a DFA diagram where all the main 
quartz latite groups and units were used to define the 
discriminant function; also plotted are samples from 
Albin beacon and the Gobosebberge. This diagram is 
similar in many respects to Fig. 8, however, a distinct 
separation is observed between the upper and lower 
Springbok units. The Albin beacon and Goboboseb-
berge samples plot apart from the Lower Springbok 
samples, a feature not observed on previous diagrams. 
The separation of the Tafelberg and Interbedded Coastal 
units into the three groupings recognised in the previ-
ous section is not improved.

To increase the discrimination between the Tafelberg 
and Interbedded Coastal quartz latites, these groups 
were processed through DFA without the Springbok 
group (Fig. 10). The lower Tafelberg unit and lower 
Interbedded Coastal subgroup remain closely associ-
ated, although some of the lower Interbedded Coastal 
samples plot towards the middle Interbedded Coastal 
subgroup and upper Tafelberg unit. The middle Inter-
bedded Coastal subgroup and upper Tafelberg unit also 
show a slight separation. In the third cluster of points the 
single sample from Tafelberg beacon still plots within 
the upper Interbedded Coastal quartz latite subgroup.

Discriminant functions were also calculated for sev-
eral combinations of quartz latite group pairs in order 
to maximise the discrimination between them. The fol-
lowing conclusions were reached from the DFA inves-
tigation:
(1) 	The upper and lower Springbok units can be dis-

criminated from each other and from the other 
quartz latite groups.

(2) 	Quartz latites from Albin beacon (Erlank et al., 
1984) and the Gobobosebberge lava field surround-
ing the Messum Complex are similar to the lower 
Springbok quartz latites. However, they can be sep-
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arated into a diffuse field of their own when DFA 
is used to compare them with only the upper and 
lower Springbok units.

(3) 	The “Lower Tafelberg” quartz latites from either 
side of the Ambrosius Berg Fault Zone are compo-
sitionally in-distinguishable and represent the same 
unit.

(4) 	The lower Tafelberg middle Tafelberg and Lower 
Interbedded Coastal quartz latites cannot be dis-
criminated.

(5) 	The middle Interbedded Coastal subgroup and up-
per Tafelberg unit are not significantly different 
from one another and cannot be discriminated with 
any degree of confidence.

(6) 	The upper Interbedded Coastal quartz latites form 
a separate group which includes a sample from the 
Tafelberg beacon unit.

6. STRATIGRAPHIC INTERPRETATION

Based on the correlations discussed above a strati-
graphic reconstruction and correlation of the Tafelberg 
and Interbedded Coastal successions across the south-
ern Etendeka lava field is proposed (Table 2). Because 
of the different number of quartz latite units encoun-
tered in the Tafelberg and Interbedded Coastal sections, 
the comparison of quartz latite groups in Table 2 is not 
intended as an absolute correlation of individual units. 
We suggest that correlated units represent one or more 
eruptive units from the same ‘batch’ of quartz latite 
magma which were deposited over wide areas of the 

Etendeka during a particular eruptive cycle.
A schematic section of the Etendeka Formation il-

lustrates the differences in stratigraphy and structure 
encountered in the eastern and western areas of the 
Etendeka lava field (Fig. 11a). The main structural 
break is the Ambrosius Berg Fault Zone (ABFZ). The 
increasing eastward dip in successive fault blocks to 
the west of the ABFZ suggests that the faults bounding 
these blocks are listric in character. Most of the faulting 
is probably post-volcanic, although some syn-volcanic 
movements may also have occurred in the period be-
tween the eruption of the upper Springbok and lower 
Tafelberg quartz latite units.

A reconstruction of the Etendeka lava succession, 
based on the correlations in Table 2, is illustrated in Fig. 
11b. The vertical scales on this diagram indicate the ap-
proximate thickness of the Tafelberg and Interbeded 
Coastal sequences, and of the individual units involved 
(Milner, 1986). Many of the quartz latite units appear to 
thin and terminate towards the east suggesting that the 
source area for these quartz latites was in the west.

It is tentatively suggested that the quartz latites from 
the Albin beacon and the Gobobosebberge lava field 
form part of the Springbok succession, although a more 
detailed knowledge of the Gobobosebberge lava suc-
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cession and its geochemistry is required to substantiate 
this.

7. CONCLUSIONS

(1) 	Pitchstones and devitrified quartz latites have been 
affected by secondary alteration. The combination 
of low concentrations of K2O and high LOl in the 
former implies a low temperature hydration event, 
and an apparent loss of CaO and Na2O in the latter 
are related to the alteration of plagioclase.

(2)	 The extremely uniform composition displayed 
by the Etendeka quartz latite units indicates that 
their magma reservoirs were not compositionally 
zoned.

(3) 	Small, but significant, variations of certain element 
abundances allow the correlation of quartz latite 
units across most of the Etendeka area. Discrimi-
nant function analysis Further enhances our ability 
to make geochemical correlations.

(4) 	A stratigraphic model for the Etendeka Forma-
tion is proposed on the basis of these correlations. 
The thick succession of quartz latites in the west 
thins and is intercalated with basaltic units in the 
east. Bellieni et al. (1984) have described 200-300 
m thick interbedded dacite to rhyolite units in the 
upper portions of the Serra Geral Formation in the 
Parana Basin of Brazil. These units are the appar-
ent equivalents of the Etendeka quartz latites in a 
pre-drift Gondwanaland reconstruction, although 
no direct geochemical correlation with the units de-
scribed by Bellieni et al. (1984) can be attempted 
until possible inter-laboratory analytical variations 
have been assessed.
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APPENDIX

The canonical variable scores are calculated according to 
the equations given below. Major oxide concentrations were 
expressed in weight % and trace element concentrations in 
ppm, the data were not normalised to 100% on a volatile-free 
basis prior to calculating canonical variable (CV) scores.
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Fig. 9:
CV1 	= 	-(TiO2*27.952) + (Al2O3 0.41343) + (Fe2O3*1. 0670) 
		  -(P2O3*14.870) + (Ba*0.00458) + (Zr*0.05536) 
		  -(Cu*0.08252) + 3.3561
CV2 	= 	-(TiO2*2.3059)-(Al2O3*0.35222)+(Fe2O3 *3.1557) 
		  -(P,O, *46.007) + (Ba*0.00435) + (Zr*0.12755) 
		  -(C u * 0.02577)-36.302

Fig. 10:
CV1 	= 	-(TiO2*21.337)+(Al2O3 1.1980)+(Ba*0.00036)
		  + (Nb*0.18515)-(V*0.04694 )-(Cu*0.07132) +
		  (Y*0.10051)+ 1.8007
CV2 = 	 +(TiO2*14.657)-(Al2O3 *2.6432) + (Ba*0.00754)
		  + (Nb*0.85879)-(V*0.12429)-( Cu* 0.03202) +
		  (Y*0.01077) + 4.1757
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