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Introducti on

lhe igneous rocks which compr ise the Etendeka Format ion in  nor thwestern Nanib ia  cover
an area of  78 000 km'zand cons is t  doninan y  of  in terbedded basal ts  and ouar tz' la t i tes ,  

wi th  n inor ' la t i tes .  They are spat ia l ly  assoc iated wi th ,  and in t ruded by,
two su i tes of  do ler i tes,  The rocks of  the Etendeka Format ion are inc luded in  the
Karoo Igneous Province but differ from most other Karoo vorcanics with resDect to
the i r  younger  age (Cretaceous)  and aspects  o f  the i r  n inera logy and geochemjst ry .  In
pre-drift reconstructions of Gondwanaland the Etendeka Formatjon appears as an
eastern extension to the volcanics of the serra Geral Fomation in the southern
por t ion of  the Parand Bas ' in  o f  Braz i l .  There are s t r ik ing s in i lar i t ies  in  the
geochemistry of the Etendeka and Sema Geral Fomation volcanics which, together with
the i r  geographic  locat ion and co inc idence in  age,  argue s t rongly  for  the i r
corre la t ion (Er lank et  a l . ,  1984i  Bel l ien i  e t  a l . ,  1984) .

Basic Rock Types and thelr 0istrlbu on

l le  have def ined four  basal t ic  lava types rh ich are d is t inguished f ron each other  on
the basis of geochenistry and/or petrography. It must be noted that ye are using the
term "basal t ic"  to  inc lude rocks $ i th  up to  581 Sio? (see F ig . ta) .  The Tafe lberg.
and Alb in  basal t  types (Er lank et  a l . ,  1984)  are low-Ti  basal ts  l rh ich shou
complete composi t ional  over ' lap (F ig . l ) .  The Alb in  basal ts  are markedly
p lag ioc lase-phyr ic ,  are found at  or  near  the base of  the vo lcanic  sect ion,  not  more
than 30 km f ron the coast ,  and only  to  the south of  ldye Bay (see F ig .2) .  The
Tafelberg basalts are essentially aphyric and are by far the nost abundant basa.lt
type in  the main Etendeka lava f ie ld  (F ig .A) .  They are in terbedded t i th  h jgh_Tj
(hunib basalts north of Te'ace Bay (north of the dashed rine in Fig.2) and becone
progress ive ly  rarer  fur ther  nor th .  They const i tu te  less than 5% of  the s t ra t igraphic
sect ion nor th  of  la t i tude l9os.  The l /ua6 basal ts  are a low_Ti  var ie ty  which
could be cons idered a nore bas ic  var iant  o f  the Tafe iberg_type but  for  the i r
d is t inc t ly  h igher  € i ld  va lues (F ig ,3) .  They are a very  n inor  var ie ty  . in  terms of
sbundance and are fuund in  the na in Etendeka Lava f ierd and in  rava remnants south of
l  i r t i  tude 18o30'S.
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The Khunib basal ts  are a h igh-T i  var ie ty  (F ig . l )  whose type area is  in  the Khumib

lava remnant  (F ig .2) .  Thei r  southernmost  occurrence is  some l0  km nor th  of  Terrace

Bay and they have not  yet  been found in  the na in t tendeka lava f ie ld  (F ig .2) .  They

are interbedded with Tafelberg basalts in the lava remnants NE of l46we Bay and |iith

Tafelberg and Albin basalts SE of l,ldwe 8ay. They are sparsely pyroxene- and

plag ioc]ase-phyr ic  and occas ional ly  o l iv ine-phyr ic  as wel l .

Ihe Horingbaai and Tafelberg groups of dolerites are spatial' ly associated with

the Etendeka lavas and are in t rus ive in to  the lava p i le .  The Hor ingbaai  do ler i tes

are very  d is t inc t ive in  conposi t ion (F igs. l  and 3)  and have been shown to  have s t rong

chemical  and isotop ic  s imi ' tar i t ies  to  l ' loRB (Er ]ank et  a l . ,  1984) .  They form th in

dykes and s i l ls  in t rud ing the base of  the Etendeka lava success ion in  coasta l

outcroDs south of  la t i tude 20045'5 and form a large s i l l  in t rud ing the Et io

sandstones beneath the Huab out l iers  (F ig .2) .  The Tafe lberg do ler i tes are

composi t ional ly  very  s in i lar  to  Tafe lberg basa ' l ts  and crop out  in  the same geographic

areas,  There are a lso a feu do ler i tes which cut  the Etendeka basa] ts  and which have

TiOz contents intermediate betlreen those of the Tafelberg and Khumib basalts' l{o

doler i tes co l lected in  the area shown in  F ig .z  have T ioz > 2.65%. This  impl ies

that no dolerites have so far been found vith conpositions such that they could have

acted as feeders to  the major i ty  o f  Khumib basal ts  rh ich conta in  2.7-4.3% Ti02.

Petrogenesis of the Lov-Ti Basalts

Er lank et  a t .  (1984)  demonstrated that  i t  | ras not  poss ib le  to  der ive the evolved

( low-Mg0,  h igh-Si0r )  Tafe lberg,  and Alb in ,  basal ts  by nagna mix ing processes

between a pr i tn i t ive Tafe lberg basal t  and e i ther  la t i te  or  quar tz  la t i te  magmas.  They

also showed that  coupled ass imi la t ion and f ract ional  crysta l l izat ion (AFC) nodels

52 54
% sio2

1 05856 5 6
%

7 B
M9o

t 1 12



Fls .2  ETENDEKA FORMATION voLCANlCS N.W.  NAM IB IA

16'5

190S

20's

21"5

12'E

Kh umib
Remnon t

Tof€lberg

w^ t<o- 
*^ili":l l l m i t  o f

b o s o l i '

Moin Etendeko
Lovo Field

M6we Boy

tA
I ,,1

lr t

Terroce Boy

Hr.io b
Outl ie rs

Etend€ko Fm. Volconics

Post-Etendeko Int rvs iee

Alb ln

Hor;n 9 bo oi

13'E

South



with an ac id ic-  or  in ternediate-conposi t ion ass i rn i lant  nater ia l  were unable to
expla in  the cornposi t ional  t rends observed in  the Tafe lberg basal ts .  They proposed

instead that  the range of  composi t ions in  the Tafe lberg basal ts  arose by f ract ional
crysta l l izat ion f ron parent  magmas wi th  var iab le  Sr-  and Nd- isotop ic  ra t ios (see

Fig.3) ,  themselves der ived by par t ia l  ne l t ing of  an jsotop ica l ly -heterogeneous nant le
source regr  0n.

20 40 60 a0
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Since 1984 we have obta ined much addi t ional  data on the Etendeka basal ts .  In
par t icu lar ,  we norJ have 0- isotope data for  32 basal t  and doler i te  } rho le- rock samples
(F ig.4)  and for  p lag ioc lase and pyroxene separated f rom 7 of  them. Mjnera l  separates
f rom the Khumib basal ts  and f ron quar tz  la t i tes  shol , {  very  much lower  6r80 va lues
( typ ica l ly  6-7%) than the rho le- rock samples and the d i f ference js  a t t r ibuted by
Harr is  e t  r l ,  (1988)  to  Iow- temperature a l terat ion processes.  14 inera l  separates
f rom Tafe lberg basal ts  have s in i lar  6180 va lues to  the samples f rom which they
were separated but  as the n inera l  gra ins are very  smal l ,  the pur i ty  o f  the n inera l
separates is  quest ionable.  The whole- rock data in  F ig ,4 can be in terpreted as an
interp lay between a "  l  ow-  temperat  ure a l terat ion"  and a "crusta l  contaminat ' ion"
vector .

The 0- jsotope data has pronpted a re-evaluat ion of  AFC and other  "contamjnat ion
nodels"  for  the pet rogenesis  o f  the Tafe lberg basal ts .  The re la t ive ly  h igh Fe0 '
and V contents  o f  evo lved Tafe iberg basa ' l ts  requi re  that  the nater ia l  ass in i la ted in
an AFC nodel  shou ' ld  be re la t ive ly  bas ic .  Calcu la ted AFC models  us ing a composi t ion
very s in i lar  to  Tay lor  and I ' lcLennan's  (1985)  "average lower  crust "  as the ass imi la ted
mater ia l  prov ide a c lose f i t  to  the major  e lenent ,  t race e lement ,  and sr -  and
Nd- isotop ic  data for  Tafe lberg basal ts  prov ided that  the ass i f l i lant  has [s .  and

€Nd va lues s imi lar  to  those of  the Etendeka quar tz  la t i tes .  F igs.5 and 6 shol i  the
resul ts  o f  a  spec i f ic  model  in  xh ich a gabbro ic  assemblage (o l iv ine,  c l inopyroxene,
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plag joc lase)  is  f ract ionated f rom a h igh-1490,  low-€s.  sample (KLS24 -  Er lank et
a l . ,  1984)  x i th  ass imi la t ion of  average lover  crust  (Tay lor  and l4cLennan,  1984)
l r i th  a  nodel  r -va lue ( t1" , /14")  o f  0 .5 .  The resul t ing composi t ion at  f=0.6 is
conpared (F ig .6)  to  a  typ ica l  ' 'evo lved"  Tafe lberg sample (KLS42 -  Er lank et  a l . ,

198{) .  A poss ib le  phys ica l  scenar io  for  such a model  is  one in  which the wal l  rocks
for  a  loyer-crusta l  basal t ic  nagna chanber  are e i ther  source rocks for  the Etendeka
quar tz  la t i tes ,  or  a  rest i te  resu l t ing f rom the i r  ext ract ion.

The major  and t race  e lement  compos i t ion  o f  the  Huab basa l ts  i s  such tha t  they  cou ld

be cons idered parenta l  to  the  Tafe lberg  basa l ts  in  a  f rac t iona l  c rys ta l l i za t ion  or

AFC process .  Both  these poss ib i l i t i es  wou ld  seen to  be  exc luded by  the i r  i so top jc

da ta  (F iq .3 ) .

Petrogenesis  o f  the High-Ti  Basal ts

The h igh-T i  Khumib basal ts  show reasonably  def ined composi t ional  var ia t ion t rends,
a l though they are not  as ue l l  const ra ined as those of  the low-Ti  basal ts
(e.9.  F ig . lb) .  These broad t rends can be sat is factor i ly  nodel led by c iosed-systen
f ract ional  crysta l l isat ion (CSF) f ron a parenta l  composi t ion wi th  about  6% 1190.  The
two Khunib sanples wi th  > l0% f i90 (F ig . l )  are both o l iv ine-phyr ic ,  but  the o l iv ines
are too Fe-r ich to  be in  equi l ibr iun wi th  a  magma of  the whole- rock composi t ion,
suggest ing that  these samples are par t ia l  cumulates.  An a l ternat ive CSF model  can be
constructed jn which the parent rnagma has 8-10% llg0 and in th'is case the
f ract ionat ing assemblage (ca lcu la ted us ing the techniques of  Nie lsen,  1985) ,  is
in i t ia l ly  o l iv ine a lone,  but  inc ludes c l inopyroxene at  about  6% 1,190 and p lag ioc lase

by 5.5% 1490.  The predic ted change in  f ract ionat ing assemblage is  cons is tent  | l i th  a
change in  s lope of  many var ia t ' ion t rends in  the Khumib satnp les at  about  6% l4g0 i f  the
parent  magma is  nore nagnesian,

I ' lany b ivar ia te  p lo ts  o f  " incompat ib le"  e lenent  pa i rs  show nore scat ter  than would be
expected by a combinat ion of  var iab le  degrees of  par t ia l  mel t ing fo l lored by CSF.
The t ro  Khumib basal ts  wi th  re ia t ive ly  h igher  €s.  va lues (F ig .3)  do not  show
consis tent  pat terns of  e lement  enr ichment  or  deplet ion compared to  samples wi th  lower
ts" .  Thus,  i f  contaminat ion is  the cause of  the inconpat ib ' le  e lement  scat ter ,  i t
does not  appear  to  be due to  an AFC-type process.  A lack of  corre la t ion betxeen
inconpat ib le  e lement  abundance and incompat ib le  e lement  ra t io  var ia t ions argues
against  " rep len ished,  tapped and f ract ionated"  (RTF) nagna chamber  processes as
proposed by 0 'Hara and l ta thews (1981) .  A l ternat ive contaminat ion processes such as
"condui t  contaminat ion"  dur ing magma ascent  as proposed by Hupper t  and Sparks (1985)

may prov ide an a l ternat ive explanat ion for  the incompat ib ie  e lenent  var iab j l i ty  in  a
few sanpl  es.



Relat ionship between Low-Ti  and High-Ti  basal ts

The differences in incompatible element abundances at the sane l'190 content between

the low-Ti  (Tafe lberg)  and h igh-T i  (Khumib)  basal ts  (F ig . l ) ,  the d i f ference in  €s.
(F i9 .3) ,  and d i f ferences in  incompat ib le  e lernent  ra t ios (e .9.  K/Zr  -  F ig .7)  prec lude

the der ivat ion of  e i ther  group f rom the other  by f ract ional  crysta l l isat ion.  I f  a

su i tab le  parenta l  nagma for  the Tafe lberg basal ts  is  to  be der ived f rom a pr imi t ive

Khumib basal t  magma by AFC or  an a l ternat ive contaninat ion model  ,  then th is  process

nust  resu l t  in  increas ing Sj0z,  A l?03,  Cao,  Sc and Co;  whi le  decreas ing T i02,

Feo ' ,  P?05,  Ba,  sr ,  z r ,  Nb,  cr ,  N i ,  zn,  Y,  and the REE;  and reta in ing K2o,  Rb
and V essent ia l iy  constant ,  Th is  is  an ext raord inar i ly  d i f f icu l t  set  o f  e lenenta l
changes to  model  by any ra t ional  contaminat ion process!  The poss ib i i i ty  o f  der iv ing
parentai magmas for the Tafe'lberg and Khunrib basalts frorn the same mantle source by

dj f ferent  degrees of  par t ia l  mel t ing appears to  be prec luded by the i r  essent ia l ly

ident ica l  and re la t ive ly  h igh K?0 (F ig .7b)  and Rb concentrat ions,  and by d i f fer ing

Sr- l ld  i  sotope systenat ics  (F ig .3) .

There  seems l i t t le  a l te rna t ive  bu t  to  suggest  tha t  the  low-  and h igh-T i  E tendeka

basa l ts  a re  der ived  f ron  nant le  source  reg ions  w i th  s ign i f i can t  conpos i t iona l

d i  f fe rences .
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