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S tra tig ra p h y  and R ad iom etric  Ages

The K a la h a ri (.'u p pe r he It consists o f  vo lcano -sed im en tary  un its o f  the 1300 ,o  950 M a  o ld  
S in U a ir  Sequence, fo r w h ich  th e  ty p e - lo a d iry  is in  the area o f  S in c la ir, H e lm e rin g h a u se n ( F ig. 2.1; 

SA CS , 1980}. The s tra tig ra ph y  in the d iffe re n t areas a long the K a lah a ri C o p p e rb e ll can he 

b ro a d ly  su b d iv id e d  in to  th re e  un its,

G e n e ra lly  the  sequences consist o f  a low e r, fe ls ic  vo lca n ic  un it, a m a fic  vo lca n ic  and red  bed 

un it and a m arine , o r lo ca lly  lacu strin e  un it at the top . In o rd e r to  de fin e  the loca l s tra tig ra ph ies  
and fo rm a tio n  names, each , rea is b r ie f ly  de scrib ed be low

The K le in  A u b  A ren

The area con ta in s  a vo lcano -sed im en tary  succession w ith  a to ta l th ickness o f  a p p ro x im a te ly  
1 1 km . T h e  fo u r  fo rm a tio n s  o f  :he S in c la ir Sequence w h ich  are d is tin gu ishe d  in  the K le in  A u b  

area can be d iv id e d  in to  th re e  stages. T h e  tw o  low er units, the N u c k o p f and G rau w a te r F o r ­
m ations rep re sen t an fe ls ic  vo lcan ic  stage (F ig ,.1.1, 3.2, Tab le  1). They are preserved in graben 

s truc tu res  and consist o f  m ore  than 41)00 m o f m a in ly  rh y o lit ic  fe ls ic  p o rp h y rie s  and fe ls ic  
pyro c ia s tics  and m in o r coarse c las tic  sedim ents w h ich  becom e m ore com m on ;n the up p e r pa rt 
o f  th is  ' in it ,  th e  G rau w a te r F o rm a tio n .

The D o o rn p o o r t F o rm a tio n  un con fo rm ab ly  ove rlies  (he G ra u w a te r F o rm a tio n  and is made up 
o f a sequence o f  a m afic  vo lcan ics  and red  beds (F ig .2."% T ab le  1). H ow e ver, the low e r p a r t o f 
th is  fo rm a t io n  con ta ins in te rca la tio n s  o f am ygda lo ida l basa ltic  lava up  to  several hund red 

m etres 'h ic k

T h t  up pe rm o s t u n it, the K le in  A u b  F o rm a tio n , con ta in s  da rk  grey, p y r it ic , fine ly  lam ina ted  
sandstone and s ilt stone, q u a rtz ite , s ubord ina te  lim estone a n '  a rkosc In  th is  s tudy the Leeuberg  

and E in d p a a ' Reds o f Schalk (1970) are regarded as p a n  o f the D o o rn p o o r t Fo rm a ' ,n (T ab le  

1 , fo llo w in g  a subdiv is ion based on lilh o lo g ic a l s im ila r itie s  and facies in te rp re ta tio n , f irs t 

p ro po scd  by R ux to n  (1981),

The K le in  A u b  F o rm a tio n  is un con fo rm a b ly  o ve rla in  by c la s tic  sed im ents o f  the Kam tsas a -d  

B la ub eke r F o rm a tio ns  tha t represent the basal pa rt o f  the  La te  P ro tc ro zo ic  D a m ar a Sequence 
(T a b le  1) These fo rm a tio n s  u n con fo rm ab ly  ove rla in  bv rocks o f the C am b ria n  Naina G ro u p  

(S A C S , 1980; T ab le  I) .

The G a m sb erg  O r an ile  S u ite , w h ich  loca lly  in tru d e s  b o th  : he N u c k o p f and the G rau w a te r F o r ­
m ations, has been da ted by vanous au thors  and a va rie ty  o f  ages have been pu b lish ed such as 
1059 *  30 > .* , 10 69$ 3 0  M a , 1069$ 7 0  M a, I t  1 0 ± 9 0  M a  ta ll  U -P b , H u g o  and S chalk, 1974). 

1078 $ 3 0  M a  (U -P b ; B u rg e r and C ocrtze . 1973-74) and 1092$ 40 M a , 1079 M a  (R b -S r; M a il­

ing  and R e id , in  press). Z irco n s  from  volcanics o f  the G rau w a te r F o rm a tio n  gave ages o f 
990 $  300 M a  and 1 0 69 $7 0  M a  (b o th  U -P b ; H ug o  and S chalk. 1974).

The D  o r  da  hi.s and W'uvlei Areas

The co; re la tives o f the S in c la ir Sequence occu r in  na rro w  th ru s t slices and arc exposed be 
tw een D o rd a b is  and W  its le i (F ig .2.1). The strat (g raph ic  un its  o f the  D o fd a b is  area (F ig  3 2, 
Tab ic  1) com p rise  the D o rd a b is  F o rm a tio n , w h ich  is o ve rla in  by the N u c k o p f and D o o rn p o o rt 

F o rm a tio ns  (W illia m s - lo n e s . 1984). The fo rm a tio ns  consist o f ih o le i i t ic  basalt, How lo p  b r c u  

cia$, in te r f lo w  sediments, qu a rtz  fe ldspa r po rph yrv , con g lom era te , q u a r l / i te  and m in o r s ills l o re  

In  the W ifv lc t  area the N O ckop f and the o ve rly in g  E xka d rnn  fo rm a t io n s  (S cha lk , 1970; Fey, 
1976) con ta in  red qu a rtz  fe ld spa r po rph yry , basaltic  lavas, con g lo m e ra te , a rkosc. q u a rtz ite  

and m in o r p y r it ic  o ils to n e . Z irco n s  from  a rh y o lit ic  po rp h y ry  fro m  th e  N u c k o p f F o rm a tio n  
have been da ted hv Van M e k c rk  and B u rg e r ( 19f>Oc) y ie ld in g  and V -P b  age o f  11 It) ^ >0 M a.



The Oorfagsende Area

C lose to  th e  S W A /N a m ib ia  - Botswana b o rd e r, th in  te c to n ic  s liver o f  M id d le  P ro te rozo ic  
rocks is exposed, an*' con ta in s  the O o rlo gse nd e P o rp hyry  (F ig .2 .1 ). T h e  ro ck  types exposed 
inc lu de  qu a rtz  po rph yry , rh y o lit ic . tu ffa ceo us ig n im b rite  and flow  banded rh y o lite  (H egen- 

b e rg c r and B u rg e r, 1985). The same au th o rs  o b ta in ed  a ra d io m e tr ic  age o f  1094$ 19 M a by

d a tin g  z irco ns  fro m  the  O orlogsende Porphyry .

The G h a n n  an d  Lake S 'G a m i Areas

The co rre la tive s  o f t h t  S in c la ir  Sequence are on ly  s p o ra d ica lly  exposed in  a 30 - 40 km  w ide 
be lt in  no rthw e s te rn  Botsw ana (F ig .2 .1 ) and are m ost Iv cove red by H o lo ce n c  K a la h a ri sand 

and ca lc re te . T hom as (1973) d is tin gu ishe d tw o m a jo r s -ra ti g raph ic  u n its  in  the La ke  N 'G arn i 
area, the  K g w cbc and G h a n a  F orm atio ns (F ig .2 .2). The Kgw cbe F o rm a tio n  consists o f  m ore 

than 3000 m o f q u a rtz  fe ldspa r po rp h y ry  and rh y o lite  in  th e  low er pa rt and basalt to w a rds  the 

to p  o f  (he u n it, w h c h  is know n as the T o te n g  D iabase. T h e  G h a n a  F o rm a tio n  con ta ins red 
con g lo m e ra te , g r it and a rkos ic  sandstone in  th e  basal p a rt o f  the un i. ' r i g .  2 2). These coarse 
c las tic  sed im ents .ire  o ve rla in  by fine  g ra in e d  d a rk  grey, p y r it ic  sandstone and silts  tone , w h ich  

grade in to  m arl and lim estone h igher In the s tra tig i aph ic  succession.

R b-Sr da ta  fro m  the  K g w cbc P o rp hyry  gave ages o f 90b 1 36 M a  (H a rd in g  and S w elling, 1972),

820 ±  20 M a  and 821 $  43 M a  (K e y  and r tu n d le . 1981). Ages o f 6 4 9 1 :18 M a  and 566 $  25 M a 

fro m  the T  i te n g  D iabase are in te rp re te d  as m e ta m o rph ic  ages (K e y  and R un d le , 1981).

The S h ina m b a  H ills  an d  G oha H ills  Areas

T h e  Sh inam ba and G oha H ills  arc s itua ted  in n o rth e rn  Botsw ana (F ig .2 .1 ) and g e o lo g i­
cal in fo rm a tio n  abou t th e  area is de rive d  fro m  scarce ou tc ro p s  bo re  ho le cores.

The o ld es t u n it, the Kgw cbc F o rm a tio n , consists o f  rh y o lit ic  lavas w ith  lenses o f s ilic ifie d  
sandstone and s ilts ton e. T h is  is ove rla in  by  a th ic k  c las tic  u n it, c o n ta in in g  ba sa ltic  conglomerate, 
and sandstone in  the  basal pa rt and lim e ston e w ith  m in o r in te rca la t io n s  o f  s ilts ton e  at the top , 
the G h an z i F o rm a tio n . A  quartz  po rp h y rv  from  the G oha H ills  y ie ld ed  R b-S r ages o f  968 1 16 

M a  and 981 $ 43 M a  (K e y  and R und le , 1981),

3 J  D eform ation and Metamorphism

Several pe rio ds  o f  te c ton ism  affected the reg ion, but the p r in c ip a l d e fo rm a tio n a l and m et am o r­
ph ic  event was the D am aran O rog en y  The rocks have been fa u lte d , fo ld e d  and th ru s te d  to  

va ry ing  degrees, d e pe nd ing  on th e ir  p o s 'tio n  w ith in  the K a lah a ri C o p p e rb e ll. A t  K le in  A u b , 

de fo rm a tio n  has d e ve lo pe d b o th  large open fo lds and a s laty c leavage, tha t d ip s  steep ly  to  the 
n o rth  In  the D orda b is  and W itv le i area the  rem nants o f the K a lah a ri C o p p e rb e ll arc  p r  'served 

as te c to n ic  b locks o r  in  open fo ld s  bo un de d by n a rro w  th ru s t slices. In  con trast to  the K le in  
A u b  a rea, th is  area u n de rw e nt m ore in tensive fa u ltin g  and fo ld in g . T h is  d e fo rm a tio n  p ro du ced  

n o rthe as t t re n d in g  fo ld  axes and a s tron g  cleavage.

The K a la h a ri C o p p e rb e ll o f the G hanz i and Lake N ’G a m i areas fo rm s a p ro m in e n t northeast 

tre n d in g  s tru c tu ra l r id ge , w h ich  was nam ed the G h an z i-C ho bc  F o ld b c lt by M c ix n e r ( 1983). 

T he sou th ea stern  flan k  o f  the ridge is s teep ly  in c lin e d  and fo rm s the basem ent o f  the  Passarge 

Basin (Reeves, 1979; M c ixn e r. 1983) H - r e  the D am ara O -og en y  p ro d u ce d  la rge  open fo lds 
w ith  fo ld  axes tre n d in g  northeast and a weak slaty c leavage. M a jo r  b lock fa u ltin g  a ffected  the 

sequence d u r in g  K a ro o  tim es p ro du c in g  deep g raben s tructures (Thom as, 1973). The areas o f 

the Sh inam ba H ills  have been d e fo rm e d  in to  open fo lds , trun ca ted  b y  la te r subvert,cat faults.

The various segm ents o f the K a lahari C op p e rb e ll unde rw ent lo w e r greeusch ix l facies m etam or- 
ph ism  bu t even de lica te  sed im entary s ti a t lu re s  are s t i l l  preserved. Because o f (h i low  grade 

o f m e ta m o rph ism  sed im ento log ic .il te rm ino log y  is d ire c t ly  ap p lie d  M usco v ite  fro m  'h e  K le in  

A u b  area has been da ted to  d e te rm ine  the peak o f m e tam orph ism  and d e fo rm a tio n  n th is



re g io n . T h e  inve s tiga tion  gave an age o f  5 3 0 ±  10 M a . w h ich  is the  m ain d e fo rm a tio n a l event 
o f  th e  D am ara n  O rog en y  and the 'e m p c ra tu re  o f  th is  re g io n a l m c tam o rp h ism  was d e te rm ine d  

as b e lo w  350*C by i l l i te  c iy s ta il ia ity  s tud ies (A h re n d t c t al., 1978).



4 . VOLCANIC ROCKS OF THE SINCLAIR SEQUENCE

T he lo w e r pa rt o f  th e  S in c la ir Sequence con ta ins an abundance » f  vo lca n ic  rocks o f  b o th  fe l­
sic and m a fic  chem ica l co m p os ition . These vo lca n icso ccu re it her asseveral hund red  to  thousands 

o f m etres th ic k  un its  at the base o f the s tra iig ra p h ic  succession or as r e l i c  in te rca la tio ns  w ith in  

the sequence.

4.1 Felsic Vulcanic Rocks, N fc ko p f and ( I  raw water F onnations

T h e  N u c k o p f F o rm a tio n  rests un con fo rm ab ly  on  the o ld e r  basem ent (F ig .3.1 and T a b le  1) -n d  
consists o f  2000 m o f  fe ls ic  v o lcan ic  rocks tha t are preserved o n ly  in  graben s tructures

These fe ls ic  volcanics inc lu de  a varie ty  o f  py ro c la s tic  rocks (P la te  4.1) such as 

rh y o lit ic  vo lcan ic  b recc ia , py ro c la s tic  b lo ck  tu f f  w ith  angu lar ig n im b rite  clasts, tu ffa ceo us ash 

flo w  depos its , f lo w  banded qu a rtz  and q u a rtz -fe ld sp a r p o rph yrie s , ig n im b rite , and w e lded tu f f  
C on g lo m e ra te  and q u a rtz  a re n itc  occu r at the base and as ra re  in te rca la tio n s  w ith in  th is  v o l­

can ic  p ile .

T h e  G ra u w a te r  F o rm a tio n , lies con fo rm ab ly  above the N u c k o p f F o rm a tio n  (T a b le  1). T h is  
1500 m th ick  h e te ro lith ic  un it also consists p r im a r ily  o f  fe ls ic  volcanic  rocks, bu t coarse c las­
t ic  « '*d im cn ls  arc m ore com m on ly  in te rca la ted  The chem ica l and m in e ra lo g ie s ! com p os ition  

o f the  fe ls ic  vo lcan ics  and the type o f cong lom era te  and qu a rtz  a re n itc  o f  the N u c k o p f and 

G ra u w a te r  F o rm a tio ns  arc very s im ila r.

The G a m sb erg  G ra n ite  S u ite in ,r t id e d  th e  reg io n  no rthw e s t o f  K le in  A u b  m ore o r  less s im u l­
ta ne ou s ly  w ith  th e  accu m u la tio n  o f  the N u c k o p f F o rm a tio n , w h ile  its youngest m em bers in ­

tru d e d  the  G ra u w a te r F o rm a tio n  (S cha lk , 1970). These in tru s io n s  cons is t essentia lly  o f  gran ite  

g ra no ph yrc , a p lit ic  g ra n ite  and pegm atite , and ages are c lose ly  spaced between 1110 M a and 
1059 M a  (H u g o  and Schalk, 1974; B u rg er and C oe rtzc , 1973-74, M a ilin g  and R e id , in  press)

The O o rlo gse nd e P o rp hyry , s itua ted in  a rem ote  reg io n  close to  th e  B otsw ana b o rd e r (F ig .2 .1 ), 
is con s id e re d  to  be a s tra iig ra p h ic  equ iva len t o f  (he N U ckop f F o rm a tio n  (H c g e n b e rg c r and 

B u rg e r, 1985). T h e  tu ffaceous ign im b rite s  and q u a rtz  po rph yrie s  o f  th is un it occu r in  a th in  

th ru s t s lice, w h ich  stretches fo r  ap p ro x im a te ly  100 km  m t1 s tr ikes  in a n o rthe as te rly  d ire c t io n  
(F ig .2 .1 ). Q u a rtz -a n d  qu a rtz -fe ld spa r po rph yrie s  o f the Kgw-ebe F o rm a tio n  in  I he Lake N ’G am i 
area a rc  a lso regarded as e quiva len ts o f  the N u c k o p f F o rm a tio n  (Thom as, 1973. H cgenbergcr 

and B u rg e r, 19F5).

4 J  M afic  Vulcanic Rocks, Doornpoort Formation

S ig n ifica n t am oun ts  o f  basalt occu r in te rb e d d e d  w ith  th e  coarse c las tic  sed im ents o f the S inc la ir 
Sequence in all segments o f the K a lah a ri C o p p e rb e ll i F ig.2 .2) and h a v  been b r ie f ly  described 
by Schalk (1970), T oens (1975) and Thom as 11973) fro m  K le in  A u b , D o rda b is , W itv le i and 

Lake N ’G a m i. R uxton (1981) gave fo u r  g eochem ical analyses o f  basa lt fro m  the D o rd a b is  area, 
and show ed th e  resu lts in  Z r /T i-  and Z r /T i/Y -p lo ts . Because he e stim a ted the volum e o f  basalt 

as less than 1% o f  the  to ta l s tra tig ra ph y  R uxton (1981) d isca rd ed  the ^ a lte re d  d is tr ib u tio n  o f 

the  fo u r  data p o in ts  as m eaningless' due to  the l i c k  o f  ou tc rop , the  nu m be r o f samples, and 
th e ir  h ig h ly  w ea the red nature The sam r basalts fro m  the D o rd a b is  area have been vom prehen 
s ive ly  s tu d ’ed, ge och em ica l!y analysed and de scrib ed by W illia m s  Jones ( V>84)

F in a lly  the basalts w ith in  the S inc la ir Sequence have been ign o red  by some authors w ho stated 

tha t no  vo lca n ic  rocks w ere associated w ith  the c las tic  succession ( R ux to n . 198b. p 1725; Rux 

to n  and C lem m ey, 198b, p. 1739),

In  d e ta il,  the basalts are in te rca la ted  w ith  red beds o f the D o o rn p o o rt F o rm a tio n  am i its 

eq u iva len ts  (F ig .2 .2 ). T h e  s lra dg rap h ic  volum e o f  the  basalts, know n fm m  b o th  surface ex 
posu rc  and several boreho les is m ore Ih.-n the I es tim a ted hv R uxton ( I 'W l ) and varies from

15



P la tt  4.1; C h a ra c te ris tic  lith n ty p c s  o f the N u c k o p f and G rau w a te r F o rm a tio ns  fro m  Farm  
K a b iras  343 in  th e  K le in  A u b  area. A l l  fa rm  na ."es  and fa rm  num bers re fe r  to  the G e o log ica l 

M a p  o f S W A /N a m ib ia , scale 1 :1 000 000 (G e o lo g ica l Survey, 1980).

(A )  V o lc a n ic  b re cc ia , com posed o f  sub -ro un de d  q u a rtz  p o rp h y ry  c lasts  in  a q u a rtz  po rp h y ry  
m a tr ix , possibly a vent b re cc ia ; ham m er fo r rca le  ( le n g th  31 cm ).

IB )  C oarse , n ca r-ve n t fa llo u t d epos its  cons is ting  o f  abundant angu lar pu m ice  la p i i l i  w ith  f in e r 

g ra in e d  tu ffa ceo us  m a tr ix ; co in  fo r scale (d iam e te r 38 m m ,

(C ) D is ta l py ro c la s tic  fa l* depos it w ith  large r p u m ice  fragm ents  in f in e r-g ra in e d  tu fh e e o u s  
m a tr ix  d isp lay ing  crud e  h o r izo n ta l laye ring ; cot ■ fo r  scale (d ia m e te r 38 m m ).

(D )  F lo w  ba nd ed , rh y o li t ic  q u a rtz -fe ld sp a r p o rph yry ; co in  fo r scale (d ia m e te r  38 m m ).

(E ) P h o to m ic ro g ra p h  o f  w e lded ig n im b rite  show ing abundant w e ld ed  pum ice  shards some o f 

w h ich  are  in co m p le te ly  co lla pse d , p lane p o la rize d  ligh t.

(F ) P h o to m ic ro g ra p h  o f  qu a rtz -fe ld sp a r p o rp h y ry , com posed o f coa rse-gra ined quartz  and 

fe ld sp a r phenocrysts  in  a f in e -g ra in e d  m a tr ix ; crossed N ico ls .



Plate 4.1
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less iha r; 10%  ( K le in  A u b  a rea) io  m ore th a n  5<)‘ > { D o rd a b  1$ u ' . ■ i  re g io n a l scale gra v ity  

da ta  s how  d is tin c , po -.ilive  g ra v ity  anomaliesi w h ich  fo llo w  a  line ; • 1 • 11: ■ r ih e  r " as n f ex-

posed S in c l a ir  Sequence (F ig , 4.1; K ieyw egt, .1WV-). T h e  g n i ' in  !e re'#ces th a t <. -n: -his 
tre n d  are proba.bIy <1 ue to  dense m a fic  vo le an ic  r i n  tHe v o lt ano ■••dimentary tro u ^ / is  o f  

the S in c la ir  Sequence, f la n ke d  by less dense grar. :v o r  m e ta s e d im e n ta r y it s .  T h is  m ig h t also 

im p iy  th e  existence at d e p th  o f even m ore m a fL  rocks th a n  are exposed in  o q . j  'e  ou tc rop s  
and bo re h o le  core.

BOUGUER GRAVITY 
ANOMALIES

F ig . 4.1. B o tig ite  r g r a vi ly  m ap o f a  n lra l , nd .< >ut h, rn S W  A .'N am ib ia , d r  p i a i n g are as o t posi ■ 

I i vc ( p.? a vs t •; h i gh.s! an d  n egal ivc I at. a v i tv  w s : irrav itv  anom alies; a ft c t  K i eyw c gt ( I '# "* )

N o te  th e  an  m gem erit o f  the grd v itv  h ig h  .dong .m . im ia i t  tre n d , w h ich  is probably-"■aused be 
m a fic  vo le attics o f ih v  S in c la ir S e quen t; f l i n t  ' h \ g ra v ity  low s, p ro b a b ly  she c l!  eel o f 
in i-h i< t'.d im ent;irv o f  g ra n it ic  rocks.

■A i W it v ie  i b s e d  imt, t \  o f : he E ska d ton  F orm  i i n  o  e -1 r id e r la in  by suhac n . il ly  e '  n u je d  
.isnvgdn lo ioal basalt o i uncerta in  th ickness, fo rm in g  a loca l basem cm  h ig h  i 1 w n s , 1'- " ■ In 

the Lake N t i  a m i ar a ih o le iit ic  basalt < w  i: ti r i  i n i h c- K g *  s- he F m m  at io n  u n d t h e T o  i e n g D  iTcsm; 
(T h e , :,,. ',  f i n t i  In  h o te  hole vim e, the basal!-, -t (he Tot cm ; D ia b a w  have ,t th ickness -•! ;>t 

least several hu nd red  m oires, bu t a basal con tact o f  the unn it as no t been in le t sect''d



Fig. 4.2.: U  this logical profile of borehole ODB 4, tiiuaied on Farm Onverwacht 27.1 in rhe Dor­
dabis. area. The profile show, the litbotypcs, main metamorphic alteration products and indi- 
c ales t he. pe rmeaihlity of the r'scks. Th e ge ex: he mica 1 sections $) D B -4- A a n d O D B ■■ -4 - B, w h i e h 
are i nd i e at e ti h y vc r tic a I h a rs, arc shown in Fig. 7 2.



A  s u ite  o f  52 surface sam ples o f  basalt w ere selected fo r p e trn g ra p h ica l and geochem ici.1 studies 

.m m  the  K le in  A u b  area (F a rm  D u  Plessis R us 537, 35 km  east o f  K le in  A u b ), the  D orda b is  
area (F a rm  Ib e tis te ia  55, 1 km  south o f D o rd a b is  and Farm  D o rd a b is  *>8), the W itv le i area 

(F a rm s D o o rn p o o rt 248 and O k a tje p u ik o  147, 80 km  sou th -southw est and 30 km  no rth  o f 
W itv le i)  and the  La ke  N ’G a u i  area (N g w enclekau H tlls  and T o t eng, 85 km  and 50 km  sou th ­

west o f  M a u n ). The b„.saits selected fro m  the K le in  A u b  area occu r c lose to  the  base o f  the 
D o o rn p o o r t F o rm a tio n  (F ig .2 .2 ), and due to  the lim ite d  s i/c  o f  th e  o u tc ro p s  o n  F arm  D u  Fles- 

ms R us ( 16” 58"30"E. 23*48‘30”5 )  it  is possib le iha t the specim ens c o lle c te d  m ay not be fro m  a 
sing le  lava flow . In  the D orda b is  area, the s tra iig ra p h ic  p o s itio n  o f the  basalts  w ith in  the  S in c la ir 

Sequence is s t i l l  th e  sub ject o f  debate (W illia m s-Jo ncs , 1984), The selected sam ples o f basalt, 
and th e  b o re h o le  core arc fro m  pa rts  o f  the Skum ok F o rm a tio n  (W iliia m s -Jo n e s , 1984). T h is  
rep re sen ta tive  d ia m o nd  d r i l l  ho le O D B  4 fro m  the  D o rd a b is  area was logged to  c la r ify  the 
re la tio n sh ip s  o f  the  in te rb e d d in g  o f  basalts to  in te r f lo w  sed im ents (F ig .4 .2, A p p e n d ix  1). The 

bo re h o le  was d r i l le d  by F E D S W A  E xp lo ra tio n  L td . in  1973 and is s itua te d  on  the  sou th ern  
p a r i o f  Farm  O n verw ach t 270. I t  was not possible lo  de te rm ine  the  exact lo c a tio n  o f the b o reh o le  
s ince th is  in fo rm a tio n  has been ubscquen tly  lost.

T h e  u n its  in te rsec te d  by the 340 m bo re  ho le tha t was d r i l le d  n o rm a l to  b e dd ing  consists o f  

m ore  th an  95 %  b asalt. O n ly  ra re  in te rca la tio ns  o f q u a rtz  a re n ite  w ere  fo u n d  and m ake up  the 
rem a in d e r o f  th e  core . Based on m egascopic c ha rac te ris tics  these basalts can be d iv id e d  in to  
d iffe re n t ca tegories . . id  they are.

massive, da rk  grey o r  d a rk  m aroon basalt, w h ich  accounts fo r  some 75% 
o f  th e  basalt in  borehole O D B  4;

in fre qu en tly  scattered flow -banded am ygda lo ida l basalt w h ich  com m only 

overlies massive dom ains (P late 4 .2.A );

b reccia ted d.-.tk red and ligh t green (ep id o tise d ) basalt com m on ly  overly ing 

the previous types o f  basalt (P la te  4 .2,8);

da rk  reddish-grey sheared and te tio n ic a lly  and hyd rau lic  frac tu red  basalt 
w ith  ep ido tc- o r q u a rtz -P 'c d  fractures.

C lose exa m in a tio n  reveals an in tr ica te  re la tio n sh ip  be tw een ce rta in  basalt categories. L o ca lly  

the breccias con ta in  a m a tr ix  o f  qu a rtz  a re n itc  to w a rds  the top . The b re cc ia  clasts arc generai- 
1/ an gu la r to  subangu lar and show no signs o f  ro u n d in g  o r  tra n sp o rt. In  some cases the m a tr ix  

o f  q u a rtz  a re n ite  f i l ls  frac tu res , pe ne tra tin g  fu rth e r  dow n in to  the m ore massive do m a ins  o f 

th e  flow s. T h e  fra c tu re  svstcms are < om m an ly  in te rco n n e c te d  w ith  th e  o th c ' pe rm eab le  dom ains 

de scrib ed  above. The rocks arc  sheared in  several fa u lt zones in te rsec te d  by the bo reh o le .

4 J  Volcanic Style and ("Inssiflcatlon of the Volcanic Rocks

T h e  abundance o f coarse pyroc iastics , ra p id  la te ra l facies changes, and the chem ica l charac 
le r is t ic s  o f  th e  vo lcanics suggest that the N u c k o p f and G ra u w a te r F o rm a tio ns  rep resen t a 

p e r io d  o f  exp losive , siliceous vole an ism. T he I o c a 'io n  o l d iscre te  v o lca n ic  centres are ind ica te d  
b y  coarse vent b reccias, la te ra lly  g ra d ing  in to  p ro x im a l p y ro c la s tic  ta lu s  b recc ias and d is .a ! ash 

fa ll  de po s its  sug ge s .'" '*  ca ldera-type voka n ixm . T h e  basalts rep resen t sub aeria ily  ex tru de d 
lava flow s, th a t have massive in te r io rs  and o fte n  b re cc ia te d  f lo w  tops. T h e  cha rac te r o f  the 

f low s ind ica te  e ith e r ra p id  b u r ia l by a new lava f lo w  o r  subsequent c lastic  in flu x  that swam ped 

the a re if te d im e n t w ith o u t re w o rk in g  o f  the f lo w  tops. *  w ith

T h e  fe ls ic  and m a fic  vo lcanic rocks fro m  each area have been sam pled and c h e m ica lly  analysed 

b y  X R F  and da ta may be fo un d  in A p p e n d ix  111 A c c o rd in g  to  th e ir  C lPW  no rm s the fe lsic 
vo lca n ics  are pe r a lka lin e , c a lc -a lka lin e  and p e r-a lum in ou s  rh y o liic s  and lo ca lly  trachytes w ith  

a h ig h  K jO  N a iO  (F ig .4.3, A p p e n d ix  I I I )
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F ig . 4JJ. C lass ifica tio n  o f  fe ls ic  vo lcan ic  rocks, N t ic k o p f and G ra u w a te r Fo rm a tio ns  and 
eq iu va ir nts, in  an a lk a li-s ilk a  va ria tio n  d ia g ram  (a fte r  C ox e t al., 1979), See F ig. 4.5. fo r  ex- 
p la iia , >n o l symbols.
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Fig. 4.4. C lass ifica tio n  o f  m afic  vo lca n ic  rocks, D o o rn p o o i' F o rm a tio n  and equ iva len ts , in  an 

a lk a li s ilica  v a r ia t io n  d iagram  (a fte r  C ox c t a l.. 1979). See f  ig. 4.5. fo r exp lan a tio n  o f  sym bols.

A c c o rd in g  to  the c lass ifica tion  pro po sed  by C ox e t a l. (1979 ), the m a fic  vo lcan ics  are m ain ly  

basalts, w ith  subo rd in a te  am ounts o f  basa ltic  am lcs ilc , basan ite, trach yan dcs ite  and kaw a iite  
(F ig .4.4). The d is tin c tly  b im o d a l volcanics  show  a ih o le i i t ic  tre n d  w h ich  is d e fin e d  in  the A F M - 

d iagram  o f  F igu re  4.5. C o rre la t io n  diagram s o f N b /Z r  and Nb.-Y show  th a t m ost o f  the basalts 
o f  th e  S in c la ir  Sequence fo llo w  a na rro w  d iffe re n tia t io n  tre n d  t F ig.,.4.0, 4.7).

t % l y '  y ^ w A I I T E  / tR A C H Y A N O E S ITE

^  /  B A SALT  "  .  I 3 ^  ! §
V  r  : :  I <

\  I r 1



F ig . 4.5 A F M  d iagram  il lu s tra tin g  ib c  ih o le iit ic  tre n d  o f  tht* h im o d a l S in c la ir V o lcan ics  be ­

tw een the areas o f K le in  A u b  and Lake N ’ G am i.

Nb ippm )

F ig .4.6: Nb. Z r  va ria tio n  d iagram  o t basalts fro m  the D o o rn p o o rt F o rm a tio n  in I he K le in  \u h  

area and e q u iva len ts  fro m  D orda b is , W itv le i, and Lake N < i, im i. Sec F ig 4.5 to r exp lanation  o f 
symbols.



Nb (ppm)
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Y ippm)
a w M

F ig .4 .7 : N b /Y  v a r ia iio n  d iagram  o f basalts  fro m  the  D o o rn p o o rt F o rm a tio n  ( K le in  A u b  area) 

and eq u iva len ts  fro m  D orda b is , W itv le i, and Lake N 'G a m t. See F ig.4 .5 fo r e xp lan a tio n  o f 

sym bols.

N b (p p m ;

Zr(ppm)

!0 100 -(66

Flg.4dt: N b Z r  va ria tio n  d iagram  o f bo th  fe ls ii ( crosses and d o ts ) and m afic volcanics  I shaded 

are a) fro m  the  S in c la ir Sequence and equiva len ts . See F ig.4.5 lo r  exp lan a tio n  o f symbols.
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F lg.4 .9 : N B /Y  va r ia t io n  d iagram  o f  b o th  fe ls ic  (crosses and do ts ) and m a lic  vo lca n ics  (shaded 
a rea) fro m  the S in c la ir S equence and equiva len ts . See F ig.4.5 fo r  exp lan a tio n  o f sym bols.

P lo tte d  to g e th e r w ith  the  fe ls ic  volcanics in  N b /Z r  and N b /Y  d iagram s tw o  d is tin c t g ro up s  o f 

vo lca n ics  can be d is tin gu ishe d  (Ftg.4.8, 4.9). O n e g ro up , con s is ting  o f  m ost basalts fro m  each 

area, some fe ls ic  vo lcan ics  fro m  the K le in  A u b , and all fe ls ic  vo lcan ics  fro m  the O orlogsende 
area p lo t on  the  same line a r tren d . A  second g ro u p  o f fe ls ic  vo lcan ics  p lo ts  d ispersed away 

fro m  th is  d iffe re n tia t io n  tre n d  (F igs 4.6, 4.7, 4.8, 4.9).

F ig.4 .10: Z r . 'Y  versus Z r  v a r ia t io n  diagram  w ith  fie lds  suggested fo r m od ern  p la te  te c to n ic  set 
tings (P ea rce  and N n rry , 1979). See Fig.4.5 fo r exp lanation  o f symbols.



The basalts  w ere  p lo tte d  in  a Z r /Y  versus Z r  d iagram  (F ig .4 .10; a f te r  Pearce a nd N o rry , 1979). 

The da ta  c lu s te r  m a in ly  in  th e  fie ld  o f  w it a in  p la te  thole iitc.s, bu t m any recent s tud ies ind ica te  

tha t e m p ir ic a l d is c r im in a tio n  d iagram s fa il to  unam b iguous ly  c o n firm  the te c to n ic  s e ttin g  (e.g. 
H o lm . 1982: Schw eitze r and K ro n e r, 1985). H ow e ver, con c lud ed  w ith  f ie ld  evidence, these 

basalt d a ta  suggest a subaeria i ex trus ion  o f (he ih o le iit ic  basalts in  n a rro w , fa u lt b o un de d  basins. 

Rased on  these re la tio nsh ips  it is possible to  cha racte rise  the  te c to n ic  se tting  o f  the  basalts o f  
the S in c la ir  Sequence.

F rom  the ge ochem ica l s ignatu re  o f the vo lcanics it is conc lud ed  th a t the  reg io n  was u n de rla in  

by th ic k  c o n tin e n ta l c rust d u r in g  the tim e o f ex tru s ion  The style and chem ica l s ign a tu re  o f  the 
vo lcan ism  is com p arab le  to  tha t de scrib ed fro m  the  A i . i r  D epress ion , E th io p ia  (B a rb e r i e t al.. 

1974), the R io  G ia n d e  R ift, U S A  (C h ap in , 1979; E ls to n , 1984), and the Kenya R ift (B a rb e r i 
et a l., 1982) Such an in te rp re ta tio n  w o u ld  be in  agreem ent w ith  K ro n e r (1977), M ason (1981) 

and C ah cn  c t al (1984) tha t de po s ition  o f the b im ix ia l vo lcan ics  o f  the S in c la ir Sequence o c ­
cu rre d  in  an in tra c ra to n ic  r if t  setting.

A n  in te rp re ta tio n  o f  m agm a sources and m igm a e vo lu tio n  m ust lake  in to  con s id e ra tio n  tha t 

the fe ls ic  vo lcan ics  ge ne ra lly  o ccu r tow ards the base o f the  S in c la ir Sequence and a^e ove rla in  

by the  m a fic  vo lcanics. E sse n tia lly  tw o  d iffe re n t exp lanations can be envisaged ( F ig .4 ,11);

Increased m antle convection underneath th ick  con tinenta l crust lead to  the develop­

m ent o f  a m antle p lum e and a steady increase in the loca l heat flow . P a rtia l m e lting  o f 

con tinenta l c rust occurred at re lative ly  low  tem peratures (ap p rox im a te ly  SOO’ C ) and 
produced in it ia l felsic melts, characterised by high K jO 'N a jO  ratios a nd h igh K , N b, 
Y , Z r . R b and lo w  Sr contents (F ig .4 ,11,A ) .  A cco rd in g  to  C hape l! and W h ite  (1974) 

and W y llie  (1977) such high KzO /N azO  ra tios  suggest that th is ea rly  phase o f  m elting 
affected m ain ly m etasedim entary m ateria l in the low e r crust. These ea rly  fe ls ic melts 
also appear to  have been enriched in  PG E  and A u , possibly ind ica tin g  m.-.ntle con­

ta m in atio n  (th is  feature w ill be discussed i. t  m ore de ta il in  C hapte r 8 ) C on tinu ing  
p lum e ac tiv ity  (m antle convection) caused the. tem peratures to  increase fu rth e r 

(900°C) and in itia ted  m elting o f uppe r m antle m ate ria l These firs t m elts tha t are ex­

trac ted  from  the m antle at these tem perature, w ill have a s im ila r m a jo r element 
geochem istry to  the earlie r felsic volcanics, but w ill have h igher Sr and low er Rb, Nb, 

Y , and Z r  contents than the early melts, produc ing  m ore no rm a l felsic v o lc n ic s . A t 
even hight- tem peratures o f the now fu lly  developed plum e ( t2 l» ° C )  a d d itio na l par 

t ia l m elting o f  m antle m ateria l p roduced the ih o le iit ic  basalts.

The second exp lanation envisages the ra p id  fo rm a tio n  o f a re lative ly  ho t m antle plume 
tha t developed underneath th ick  con tinenta l c. ust. Eat ly m e lting  o f con tine n ta l crust 

o f  m ain ly sedim entary o rig in  produced the early fe ls ic volcanics. T h is  m elt was con­

tam inated by ea rly  p roducts fro m  the ho t m antle p lum e. F u rth e r (m ore  extensive'1) 

m e lting  o f crust al m ateria l, w here in the con 'am inntion  iro m  the m antle p lu ir--  is m ore 
d ilu ted , p roduced the m ore no rm a l' fe lsic volcanics (F ig .4 .11,B )

D u rin g  the last phase the hot m antle plum e m elted the underly ing  m antle m ateria l, 
p ro du c in g  Ih o le iitic  basaltic magmas.

The a u th o r favours the f irs t exp lanation  bu t the lim ite d  da ta base does not a llo w  a d e fin ite  
dec is ion .
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F ig .4 .1 1: Ske tch  d ia g ram  il lu s tra tin g  tw o  poss ib le  exp lan a tio ns  o f  m agm a gc nera! io n  and m agma 

e v o lu tio n , b o th  caused by increased m an tle  con vec tio n  and p lu m e  a c tiv ity . ( 1) Basal fe ls ic  vo l­

can ics  o f the  N iic k o p f F o rm a tio n , (2 ) fe ls ic  vo lca n ics  o f  the N u c k o p f F o rm a t.o n . and * 3 )  m afic  

vo lca n ics  o f  the D o o rn p o o r t F o rm a tio n .

4.4 Pnst-iV Iagm atic Basalt A lte ra tio n

4,4.1 P e tro g ra p h k  C ha ra c te ris tics

T h e  basalts  o f  the S in c la ir  Sequence can be s ub d iv id ed  in to  tw o  separa te  g ro up s  based o n  th e ir  
p e tm g ra p h ic  c ha rac te ris tics  O ne g ro up  consists o f  m assive, d a rk  pu rp lish -g re x  basa lt, g e n e ra l­

ly  free  o f  am vgdales, occu rs  as the  in n e r p a r t o f  lava flow s. The basalts  are n a d c  up  o f  30% 

p ia g io c tasc  ( Anzo) tha t shows w eak to  m od era te  sau ssuritisa tton , ab u n d a n t h i m a tite ,c h lo rite , 

m u s c o v i'e .e p id o te f <  8% ), and q u a rtz  ( <  3% ) (P la te  4.2,iG). N e ith e r  o liv  ne no t p yroxene 

are. p re se rved ; bu t in  som e cases- ch lo rite  and he m atite  do  fo rm  pse ud om o -phs a lte r  these 

m in e ra ls . T h e  m in e ra l assem blage shows th e  cha ra c te ris tic s  o f  lo w e r greensch is t facies m eta  m o r­

ph ism  but m e ta m o rph ism  was a s ta tic  event and the basalts re ta in e d  th e n  o r ig in a l m te rg ra n u la r 

te x tu re  (P la te  4 2 , 0  S tro ng  c p id o tis a fio n  associated w ith  g o o d  p o ro s ity  and p e rm e a b ility
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