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T h e  N o r th  S ea  B asin  has u n d e r g o n e  a  c o m p lex  g e o lo g ic a l h istory  cu lm in atin g  
in  tw o  p e r io d s  o f  rifting and e x te n s io n  in  th e  M e so z o ic . A lth o u g h  m u ch  is k n ow n  
o f  th e  stru ctu re  o f  th e  u p p er-cru st in  th e  basin , co m p a ra tiv e ly  little  is k n ow n  o f  
th e  d e e p  cru sta l structure. T h is is e sp e c ia lly  true in th e  ‘tr ip le -ju n ctio n ’ area  o f  th e  
C en tra l N o r th  S e a  w h ere  th ere  is a  la ck  o f  d e e p  se ism ic  r e f le c t io n  data . T h e  
p rim ary p u r p o se  o f  this research  w as to  d e te r m in e  th e  e x te n t o f  cru sta l th in n in g  
in  th is a rea . In th e  a b se n c e  o f  d e e p  se ism ic  r e flec tio n  d a ta  it w a s d e c id e d  to  
e s t im a te  cru sta l th in n in g  by an a lysin g  th e  gravity an d  m a g n e tic  fie ld s.

A  d e ta ile d  q u a lita tiv e  analysis o f  th e  B o u g u er  a n o m a ly  d a ta  sh ow s th at th e  
f ie ld  is ch a ra cter ised  by lo w -a m p litu d e  a n o m a lie s  b e tw e e n  —2 8  an d  35 m G als. 
S e ism ic  d a ta  sh ow s that lo w -d en sity  se d im e n ts  rea ch  th ic k n e sse s  o f  m o re  th an  6 
k m  in  p arts o f  th e  b asin  w hich  w o u ld  g iv e  r ise  to  la rg e  n e g a tiv e  gravity  a n o m a lie s . 
It fo llo w s th a t th e  basin  m ust b e  c o m p e n sa te d  at d ep th  by an  e x c e ss  m ass. I f  an  
a ssu m p tio n  o f  A iry -typ e iso sta tic  c o m p e n sa tio n  by vary in g  th e  d e p th  o f  th e  M o h o  
is m a d e , to g e th e r  w ith  an a ssu m p tio n  o f  a  la tera lly  and  vertica lly  h o m o g e n e o u s  
b a se m e n t  a n d  u p p er-m a n tle , th en  th e  c o m p e n sa tin g  m ass (a n d  th e r e fo r e  th e  
d e p th  to  th e  M o h o )  can  b e  m o d e lled . T h e  grav ita tion a l e f fe c t  o f  th e  n ea r-su rfa ce  
layers d o w n  to  th e  B a se -C r e ta c eo u s  w a s ca lcu la ted  in 3 D  an d  r e m o v e d  from  th e  
B o u g u e r  a n o m a ly  fie ld . A fter  lo w -p a ss  filter in g  in th e  w a v e n u m b e r  d o m a in , th e  
rem a in in g  resid u a l fie ld  w as m o d e lle d  u sin g  an  a u to m a tic  ite ra tiv e  forw ard  
m o d e llin g  ro u tin e  an d  sev era l m o d e ls  fo r  th e  d ep th  to  th e  M o h o  w e r e  m a d e . T h e  
M o h o  is sh o w n  to  sh a llo w  from  3 2  km  in o ff-ax is areas to  a p p ro x im a te ly  15 km  
in  th e  c e n tr e  o f  th e  ‘tr ip le-ju n ction ’. T h e  g e n e r a l sh a p e  o f  th e  M o h o  to p o g ra p h y  
is d e te r m in e d  by th e  p rincipal stru ctu res in  th e  area , th e  sh a llo w est p o in ts  b e in g  
a sso c ia te d  w ith  th e  rift-axes. A n  an alysis o f  th e  errors in v o lv ed  in th e  m o d e llin g  
te c h n iq u e  sh o w s th a t errors in th e  M o h o  d ep th  are n o t in  e x c e ss  o f  + / - 1 . 6  km . 
A fte r  a d e ta ile d  analysis o f  th e  m a g n e tic  fie ld  in th e  a rea , r e f in e m e n ts  w ere  m a d e  
to  th e s e  m o d e ls  by m o d e llin g  th e  m a g n etic  a n o m a lie s  a s so c ia te d  w ith  re la tiv e ly
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high  d en sity  b o d ie s  such  as th e  b asa lts  o f  th e  P ip er -F o r tie s  V o lc a n ic  P ro v in ce  an d  
th e  E a st  F o rtie s  B asin  Intrusion.

C ru sta l ex ten s io n  factors or ‘B e ta  fa c to r s ’ (d e f in e d  b y  th e  ra tio  o f  th e th ick n ess  
o f  u n stre tch ed  crust to  the th ick n ess o f  th e  p re-rift cry sta llin e  b a se m e n t)  w e r e  
e s t im a te d  for  every  p o in t in th e  stu d y a rea  u sin g  th e  m o d e ls  o f  M o h o  to p o g ra p h y  
d er iv ed  by m o d e llin g  th e reg io n a l gravity  fie ld . T h ey  rea ch  m a x im u m  v a lu es  o f  
a p p ro x im a te ly  2 .8  in th e  cen tre  o f  th e  ‘tr ip le -ju n ctio n ’. T h e  erro rs a sso c ia te d  w ith  
th e  larger  B e ta  factors are large (u p  to  0 .5 )  h o w ev er  th e  resu lts  o b ta in e d  are in  
g o o d  a g r e e m e n t w ith  th o se  o b ta in ed  by p rev io u s w o rk ers w h o  h a v e  e s tim a te d  
e x te n s io n  by su b sid en ce  analysis.

T h e  M c K e n z ie  and B ick le  (1 9 8 8 )  te c h n iq u e  h as b e e n  u se d  in  th e  p a st to  r e la te  
cru sta l ex te n s io n  w ith  m eltin g . T h e  m e th o d  a ccu ra te ly  p red ic ts  th e  p r e se n c e  o f  th e  
P ip er -F o r tie s  B a sa lts  an d  th e  E a st F o r tie s  B a sin  In tru sion  in  a rea s  w h ich  are  
a sso c ia te d  w ith  large a m o u n ts o f  e x te n s io n . T h e  a v era g e  th ick n ess  o f  m e lt  
p r e d ic te d  by  this m eth o d  (ap p rox . 0 .7  k m ) is a lso  in r e a so n a b le  a g r e e m e n t w ith  
th e  th ick n esse s  d erived  from  2 .5 D  m o d e llin g  o f  th e  m a g n e tic  f ie ld  ( le ss  than  1.2  
k m ).
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C H A PTER  1

IN T R O D U C T IO N

1.1 B A C K G R O U N D  A N D  R ESEA R C H  A IM S

T h e N orth Sea Basin has undergone a com plex  geologica l history culm inating  
in the form ation o f  the N orth Sea rift system  during three phases o f  extension in 
the U p p er-P alaeozo ic  and M esozoic. T he rift system  consists o f  three arms: the  
C entral G raben, the V iking G raben and th e O uter M oray Firth B asin, which m eet  
in a ‘triple-junction’ in the Forties area. T his ‘triple-junction’ is the dom inant 
structural feature o f  the Central N orth Sea. Exploration for hydrocarbons in the  
area has resulted in a detailed know ledge o f  the structural, stratigraphic and 
sed im entological characteristics o f  the upper crust. H ow ever, relatively little is 
known o f  the structure o f  the lower crust in th e area. W hat data there is com es  
either from regional gravity studies or analyses o f  d eep  seism ic reflection or 
refraction profiles.

T he ‘triple-junction’ area is characterised by exceptionally  thick sedim entary  
seq u en ces, especially  in the graben axes w here the B ase-Z ech ste in  has b een  
m easured  as occurring at depths o f greater than 7 km  (D a y  et al, 1981). Such  
thick sequences seriously degrade the ability o f  the d eep  seism ic reflection  
technique to im age the low er crust (pers com m . M . W arner, Im perial C ollege). 
Thus, although there are num erous d eep  s e i s m i c  r e f l e c t i o n  profiles crossing the  
northern and southern parts o f the basin th ere are n o n e  crossing the ‘triple- 
ju n ction ’ area o f  the Central N orth Sea.

T h e primary purpose o f  this research is to  m easure the am ount o f  crustal 
thinning w hich has taken place due to lithospheric extension  in this area. This is 
d on e by m odelling the regional gravity field in three d im ensions. T he princip
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b e h in d  th is is s im p le . T h e  B o u g u er  a n o m a ly  is c o n s id e r e d  to  b e  th e  sum  o f  the  
g ra v ita tio n a l e ffe c ts  o f  th e  lo w  d en sity  se d im en ta ry  b a sin  infill and  th e  
g ra v ita tio n a l e ffe c t  o f  a high d en sity  co m p e n sa tin g  m ass. T h e  crysta lin e  b a se m e n t  
is a ssu m e d  to  b e  la tera lly  and vertica lly  h o m o g e n e o u s . T h e  sed im en ta ry  e ffe c t  can  
b e  ca lcu la ted  and  rem o v ed  from  th e  B o u g u e r  a n o m a ly  fie ld . T h e  resu lt is a 
m o d if ie d  fie ld  w h ich , a fter  filtering, can  b e  u sed  to  m o d e l th e  d istr ib u tion  o f  th e  
c o m p e n sa tin g  m ass. T h is co m p en sa tin g  m a ss is c o n s id e r e d  to  b e  a n o m a lo u sly  
sh a llo w , h igh -d en sity , u p p er-m a n tle  m a ter ia l. T h e  fin a l m o d e l th e r e fo r e  rep resen ts  
th e  d ep th  to  th e  M o h o  for  every  p o in t  in th e  stu d y  a rea . O n c e  su ch  a m o d e l o f  
cru sta l th in n in g  is p ro d u ced , e s tim a tes  o f  th e  a m o u n t o f  e x te n s io n  can  b e  m a d e  
b y co m p a r in g  th e  th ick n ess  o f  th e  b a se m e n t  in  r ifted  a rea s  w ith  th e  th ick n ess  o f  
u n str e tc h e d  crust. A  seco n d a ry  a im  o f  th e  re sea rch  is to  c o m p a r e  th e se  e s tim a te s  
w ith  th o se  o b ta in e d  by o th er  w ork ers w h o  h a v e  u sed  su b s id e n c e  an alysis to  
q u an tify  th e  a m o u n t o f  ex ten sio n  in th e  C en tra l N o r th  S e a .

T h e  m o d e llin g  p ro ced u re  in v o lv es  a  d e ta ile d  an a lysis o f  b o th  th e  B o u g u e r  
gravity  an d  a e r o m a g n e tic  d ata  from  th e  C en tra l N o r th  S e a . A  su b sid iary  aim  o f  
th e  resea rch  is to  p resen t q u a lita tive  in terp re ta tio n s  o f  th e s e  d a ta  se ts  to g e th e r  
w ith  d e ta ile d  2.5 d im en sio n a l m o d e ls  o f  th e  m a g m a tic  a rea s  in th e  reg io n  by  
m o d e llin g  th e  p rin cip a l a e ro m a g n etic  a n o m a lie s  o f  th e  a rea .

1.2 STU D Y  AREA

T h is re sea rch  in v o lv es tw o stu d y  a rea s (fig u re  1 .1 ). T h e  q u a lita tiv e  
in terp re ta tio n s  o f  b o th  th e  B o u g u er  a n o m a ly  an d  a e r o m a g n e tic  d a ta  se ts  in v o lv e  
a la rg e  a rea  d e fin e d  ap p ro x im a te ly  by  lo n g itu d e s  2° E  to  2° W  an d  la titu d es 57°  
to  59° N . R estr ic tio n s  o f  th e  3 D  m o d e llin g  te c h n iq u e  (3 .4 )  m e a n  that a red u ced  
a rea  h ad  to  b e  u sed  for  th e  m o d e ls  o f  cru sta l th in n in g . T h is  r ev ised  stu d y  a rea  
co n sis ts  o f  th e  ea stern  h a lf  o f  th e  a rea  u se d  for  th e  q u a lita tiv e  in terp reta tio n s an d  
fa lls  a p p ro x im a te ly  b e tw e e n  lo n g itu d es  0° a n d  2° E  an d  la titu d es  57° to  59° N . T h e  
d ig ita l grids u sed  th rou gh ou t this resea rch  are all b a se d  o n  th e  sa m e  rectan gu lar
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rVt ‘  I S truc tu ra l elements o f  the b o r th  Sea Basins 
A bbre-> rations
AR A n d re *  R id je  ESB
BF6 B road Fourteen! Basin FCS
BH Buchan Horst CH
C B H  Cleaser B an l H t |h  HF
C N B  C entra l Netherlands Basin HO
CR Caithness RidfC HH
DBB D u tch  B an t Basin JH
DF D o * s in {  Fault LC
CB Egersund Basin

East Shetland Basin 
Bladen G round Spur 
G lenn Horst 
Helmsdale Fault 
H o rn  Graben 
H alibut Horst 
Jaeten High 
Ling Graben

LSMT
PR
SB
SH
TSUB
^  GO

Lisia  bose 
Magnus T rough 
Peterhead Ridge 
S tord  Basin 
Sele H u h  
Tampen Spur 
U'ns; Basin
lA 'iich  G ro un d  Graben

F IG U R E  1.1 M ap  showing the p rin c ip a l structura l elem ents o f the N o rth  
Sea Basin. Study area 1 (used in qua lita tive  in te rp re ta tions o f the potentia l 
fie ld data) is outlined in red. Study area 2 (used in 3D  gravity m odelling) 
is stippled. Adap ted  from  Brow n (1984).
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U T M  p ro jec tio n , th e  co o rd in a tes  sh o w n  o n  all th e  im a g es  p r e se n te d  in ch ap ters  
3 to  7 a re  in units o f  k ilom etres.

1.3 O R G A N ISA T IO N

T h is th esis  is org a n ised  in to  se v e n  ch a p ters  e a c h  d e a lin g  w ith  a sp ec if ic  a sp ec t  
o f  th e  resea rch . In ch a p ter  2 th e  structural and  te c to n ic  fra m ew o rk  o f  th e  C en tra l 
N o r th  S e a  is o u tlin ed . T h e  p rin cip a l stru ctu res in th e  stu d y  a rea  are  d iscu ssed  
to g e th e r  w ith  th e  n atu re o f  th e  sed im en ta ry  infill o f  th e  b a sin . A  se p a r a te  sec tio n  
d ea ls  sp ec ifica lly  w ith  th e  n atu re  o f  m a g m a tism  in th e  C en tra l N o r th  S ea . T h is  
c h a p ter  a lso  in c lu d es  a b r ie f s e c tio n  o n  th e  n a tu re  o f  th e  crysta llin e  b a se m e n t in 
th e  C en tra l N o rth  S ea .

C h a p ter  3 d ea ls  w ith  th e  analysis o f  gravity  d ata . T h e  first p art o f  th e  ch a p ter  
o u tlin e s  th e  n a tu re  o f  th e  d ata  itse lf  an d  h o w  it is p r o c e s se d  in to  a  d ig ita l grid  
form at. T h is  is fo llo w ed  by a d e ta iled  q u a lita tiv e  in te r p r e ta tio n  o f  th e  gravity  data  
for  th e  stu d y  area  in w hich  th e  p rin cip a l tren d s an d  a n o m a lie s  a re  d iscu ssed . T h e  
la rg est p art o f  th e  ch a p ter  in vo lves a  d e ta ile d  d e sc r ip tio n  o f  th e  gravity  m o d e llin g  
te c h n iq u e . T h is  in vo lves sev era l s ta g es  e a c h  o f  w h ich  is d e a lt  w ith  in  a se p a r a te  
se c t io n . S ev era l resu lts o f  th e  m o d e llin g  a re  sh o w n  an d  th e  errors in v o lv ed  in th e  
w h o le  p r o c e ss  are  q u an tified .

T h e  n ex t ch a p ter  is an analysis o f  th e  a e r o m a g n e tic  d a ta . A s  in ch a p ter  3, th e  
n a tu re  o f  th e  d ata  is o u tlin ed  and a d e ta ile d  q u a lita tiv e  in te r p r e ta tio n  o f  th e  d a ta  
is d iscu ssed . T h e  m a g n etic  fie ld  a sso c ia te d  w ith  th e  stu d y  a rea  is m o r e  c o m p le x  
th an  th e  eq u iv a len t B o u g u er  gravity fie ld , thus th e  q u a lita tiv e  in terp re ta tio n  o f  th e  
m a g n e tic  d a ta  is m o re  d eta iled . T w o  a rea s  w h ich  a re  c h a ra c ter ised  by  h av in g  large  
p o s itiv e  m a g n e tic  a n o m a lies  are a n a ly sed  in d eta il. T h e s e  a re  th e  P ip er -F o r ties  
V o lc a n ic  P ro v in ce  and th e  E a st F o r tie s  B a sin . S e v e r a l 2 .5 D  m o d e ls  o f  th e  
ca u sa tiv e  b o d ie s  o f  th e se  a n o m a lie s  are  p r e se n te d  to w a rd  th e  e n d  o f  th is ch a p ter .
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C hapte r 5 is a re la tive ly short section o f  the thesis w h ich  explains how the 

m agnetic m odels derived in the previous chap ter can be used to  m od ify  and 

im prove  the models o f the gravity M o h o  derived  in chap te r 3. The  end result is 

a fin a l m odel w h ich  can be used to  q uan tify  crustal th inn in g  and fro m  there, 

estim ate the am ount o f  extension w h ich  has occurred in  the area.

T he  top ic  o f extension is dea lt w ith  in  chapter 6. M o s t o f the  chap ter is 

devoted to  a rev iew  o f the m a jo r item s o f  research w h ich  have a ttem p ted  to 

q ua n tify  extension in  the N o rth  Sea Basin, toge the r w ith  a discussion o f  the 

p rin c ip a l m odels by w h ich  the lithosphe re  m ig h t be extended. T h e  m odels o f the 

g rav ity  M o h o  topography presented in  chap te r 5 are used to  estim ate crustal 

extension factors fo r  the study area. These estimates are then com pared and 

contrasted w ith  s im ila r estimates m ade by previous w orkers. A n  a tte m p t is made 

to  quan tify  the  e rrors in  the m ethod and the  geological im p lica tions  o f  the results 

are discussed. T he  chapter also contains a b r ie f  discussion o f the re la tionsh ip  

between m agm atism  and extension in the C en tra l N o rth  Sea.

T he  fin a l chapter provides a sum m ary o f  the m ain  conclusions and 

observations m ade during  this research. I t  also includes a discussion o f some 

im p o rta n t po in ts arising during  the course o f  the w o rk  b u t w h ich  w ere n o t 

p reviously m entioned  in any great de ta il. F o r instance, the  degree to  w hich loca l 

A iry  isostasy can be applied to  the study area. Some suggestions fo r  fu tu re  

research are also made.

Several transparent overlays are inc luded w ith  this thesis. These may be used 

in  con junction  w ith  m any o f the images presented th rou g ho u t the  w ork. They 

inc lude  maps o f the p rinc ipa l structures in  bo th  study areas, a qua lita tive  

in te rp re ta tio n  o f the m agnetic data, estim ates o f  extension m ade fro m  a study o f 

basem ent subsidence and a p lo t o f  the N o rth  Sea licensing blocks.

5



C H A P T E R  2

G E O L O G Y  A N D  S T R U C T U R A L E V O L U T IO N  O F T H E  N O R T H  SEA B A S IN

2.1 IN T R O D U C T IO N

In  th is chap ter the tecton ic fram ew ork  and geolog ical h is to ry  o f  the N o rth  Sea 

Basin are ou tlined . The  area has had a long and com plex geolog ical h is to ry  w hich 

has been the subject o f  a great deal o f research by m any authors; fo r  m ore 

deta iled  studies the reader is re fe rred  to : Z e ig le r (1981,1982), Z e ig le r and V an  

H o o rn  (1990), G lenn ie  (1984) and G ibbs (1990).

Section 2.2 o f this chapter summarises the geolog ical evo lu tion  o f  the w ho le  

basin. Special emphasis is placed on the  M esozo ic r if t in g  episodes in  w h ich  the 

N o rth  Sea graben system developed. T he  natu re  o f  m agm atism  in  the  C en tra l 

N o rth  Sea is discussed in section 2.3, w h ils t in  section 2.4 the  p rin c ip a l geological 

structures o f the study are outlined. T he  fin a l section is a ve ry  b r ie f  discussion 

concern ing  the nature  o f the crysta lline basem ent in  the N o rth  Sea area.

2.2 G E O L O G IC A L  E V O L U T IO N : A  B R IE F  S U M M A R Y

T h e  geom etry o f the N o rth  Sea Basin can be considered to  be the resu lt o f  

p la te  m ovem ents invo lv ing  tension, com pression and s trike -s lip  a c tiv ity  in  d iffe re n t 

d irec tions at d iffe re n t times in  its deve lopm enta l h istory. I t  is necessary to  look  

back to  the  P re-C am brian  to  fo llo w  this deve lopm ent fu lly .

F igu re  2.1 (a fte r G lennie , 1984) shows cartoons o f  the  re la tive  p la te
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LATE CARBONIFEROUS
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VARISCAN MOUNTAINS

cO

E

F IG U R E  2.1 Cartoons o f re la tive  p la te  m ovem ents tha t a ffected the 
N o rth  Sea area since the late P ro te rozo ic . A f te r  G lenn ie  (1984).
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m ovem ents tha t affected the N o rth  Sea area since the la te-P ro te rozo ic . D u rin g  the 

la te -P ro te rozo ic  to  early-Palaeozoic the N o rth  Sea area com prised w ide ly 

separated fragm ents in d iffe re n t parts o f the Iapetus Ocean and T o rn qu is t Sea 

toge the r w ith  th e ir flank ing  areas (cartoons A  and B  on figure  2.1). C losure o f the 

Iape tus du ring  the early-Palaeozoic C a ledon ian orogeny led to  intense 

m etam orph ism . M uch  o f the crysta lline basem ent underly ing  the N o rth  Sea Basin 

conso lida ted du ring  this period. F igure  2.2 shows the la te-C a ledon ian  tecton ic 

fra m e w o rk  o f north -w est Europe  (a fte r Z ieg le r, 1981). T he  eastern p a rt o f  the 

basin is unde rla in  by a la te  P re-C am brian  basem ent w h ich  fo rm s the  westernm ost 

edge o f  the Fennoscandian shield. In  the no rth e rn  N o rth  Sea the Scottish- 

N orw eg ian  Caledonides are characterised by a N E  - SW  s truc tu ra l g ra in  (Z ieg le r 

and V an  H o o rn , 1990 and Johnson and D ingw a ll, 1981) whereas the no rth  

G erm an-P o lish  C aledonian fo ld  be lt is characterised by a N  - S gra in  in  the 

C e n tra l N o rth  Sea and a m ore N W  - SE tre n d  in  the southern  p a rt o f  the basin.

T he  D evon ian  pe riod  is characterised by the post-orogen ic collapse o f the 

Caledonides. Th is was accom panied by m a jo r s in istra l m ovem ents between the 

Lau ren tian -G reen land  shield to the west and the  Fennoscandian shield to  the east 

(ca rtoon  D  on figure  2.1). By the end o f  the  D evon ian  m uch o f  the C en tra l and 

S outhern  N o rth  Sea areas had a th ick  cover o f  con tinen ta l sandstone. W rench 

m ovem ents ceased in  the early-C arbonife rous and the N o rth  A tla n tic  - A rc tic  

areas becam e dom inated by crustal extension. In  the south, convergence between 

the  L au re n tia n  and G ondwana plates led to  the  onset o f the Variscan orogeny, 

the  m a in  phase o f  w h ich  occurred in  the la te-V isean. F igure  2.3 (a fte r Z ieg ler, 

1981) shows a reconstruction  o f W estpha lian  palaeogeography. C arbon ife rous 

sedim ents in  the C en tra l and N o rth e r N o rth  Sea are lim ited  to  sm all basinal areas 

such as the  M o ra y  F ir th  and the eastward extension o f the M id la n d  V alley. The 

S ou thern  N o rth  Sea fo rm ed  p a rt o f  the Variscan fo redeep in to  w hich th ick  

sequences o f  sediments accum ulated. By the end-S tephanian to  early-Perm ian the 

w ho le  o f  north -w est E urope  was transected by the la te  Variscan  post-orogenic 

system o f  conjugate shear faults (Z ie g le r and V an  H o o rn , 1990). W rench  

m ovem ents on these faults triggered w idespread in trus ive  and extrusive
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Areas w ith  Caledonian d e fo rm a t io n

----- v-----  Caledon ian d e fo rm a t io n  f r o n t

—,------t— V a r iscan  d e fo rm a t io n  f r o n t

------------- A lp in e  d e fo rm a t io n

A re a s  w i th o u t  C a le d o n ia n  d e fo r m a t io n  

P r e c a m b r ia n  b asem en t 

E a r ly  Pa laeozo ic  p la t fo r m  series 

i ; !■.' E a r ly  P a laeozo ic  b a s in a l  series

F IG U R E  2.2 Late  Caledonian tecton ic fra m e w o rk  o f  N o rth -W e s t E urope . 
A f te r  Z ie g le r (1981).
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F IG U R E  2 3  W estphalian palaeogeography o f N o rth -W e s t E urope . A f te r  
Z ie g le r (1981).
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m agm atism . Z ie g le r and Van H o o rn  (1990), note tha t in  the  C en tra l and N o rth e rn  

N o rth  Sea the  con figu ra tion  o f D evon ian  and C arbon ife rous basins cannot be 

accurate ly resolved on the basis o f  seismic and w e ll data. H ow ever, they also note  

tha t loca lly  the re  is evidence o f th ic k  D evon ian  and /o r C arbon ife rous rocks be low  

the base Triassic o r Base-Perm ian unco n fo rm ity  w h ich  m igh t suggest tha t some 

crustal th inn in g  had taken place.

By the end-A u tan ian, wrench fa u ltin g  had ceased and the area became 

dom ina ted  by tw o  E  - W  trend ing  subsiding basins separated by the M id  N o rth  

Sea H ig h  w h ich  had developed du ring  the  tra ns ition  betw een the  C arbon ife rous 

and the P erm ian (figu re  2.4). D esert cond itions existed and du ring  the  

R otliegendes th ick  sequences (g rea te r than 1500 m ) o f  aeo lian  sandstones and 

evaporites w ere  deposited in  the S outhern  P erm ian basin. T he  d is trib u tio n  o f 

R otliegendes sedim enta tion  in  the N o rth e rn  Basin is in com p le te ly  known, a lthough 

Z ie g le r (1982) and G lenn ie  (1984,1986) believe thicknesses m ay reach 600 m.

T he  Zechste in  Sea flooded bo th  basins fro m  the n o rth  a t the  trans ition  to  the 

la te  Perm ian. T he  Base-Zechstein is m arked  by the  th in  h igh ly organ ic 

K up fe rsch ie fe r shale, ind icating  tha t b o th  basins had subsided be low  m ean sea- 

leve l p r io r  to  the transgressive episode. R epeated  g lacio-eustatic sea-level 

fluc tua tions governed the accum ula tion  o f  five  depos itiona l cycles du ring  the  

Zechste in . Each cycle ends in the deve lopm ent o f  th ic k  sequences o f  gypsum (now  

anhyd rite ) fo llow ed  by ha lite  and potassic salts. T he  ha lite  reached su ffic ien t 

thicknesses over m any parts o f the basin to  p e rm it la te r d iap irism .

T he  la te  Perm ian  saw the onset o f  r if t in g  p ropagated  in  the  N orw eg ian- 

G reen land  Sea area southward in to  the  F aeroe -R ocka ll trough  (Z ie g le r and V a n  

H o o rn , 1990). T here  is lit t le  evidence o f  r if t in g  actua lly  govern ing  Zechste in  facies 

patte rns in  the  N o rth  Sea area, how ever the tw o  P erm ian  basins continued to  

subside in  response to  a the rm a l event possibly induced by the  la te -C arbon ife rous 

w rench fa u ltin g  (G lenn ie , 1984 and Pegrum  1984).
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F IG U R E  2.4 R otliegende palaeogeography o f  the N o rth  Sea area. A f te r  
Z ie g le r and Van H o o rn  (1990).
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In  the N orw eg ian-G reen land  Sea area r if t in g  accelerated in to  the T riassic so 

tha t by the early-Triassic the w hole o f north -w est E u rope  was subject to reg ional 

tensional stresses. Th is tensional phase saw the crea tion  o f the N o rth  Sea r if t  

system (ca rtoon  F  on figure  2.1) w hich (accord ing  to  Z ieg le r, 1981) were e n tir ley  

new  features. H ow ever, they may (in  p a rt)  owe th e ir loca tion  to  the presence o f 

m a jo r d iscontinu ities  in  the Caledonian basem ent (see 7.3). C on fo rm ab le  Triassic 

sedim ents are dom inan tly  red-beds inc lud ing  a lluv ia l fan, fluv ia l, aeolian, sabkha, 

lacustrine  and shallow  m arine  facies w ith  reg iona l tecton ism  co n tro lling  

sed im enta tion . T h roughou t the Triassic, the con tinua lly  subsiding con tinen ta l 

basins w ere  fille d  w ith  cyclical elastics reaching thicknesses o f 2000 m in the 

C en tra l G aben area. H ow ever, the exact na tu re  o f  the d is trib u tio n  o f Triassic 

sedim ents is re la tive ly  poo rly  defined in  the  N o rth  Sea area.

T he  R hae tic  and H e ttang ian  saw the  estab lishm ent o f  m arine  cond itions in  the 

S outhern  and south -C entra l N o rth  Sea. In  the no rth , con tinen ta l sandstones b u ilt  

up  in  the subsiding V ik in g  G raben. T he  C en tra l G raben  continued  to  subside 

du ring  the  lower-Jurassic however, m uch o f  the  sedim entary sequences may have 

been rem oved due to  erosion during  the  m id-Jurassic. T he  m id-Jurassic is 

characterised in  the C en tra l N o rth  Sea by a p e riod  o f  reg iona l dom ing. U p lif t  o f 

th is  dom e lead to  the erosion o f some o f  the early-Jurassic sediments (Z ieg le r, 

1981). T he  p e riod  is also associated w ith  the deve lopm ent o f  a large vo lcanic 

p rov ince  in  the ‘ tr ip le -ju n c tio n ’ area o f  the basin. Th is is know n as the P iper- 

F o rties  V o lcan ic  Province (o r ju s t the F o rties  V o lcan ic  P rovince) and is discussed 

in  m ore  de ta il in  the next section o f th is chapter. B y the end-Bajocian the dom e 

was co llapsing and sedim entation resum ed in  the C en tra l G raben.

T he  m id-Jurassic to  early-Cretaceous is dom ina ted  by a m a jo r period  o f 

extension in  the N o rth  Sea. The precise tim ing , m ode and am oun t o f  extension 

are the subjects o f  some controversy and are discussed at length  in  chap te r 6. 

B a rto n  and W ood  (1984) believe tha t the  m a in  phase o f  extension too k  place in  

the  m id-Jurassic a lthough Z ieg le r (1982) considers the  m ain  phase to  start in  the 

m id-Jurassic b u t also envisages a second phase occurring  in  the late-Jurassic (la te -
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K im m e r ia n  r if t in g  p u ls e ) .

The  ra te  o f  crustal extension d im in ished  g radua lly  a fte r the  la te -K im m erian  

(Z ie g le r and V an  H oorn , 1990). D u rin g  the early-C retaceous d iffe re n tia l 

subsidence o f the graben system was accom panied by the g radua l in fillin g  o f  deep­

w a te r shales and m in o r pelagic carbonates. These shales reach 1000 m  in  thickness 

in  parts o f  the V ik in g  G raben and 250 - 500 m in  the C en tra l G raben. By the end 

o f the  early-Cretaceous r ift in g  had ceased and p o s t-r ift th e rm a l subsidence was 

occurring  over the whole area. A  g loba l rise in  sea-level du ring  the la te- 

Cretaceous caused a progressive overstepping o f  the basin m arg ins and a rap id  

decrease in  clastic in flux. C lear w a te r cond itions p reva iled  th rou g ho u t the U p p e r- 

Cretaceous leading to  the deposition o f  th ic k  sequences o f  cha lk  (up  to  2000 m 

in  the  C en tra l G raben).

T h e  early  Cenozoic is characterised by an increase in  igneous ac tiv ity  along the 

Faeroe  - W est-Shetland and m id -N orw ay r i f t  zone. D u rin g  th is p e riod  north-w est 

E u ro p e  as a w ho le  became affected by the  com pressional tecton ics o f the A lp in e  

orogeny. These stresses induced the invers ion  o f  M esozoic grabens and troughs 

up to  1500 km  n o rth  o f the co llis ion fro n t (Z ieg le r, 1988). A p a r t  fro m  a fina l 

m in o r r if t in g  pulse (the  Laram ide  pu lse) in  w h ich  on ly  m a jo r fau lts were re ­

activated (Z ieg le r and Louwerens, 1979) the  rest o f the C enozo ic is characterised 

by p o s t-r ift the rm a l subsidence and the fo rm a tio n  o f a b road  saucer-shaped basin. 

In  the  rift-ax is  areas p os t-r ift sediments reach thicknesses o f  up  to  3.5 km . These 

sedim ents can be b road ly  d ivided in to  tw o  groups; the deep-w a ter sands (C en tra l 

G raben ) and fluxo-tu rb id ites  (V ik in g  G raben ) o f  the early  Eocene and the de lta ic  

sands and pelagic clays o f O ligocene and younger epochs.
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2.3 M A G M A T IS M  IN  T H E  C E N T R A L  N O R T H  SEA

2.3.1 In tro d u c tio n

As o u tlined  in  2.2 the N o rth  Sea Basin as a w ho le  has undergone three 

p rin c ip a l phases o f extension each o f  w h ich  are associated w ith  m agm atic activ ity. 

These are:

1) Palaeozoic Events. These occurred betw een the  C arbon ife rous and early- 

Perm ian and resu lted in a large m agm atic  p rov ince  consisting m a in ly  o f  a lka li 

basalts (D ixo n  et al, 1981, L a tin  e t al, 1990a) w h ich  stre tched east-west fro m  

north e rn  B r ita in  to  eastern G erm any.

2) M esozoic Events. These occurred d u ring  the T riassic and m id-Jurassic to  early- 

Cretaceous. Since the am ount o f crustal extension w h ich  occurred du ring  the 

Triassic event is like ly  to  be re la tive ly  sm all (see chap te r 6) the T riassic event was 

p robab ly  am agm atic. T he  m id-Jurassic phase how ever, is associated w ith  fo u r 

vo lcan ic provinces: the P iper-Forties  P rovince in  the ‘ tr ip le - ju n c tio n ’ area, the 

‘C en tra l N o rth  Sea’ province in  the cen tra l p a rt o f  the C en tra l G raben, the 

Egursund Basin p rov ince  and the N e therlands P rovince (see fig u re  2.5, a fte r L a tin

1990).

3) T e rtia ry  Events. These occurred on the  n o rth e rn  edge o f  the  basin and are 

associated w ith  the fin a l stages in  the open ing  o f  the N o rth  A tla n tic . These events 

produced very large volum es o f flood  basalts w h ich  fo rm  the  T e rtia ry  Igneous 

P rovince o f  north -w est B rita in . M o re  de ta il can be found  in  U p to n  (1988).

2.3.2 The P ipe r-F o rties  V o lcan ic  P rovince.

The  on ly  area o f extensive m agm atism  found  in  the study area considered here 

is the P iper-F orties  V o lcan ic  Province. T he  p rov ince  was f irs t d iscovered in  1970
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F IG U R E  2.5 Sketch map showing the  fo u r  m a in  areas o f  M esozoic 
igneous activ ity  in  the N o rth  Sea area. A f te r  L a tin  (1990).
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during  exp lo ra to ry  d r illin g  in the area o f  the  Fo rties  o il fie ld  (H o w itt  et al, 1975). 

F igure  2.6 taken fro m  L a tin  (1990) shows the  loca tion  o f  wells w h ich  sample 

igneous ro ck  in  the ‘ tr ip le -ju n c tio n ’ area. T h e  d is tr ib u tio n  o f these wells define  a 

rough ly  c ircu la r p rovince  o f approx im ate ly  100 km  in  d iam ete r centred on the 

southern side o f the W itch  G round  G raben. T he  area is also associated w ith  a 

large positive  m agnetic anomaly. A  de ta iled  analysis o f  the  m agnetic fie ld  in  the 

area is presented in  chapter 4. Th is  chap ter also conta ins several m odels o f the 

p rov ince  w h ich  w ere made by m ode lling  2 .5D  m agnetic p ro files  taken across the 

region.

T he  pe trog raph ic  and m inera log ica l characteristics o f  the P iper-Forties 

V o lcan ic  P rovince rocks have been described in  de ta il in  F a ll (1980), F a ll et al

(1982) and L a tin  e t al (1990a). F o r the purpose  o f  th is sum m ary it  is su ffic ien t to  

note  tha t the dom inan t rock-type  is an extrusive, m ild ly  undersaturated, 

p o rp h y rit ic  a lka li basalt. Several ind iv id ua l flow s can be recognised by the 

presence o f  fine-gra ined  oxidised tops. In te rbedded  sedim ents ind ica te  tha t they 

w ere e rup ted  in  a subaeria l setting in  a de lta ic  env ironm ent.

In  term s o f  lithos tra tig raphy  the  p rov ince  is te rm ed  the R a ttray  V o lcan ic  

F o rm a tio n  w h ich  form s p a rt o f  the F laden G ro u p . (A ndrew s and B row n, 1987 and 

H a rk e r et al, 1987). H a rk e r et al (1987) re p o rt tha t a lthough  the  in terbedded 

sedim entary units are ra re ly  fossilife rous the  pa lyno flo ra  ind icate  a m id-Jurassic 

(B a joc ian /B a thon ian ) delta ic  env ironm ent. T he  basalts lie  uncon fo rm ab ly  on red- 

beds o f  in fe rre d  T riassic age (H o w itt  et al, 1975, H a rk e r et al, 1987) and are 

overla in  by 2-3 km  o f  younger M esozoic and  C enozoic sediments. L a tin  (1990) 

reports  tha t in  a ll the wells he studied fro m  the area the sedim ents d irec tly  above 

the basalts w ere  fro m  the P ipe r F o rm a tio n  o f  the U p p e r-O x fo rd ia n  o r fro m  

younger sequences. R ad iom e tric  ages o f  the  basalts show w ide  varia tions even 

fro m  rocks o f  the same area (R itch ie  e t al, 1988, H o w itt  e t al, 1975). L a tin  et al 

(1990a) and L a tin  (1990) p rovide  a rev iew  o f  a ll the ra d io m e tric  ages available fo r 

the rocks o f  the province however, they can on ly conclude th a t there  is no 

ra d io m e tric  evidence tha t the basalts are any o ld e r than  150 - 160 M a  (C a llov ian).
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F IG U R E  2.6 T he  m ain structura l e lem ents o f the ‘tr ip le - ju n c tio n ’ area 
and the loca tion  o f  wells (da rk  circles) w h ich  have penetra ted  igneous 
rocks. The  do tted  area indicates the m a in  graben features as defined by 
the  3.0 second T W T  contour at Base-Cretaceous level. A f te r  L a tin  (1990).
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T he  to ta l am ount o f igneous m a te ria l in the  province  is s till uncerta in . The  

large thicknesses o f sedim entary cover (2-3 k m ) means tha t wells pene tra ting  the 

volcanics ra re ly  reach th e ir base. R itch ie  e t al (1988) re p o rt tha t the th ickest 

sequence encountered by wells to  dat is; 1492 m  recorded fro m  w e ll 21/3b-3 

(O cc iden ta l). Vo lum es can be estim ated by m ode lling  the  m agnetic anom aly 

associated w ith  the province. W oodha ll and K n o x  (1979) in teg ra ted  the  evidence 

fro m  w e ll data, seismic and aerom agnetic surveys to  p roduce an isopach m ap o f 

the  basalt. Th is is shown in chap ter 4 (fig u re  4.19). T h e ir  m ode l indicates a 

m axim um  thickness o f 3-4 km  in  the W itc h  G round  G raben. M o d e llin g  o f  

aerom agnetic  data pe rfo rm ed  in this research and discussed in  chap te r 4 indicates 

thicknesses o f  up to  8 km  in some places (possib ly  a vent s ite) b u t on average the 

overa ll thickness is less than 1.2 km .

A  second centre o f m agm atic activ ity  can be recognised fro m  the aerom agnetic 

data. T h is  occurs in  the East Forties Basin (F isher B ank  B asin) and is in te rp re ted  

as be ing a deep-seated m afic in trus ion  (possibly o f  G abb ro ) occurring  at depths 

o f g rea te r than 7 km  (see chapter 4). The  age o f  th is body is com p le te ly  unknow n 

and it  m ay not be at a ll re la ted to  the m id-Jurassic voclanics o f  the Forties 

P rovince.

In  sum m ary then, the P iper-Forties  V o lcan ic  p rov ince  consists o f  an average 

thickness o f  less than 1.2 km  o f a lka li basalts w h ich  w ere  e rup ted  sub-aeria lly  in to  

a de lta ic  environm ent. The  tim e  o f em placem ent was in  the m id-Jurassic p robab ly  

betw een the  Bajocian and C allovian, w h ich  w ou ld  m ean tha t they w ere  extruded 

re la tive ly  early in  the Jurassic syn -rift sequence and p reda te  the  m ain  upper- 

Jurassic extensional phase. The im p lica tions o f  the tim in g  o f  m agm atic  ac tiv ity  are 

discussed in  chapter 6.
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2.4 PRINCIPAL STRUCTURES IN THE STUDY AREA.

F igure 2.7 shows the p rinc ipa l structures occurring  in  the study area (see also 

s truc tu ra l overlays 1 and 2). The area is dom ina ted  by the th ree  arms o f the N o rth  

Sea r i f t  system w hich p robab ly  firs t opened in  the  T riassic r if t in g  event (see 2.2). 

In  the north -east o f  the study area the southern  end o f  the V ik in g  G raben is the 

m ain s truc tu ra l feature. In  the study area it  is bound to  the  west by a large 

ro ta tio n a l no rm a l fau lt. T o  the east (and ju s t ou t o f  the  study area) i t  is bound by 

the raised basem ent o f the U ts ira  high. T h e  southern  end o f the  V ik in g  G raben 

opens o u t in to  the East Forties Basin (a.k.a the  F isher bank  Basin). Th is is an 

area o f very th ick  sediments (the Base-Zechstein  is m apped as occurring  at depths 

o f  g reater than  6.5 km  in  D ay et al, 1981) and is also associated w ith  a large m afic  

in trus ion  o f unknow n age (see chap ter 4). South o f  the  East Fo rties  basin the 

dom inan t s truc tu ra l fea ture  is the n o rth e rn  end o f  the  C en tra l G raben. In  this 

area its trend  is approx im ate ly  N  - S a lthough  fu r th e r south i t  changes to  a m ore  

N W  - SE s truc tu ra l trend. A t  its n o rth e rn  end i t  is rough ly  tw ice  as w ide  as the 

South V ik in g  G raben. A ga in  it  is bound  by  m a jo r ro ta tio n a l fau lts  and contains 

th ick  sequences o f sediments. A  series o f  lo ca lly  p ro m in e n t Palaeozoic basement 

horst structures (M id -G rab e n  H ighs) d iv ide  the  graben in to  a shallow  western and 

a deeper eastern part. In  the study area the  n o rth e rn  m ost o f  these is know n as 

the  F o rties -M on trose  Ridge.

W est o f the East Forties Basin the th ird  a rm  o f the  r i f t  system (the  M o ra y  

F ir th  Basin) becomes the most im p o rta n t s truc tu ra l fea tu re . T h is  is a m ore  

com plex structure  than the N o rth  C en tra l o r South V ik in g  grabens and consists 

o f  tw o E  - W  trend ing  grabens (the  W itc h  G ro un d  and Buchan G rabens) 

separated by the Renee R idge and the H a lib u t H o rs t, an e longate E  - W  trend ing  

basem ent ridge. In  the east o f  the area the  M o ra y  F ir th  Basin is bound to  the 

n o rth  and south by the W ick  F au lt and the  B a n ff fa u lt respective ly. N o rth  o f  the 

W ick  fa u lt in  the north-w est o f the area the  Caithness ridge is an elongate E  - W  

trend ing  basement h igh on the southern edge o f  the East Shetland P la tfo rm . The  

East Shetland P la tfo rm  itse lf is a b road  area o f  Palaeozoic basem ent w h ich
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F IG U R E  2.7 P rinc ipa l s truc tu ra l e lem ents o f  the study area (see figu re  
1.1). U T M  pro jection , axes coordinates are in  units o f  k ilom etres.
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rem ained stable during  the evo lu tion  o f the graben system. In  the northe rn  part 

o f  the study area the p la tfo rm  is em bayed by the D u tch  B ank  Basin (a.k.a P iper 

E m baym ent). A  south-east extension o f  the East Shetland P la tfo rm  know n as the 

F laden G round  Spur separates the  southern  end o f  the  V ik in g  G raben fro m  the 

M o ra y  F ir th  Basin.

The  south-west o f  the study area is characterised by N E  - SW  trend ing  linear 

features. These are C aledonian structures (one o f w h ich  is an eastward extension 

o f  the H igh land  B oundary F a u lt) in  an area o f  re la tive ly  sha llow  basement.

2.5 T H E  N A T U R E  O F T H E  C R Y S T A L L IN E  B A S E M E N T .

In  a study o f  several wells in  the area F ros t et al (1981) re p o rt that, as ou tlined  

in  2.2 and Z ie g le r and V a n  H o o rn  (1990), m uch o f  the  basem ent underly ing  the  

N o rth  Sea Basin was consolidated d u ring  the  com pressional tectonics o f the 

C a ledon ian orogeny. F igure  2.2 shows the  la te  C a ledon ian  Tecton ic  fro n t as 

in te rp re te d  by Z ieg le r (1981). O n ly  the  eastern p a rt o f  the  C en tra l N o rth  Sea is 

unde rla in  by an en tire ly  P re-C am brian  basem ent (p a rt o f  the Fennoscandian 

sh ie ld). N o rth  o f a line  representing  a north -easte rn  extension o f the H igh land  

B oundary  F a u lt the crysta lline basem ent consists o f  h igh-grade m e tam orph ic  rocks 

(e.g. am p h ib o lite  facies gneiss) and some de fo rm ed  p lu to n ic  rocks tha t w ere 

p robab ly  firs t m etam orphosed in  the  G ra m p ia n  o rogen ic phase bu t w h ich  

underw ent retrogressive ove rp rin tin g  d u ring  the m a in  phase o f  the C aledonian at 

a round  440 - 450 M a. South o f  th is line  the  crysta lline  basem ent consists o f low er 

grade m e tam orph ic  rocks (e.g. low er greenschist facies phy lites) w ith  ra d iom e tric  

ages o f  a round  440 - 450 M a, correspond ing  to  the  m a in  de fo rm a tiona l phase o f 

the C a ledon ian orogeny. T he  dom inan t C aledon ian tre n d  in  the  study area is N E  - 

SW  to  E N E  - W SW . T he  in fluence o f  C a ledon ian fea tures on the evo lu tion  o f  

the basin is discussed in  7.2.3 and in  Johnson and D in g w a ll (1981).

2 2



C H A PTER  3

A N A LY SIS O F TH E  GRAVITY DATA

3.1 IN T R O D U C T IO N

T h is  research is p r im a rily  concerned w ith  quantify ing  crustal extension in  the 

C en tra l N o rth  Sea. O ne m ethod  o f do ing  this is to  measure crustal thickness 

w ith in  the rifte d  reg ion and to  com pare th is w ith  s im ila r measurements made in 

areas unaffected by r iftin g . Estim ates o f  crustal thickness can be made by 

m ode lling  the reg iona l g rav ity  fie ld .

Section 3.2 o f this chap te r sum m arizes how  gravity data is acquired and 

explains its subsequent processing in to  g rid  fo rm a t.

A  deta iled  qua lita tive  in te rp re ta tio n  o f the  Bouguer anom aly m ap fo r  the area 

2°W - 2°E, 57°N - 59°N is presented in section 3.3. P rinc ipa l trends and anom alies 

are discussed and several images o f the data enhanced by image processing 

techniques are included.

T he  fu ll m ethod fo r  m ode lling  the g rav ity  fie ld  is explained in  section 3.4. A n  

assum ption is made tha t the B ouguer anom aly fie ld  is the sum o f the g rav ita tiona l 

effects o f  near-surface layers (dow n to  the Base-Cretaceous) and the e ffect o f  a 

com pensating hom ogeneous uppe r-m an tle  body. I f  the crysta lline basem ent is 

assumed to  be bo th  la te ra lly  and ve rtica lly  hom ogeneous then the g rav ita tiona l 

e ffect o f  the near-surface layers can be calculated and subtracted fro m  the 

B ouguer anom aly data. The  resu ltan t fie ld  can then be m odelled in  th ree  

dimensions, the end resu lt being a m odel representing  the depth to  the M o h o  fo r  

every p o in t in  the study area.
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The  technique fo r p roducing d ig ita l grids o f a ll the near-surface layers is 

exp la ined and a fu ll descrip tion  o f  the 3D  fo rw ard  m odelling  rou tine  used to 

ca lcu late  th e ir g rav ita tiona l effects is presented. B efore  this ca lcu la tion  can take 

place an estim ate o f  the density o f  each layer has to be made. The  reasons fo r 

choosing the densities used are discussed and the results o f the ca lcu lation fo r 

each layer is presented. Once the s tripp ing  process is com plete the resu ltan t fie ld  

needs to  be filte re d  as it contains a p ro p o rtio n  o f high frequency data inconsistent 

w ith  deep sources. The  d ig ita l f ilte r in g  technique is ou tlined  in  fu ll and the fin a l 

resu lt is discussed. Th is fie ld  provides an inpu t to  a 3D  ite ra tive  fo rw a rd  

m ode lling  rou tine . A  fu ll exp lanation  o f  the ite ra tive  process is presented at the 

end o f  this section.

T he  results o f the 3D  m ode lling  are presented in  section 3.5. Th ree  d iffe re n t 

m odels are shown to  dem onstrate how  a lte ring  certa in  m ode lling  param eters (such 

as the num bers o f ite ra tions) affects the fin a l m odel. The geological im p lica tions 

o f  these m odels are discussed la te r in  chap ter 6 which deals w ith  the extensional 

h is to ry  o f  the N o rth  Sea. Section 3.5 ends w ith  a quan tifica tion  o f  the e rro rs 

invo lved  in  the m ode lling  process. The fin a l section (3.6) is a b r ie f sum m ary o f the 

m ost im p o rta n t points ou tlined  in  this chapter.

3 .2  GRAVITY DATA

3.2 .1  D ata  Source

T he  B ouguer anom aly data used in  this research was k ind ly  p rov ided  by the 

B rit is h  G eo log ica l Survey. D a ta  between la titudes 58° and 59° N  fo rm  p a rt o f  a 

reg iona l g rav ity  survey covering the  U K  sector o f the N o rth  Sea and was carried  

o u t in  the  summers o f 1977 and 1978 by the M a rin e  Geophysics U n it  o f  the  

In s titu te  o f G eo log ica l Sciences (now  BG S).

T he  data w ere recorded on a Lacoste and R om berg  air-sea m e ter along ship
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tracks w ith  a separation o f  12 to  15 km . D a ta  spacing along each survey line 

ranges between 2 and 3 km. D ata  fro m  the  southern h a lf o f  the  study area come 

fro m  an earlie r survey where the coverage was not so dense. M o re  deta iled  

in fo rm a tio n  about the data can be found  in  T u lle y  and D o n a to  (1985).

T he  d ifficu lty  o f record ing  in  a m arine  e nv ironm en t means tha t survey accuracy 

is reduced from  the typ ica l land-based va lue  o f 0.1 m G a l to  between 1 and 2 

m G al. In  the case o f this survey T u lle y  and D o n a to  (1985) re p o rt an in te rna l 

accuracy (based on the a rithm e tic  m ean o f  cross-tie e rro rs) o f  b e tte r than 1 m G al.

B ouguer gravity anom alies are ca lcu la ted using a density o f  2.67 g cm '3 fo r  the 

slab correction. Since the study area is e n tire ly  m arine  this s im p ly  consists o f  a 

rep lacem ent fo r the w a te r layer.

3.2.2 Processing

The 3D  m odelling  and image processing rou tines used in  this research requ ire  

in p u t data to  be in the fo rm  o f d ig ita l grids. Th is section describes how  tra ck  data 

p rov ided  by the BGS is converted in to  g rid  fo rm a t.

Briggs (1974) suggested a m ethod  fo r  m achine con touring  using a techn ique 

o f  m in im um  curvature. Th is was la te r deve loped by Swain (1976) in to  an ite ra tive  

ro u tine  which au tom atica lly  produces a best f i t  num erica l surface to  irreg u la rly  

spaced data. A lthough  the  BGS B ouguer anom aly data is closely spaced along 

track  lines (2-3 km ), the lines themselves are m ore  than 10 km  apart. A lso  the 

density o f coverage in the south o f the study area is re la tive ly  p o o r com pared w ith  

tha t in  the north . Swain (1976) shows tha t the  m in im u m  curva tu re  m ethod  is a 

usefu l technique fo r  in te rpo la ting  data w h ich  is e ith e r irreg u la r and /or re la tive ly  

w ide ly  spaced w ith  respect to  the g rid  in te rva l chosen fo r  the fin a l num erica l surface.

In  o rde r to  enhance h igher frequency features m any o f  the im age processing
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and data display routines used in th is research p rov ide  supe rio r results when the 

inpu t grid  in te rva l is small. H ow ever, a ve ry  large g rid  (p roduced by a very sm all 

g rid  spacing) renders these rou tines com puta tiona ly  ine ffic ien t. F o r a region the 

size o f the study area an acceptable g rid  spacing was found  to  be 2 km.

Swain’s rou tine  was adapted fo r  use w ith  the IB M  PC by D uncan Cowan 

(Cowan G eodata L td ). H is  p rogram , B IG M IN C , was used to  convert the BG S 

Bouguer gravity data in to  a d ig ita l g rid  in  the U T M  pro jec tion . The m in im um  

curvature technique ensures tha t energy fro m  spuriously high frequency features 

in troduced du ring  the in te rp o la tio n  process is kep t to  a m in im um . The resu lting  

grid  has a 2 km  in te rva l and consists o f  121 by 113 data points.

3.3 QUALITATIVE IN T E R PR E T A T IO N

Regional scale in te rp re ta tions o f  the  BG S B ouguer anom aly data set fo r  the 

U K  sector o f the N o rth  Sea can be found  in  D o n a to  and T u lle y  (1981) and T u lle y  

and D onato  (1985). A  larger scale in te rp re ta tio n  o f  the g ravity  data fo r  the w ho le  

o f the N o rth e rn  and C entra l N o rth  Sea can be found  in Hospers et al (1985). 

The fo llow ing  in te rp re ta tio n  is m ade w ith  re ference to  these ea rlie r w orks 

a lthough it  is p rim a rily  based on the grids and images produced during  this 

research.

3.3.1 A nalysis o f  the B ouguer A nom aly M ap

Figure 3.1 shows the gridded  B ouguer anom aly data fo r  the study area. I t  is 

presented in a rectangular U T M  p ro je c tio n  (cen tra l m erid ian  at 0 degrees 

longitude). The coord ina te  axes are in  un its  o f  k ilom etres. A n  obvious fea tu re  o f  

the whole area is the re la tive ly  low  am p litud e  o f  the anomalies, ranging between 

approxim ate ly - 2 8  and +35  m G al. D ay  e t al (1981) and Z ie g le r
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F IG U R E  3.1 B ouguer anom aly m ap fo r the study area. U n its  are in  
m Gals. The  m ap is in  a rectangu la r U T M  p ro jec tion  (centra l m erid ian  0 
degrees long itude). Axes coordinates are in  units o f k ilom etres.
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(1982) note tha t sedim entary sequences exist at depths in excess o f 8 km  in the 

‘ tr ip le - ju n c tio n ’ area. Such th ick  sedim ents should lead to  large negative B ouguer 

anom alies. I t  fo llow s tha t since such large negative anomalies are not seen in the 

area the re  m ust be some com pensating mass at depth. Th is assum ption fo rm s the 

basis o f  the m ode lling  technique discussed la te r in this chapter.

T h e  anom alies discussed here are num bered on figure  3.1. S tructu ra l overlay 

1 can be used in con junction  w ith  a ll the  maps and images presented in  th is 

section. The  study area has also been d iv ided  in to  3 zones (m arked  on s truc tu ra l 

overlay  1). These zones are pu re ly  fo r  ease o f  reference and bear no re la tion  to  

any s truc tu ra l zoning w ith in  the area.

3.3 .1 .1  N orthern Zone

Th is  is dom inated by a large scale grav ity  low  (fea tu re  1). In  the study area the  

anom aly measures approx im ate ly  70 km  N-S and 90 km  E -W  a lthough this fea tu re  

does continue  northw ards ou t o f  the study area fo r a fu rth e r 70 km. A t  its centre  

p o in t (on  the no rthe rn  edge o f the area) the anom aly reaches a m in im um  o f —28 

m G a l. T he  seismic s tructure  maps o f  the N o rth  Sea produced by D ay et al (1981) 

do n o t show sedim entary thicknesses be low  the Base- Cretaceous in  areas n o rth  

o f  app rox im a te ly  58°N. The  Base-Cretaceous itse lf is shown to  be e ithe r absent 

o r re la tive ly  shallow  in  this area. H ow ever, T u lle y  and D ona to  (1985) p o in t o u t 

th a t th is deep gravity  low  corre lates w ith  the loca tion  o f  th ickened sedim ents 

assumed to  be o f a Perm o-Triassic and /o r D evon ian  age under a T e rtia ry  cover.

T h e  grav ity  signature o f the Caithness ridge (fea tu re  2) appears as a n a rro w  

E -W  trend ing  gravity  high. The  m axim um  Bouguer anom aly associated w ith  th is  

s truc tu re  is 35 m G a l a lthough there  is a secondary peak o f  some 25 m G a l rough ly  

40 k m  to  the east o f  the p rim a ry  m axim um . The w ho le  fea ture  measures 

app rox im a te ly  105 km  E -W  by 60 km  N-S. The southern edges o f  this fea tu re  are 

c lea rly  m arked  by steep gravity  gradients (3.3.2.1), generally ind icative  o f a fa u lt
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b o u n d e d  s tr u c tu r e .

Feature  3 is a small isolated g ravity  h igh o f app rox im a te ly  25 m G al in  the no rth  

east corner o f  the zone. I t  continues northw ards ou t o f  the  study area fo r  a 

fu r th e r 35 km  to  fo rm  a narrow  N N E -S S W  trend ing  anom aly occurring  at the 

southern end o f  the V ik in g  G raben. T u lle y  and D o n a to  (1985) have in te rp re ted  

this fea ture  as a basement ridge occurring  on the fau lted  m arg in  o f  the graben. 

D ay et al (1981) show this ridge as having th in  Cretaceous cover in  places, its 

eastern edge being bound by a large N-S tre nd in g  fa u lt dow n-th row ing  2.5 km  to  

the east. This fau lt is c learly de fined in  the firs t h o rizon ta l deriva tive  image 

(3.3.2.1).

3.3.1.2 C entral Zone

The western section o f this zone is dom ina ted  by a large g rav ity  low  (fea tu re  4). 

Th is measures roughly 90 km  N-S and reaches a low  o f -28 m G a l in  its southern 

part. I t  correlates w ith  the th ick  sedim ents o f the O u te r M o ra y  F ir th  Basin. I t  

continues westwards out o f the study area u n til it  merges w ith  a second g ravity  low  

associated w ith  the Inne r M oray  F ir th  Basin. The  fea tu re  is bounded to  the n o rth  

and south by steep gravity gradients (3.3.2.1). The  n o rth e rn  m arg in  corre lates w ith  

the position  o f  the W ick  fau lt (separating  the basin fro m  the  Caithness R idge) 

w h ils t the southern m argin correlates w ith  the pos ition  o f  the B a n ff fau lt.

Feature  5 is an E -W  trend ing  grav ity  h igh w h ich  is associated w ith  the H a lib u t 

H o rs t. The  anom aly measures app rox im a te ly  70 km  N-S across its w idest po in t, 

reaches a m axim um  o f 35 m G al in  the centre  and is bound on a ll fo u r sides by 

steep gravity gradients. The horst its e lf lies ju s t to  the east o f  the O u te r M o ra y  

F ir th  Basin and is a fau lt bounded D evon ian  basement ridge. T he  maps o f D ay  

et al (1981) show it to  have th in  Cretaceous cover in  places.

The H a lib u t H o rs t anom aly merges to  the east in to  a b road  g rav ity  h igh
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(fea tu re  6). This fea ture  measures m ore  than  120 km  E -W  and 80 km  N-S. A t  its 

centra l po in t the anom aly reaches a m axim um  o f approx im ate ly  31 m Gal. T o  the 

south it  merges in to  a N N W -S S E  tre nd in g  grav ity  h igh (3.3.1.3). The  anom aly falls 

in  the centre o f the ‘tr ip le - ju n c tio n ’ area and has an associated com plex m agnetic 

anom aly (chapte r 4) co rre la ting  w ith  the  pos ition  o f  the P iper-Forties V o lcan ic  

Province (2.3.2).

3.3.1.3 Southern Zone

The western side o f this zone has a com p lex g rav ity  signature. I t  consists o f  a 

series o f low  am p litude  (less than 20 m G a l) anom alies trend ing  N E-SW . Th is is 

a typ ica l C aledonian trend  (A n d e rto n  et al, 1979, Johnson and D ingw all, 1981) 

and the anomalies (e.g. fea tu re  7) co rre la te  w ith  fa u lt bounded ridges in the 

C aledonian basement. T he  m agnetic s ignature  in  this area (4.3.1.3) is even m ore  

com plex ind ica ting  tha t the basement is re la tive ly  near to  the surface.

Feature  8 in  the east o f this zone is a long, narrow  N N W -S S E  trend ing gravity 

h igh co rre la ting  w ith  (and on the same tre n d  as) the no rthe rn  end o f the C entra l 

G raben. In  fact it  corre lates w ith  a series o f  m id -C en tra l G raben basement ridges 

and in  pa rticu la r w ith  a structure  know n as the Forties-M on trose  R idge. The m id ­

p o in t o f  the anom aly is m arked  by a sm all iso lated high o f 21 m G al. A t  this p o in t 

the anom aly is approx im ate ly  40 km  across. This fea tu re  broadens to  the n o rth  

(3.3.1.2) and to  the south. T he  b road  sou thern  end o f the anom aly occurs some 

50 to  60 km  south o f  the study area.

As m entioned ea rlie r the th ick  sedim ents o f  the C en tra l G raben cannot explain 

the presence o f a positive anom aly in  this area. I t  m ust be caused by a 

com bina tion  o f the basem ent ridge structures and a m uch deeper com pensating 

mass. Results o f m ode lling  this structure  a re  shown la te r in  this chapter.
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3.3.2 Enhanced Images

A  va rie ty  o f num erica l techniques can easily be applied to gridded data to 

enhance d iffe re n t qua lities in  the po te n tia l fie ld . N o  new in fo rm a tion  should be 

created b u t p reviously masked effects can be b rough t ou t and in te rp re ted  m uch 

m ore  readily. T w o  p rin c ip a l m ethods were app lied  to the gravity data set. The  firs t 

involves find ing  the ho rizon ta l g rad ien t w h ils t the second involves the p roduc tion  

o f  shaded re lie f images.

3.3.2 .1  F irst H orizontal D erivative

H o riz o n ta l derivatives have long been recognised as an effective means o f 

enhancing anom alies due to  contacts and d iscontinu ities (T e lfo rd  et al 1976, 

Parasnis, 1962).

T he  loca l g rad ien t o f  the g rav ity  f ie ld  is calculated fo r  a ll g rid  po in ts using the 

p o te n tia l fie ld  values o f  the g rid  po in ts surround ing  it. A  ‘slope’ is calculated fro m  

each p o in t in the grid . Th is is the absolute value o f  the m axim um  grad ien t 

presented by a n ine  p o in t (3 by 3) array. T he  m ethod brings ou t any change as a 

pos itive  fea ture , m aking in te rp re ta tio n  easier and avoiding the poss ib ility  o f  a 

pos itive  grad ien t in  one d ire c tion  p a rtia lly  cancelling a negative change in another.

F igu re  3.2 is a grey-scale rep resen ta tion  o f  the firs t horizon ta l derivative  o f the 

g rav ity  fie ld . Since the in it ia l data is very sm ooth the gradient fie ld  is re la tive ly  

featureless. The  da rke r lines represent increased grad ient and should re la te  to  

steep geological contacts such as faults.

T he  overlay o f p rim a ry  structures (derived  fro m  seismics) shows clearly  how  

w e ll th is technique w orks fo r  m ark ing  the loca tion  o f m a jo r d iscontinu ities. T he  

W ic k  fa u lt in  the n o rth  west o f  the area is c learly  delineated as is the fau lt-bound
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F IG U R E  3.2 F irs t ho rizon ta l derivative  o f  B ouguer anomaly. D a rk e r 
areas correspond to  areas o f  increased loca l g rad ien t in  the g rav ity  fie ld  
and tend  to  p ick  out m a jo r geological contacts such as faults.
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natu re  o f the H a lib u t H o rs t in the centre o f the area. The B a n ff fa u lt at the 

southern end o f the O u te r M oray  F ir th  Basin is also clearly shown. O th e r 

structures defined by this technique inc lude  the long N-S trend ing  fa u lt on the 

w estern fla nk  o f the South V ik in g  G raben, the faults o f the Peterhead ridge in  the  

south-west o f the area and the fau lt zone on the eastern side o f  the F o rties- 

M on trose  ridge.

T h is  technique also seems to  reveal several structures w hich are n o t inc luded  

on the  p rim a ry  s truc tu re  map. In  the south-west corner o f  the study area a 

com plex zone o f  cross-cutting S W -N E  and N W -S E  trend ing  structures is revealed. 

Th is is also very apparent fro m  the m agnetic data (4.3.1.3). In  the south-east, the  

eastern fa u lt o f  the F orties-M on trose  ridge is not p icked out by the g rad ien t b u t 

i t  does seem to  ind icate  e ithe r ano ther fa u lt o r an extension o f this one to  the  

south. There  is also the possib ility  o f  a no rth -trend ing  lineam ent w ith in  the  

Buchan Graben.

Care should be taken no t to  o ve r-in te rp re t these enhanced images. F o r 

instance, some o f the N-S and E -W  trend ing  features are pure ly  a rtifacts o f the  

o rig ina l g ridd ing  procedure.

2 ) 3 2 . 2  Shaded R e lie f Im ages

T he  technique o f  shaded re lie f orig inates fro m  aeria l pho tography and rem o te  

sensing. O rig in a lly  it  was an a ttem p t to  produce an image o f  the topograph ica l 

surface at any angle o f illum ina tion . In  its app lica tion  to  po ten tia l fie lds, each fie ld  

va lue (represented by a data p o in t on a d ig ita l g rid ) is im agined to  represent a 

sm all surface. T he  angles subtended by these ‘surfaces’ to  an im ag inary ho rizon ta l 

are dete rm ined  by th e ir re la tive  value to  the surround ing data points (D ods 1985). 

T he  calculated quan tity  is d irec tiona lly  p ro p o rtio n a l to  the spatia l angle between 

the illu m in a tio n  d irec tion  and the ho rizon ta l to the surface e lem ent unde r 

considera tion  w h ich  is p ro po rtio n a l to  the d o t products o f these d irections (fig  3.3)
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F IG U R E  3.3 T h e  p rinc ipa l behind shaded re lie f. T he  low e r diagram  
dem onstrates tha t m axim a in the fie ld  w ill be displaced tow ard  the 
d irec tion  o f illum ina tion .
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T h e  sh a d ed  r e lie f  im a g es  o f  th e  B o u g u e r  gravity  d ata  p r e se n te d  h ere  (figs 3 .4  
and  3 .5 ) are so m e w h a t d eg ra d ed  by  th e  p r e se n c e  o f  N -S  and E -W  tren d in g  lines. 
A s m en tio n ed  in th e  p rev io u s se c t io n  th e s e  lin e a m e n ts  are an u n fo rtu n a te  p rod u ct  
o f  th e  orig in al grid d in g  p r o c e d u r e  an d  are  n o t re la ted  to  g e o lo g ica l trends. 
A ttem p ts  to  r e m o v e  th em  u sin g  a F o u r ier  filter in g  tech n iq u e  w as largely  
u n su ccessfu l. H o w e v e r , th e se  lin es  d o  n o t m a sk  th e  m ain  tren d s w h ich  are  
fortu n ate ly  S W -N E  or N N W -S S E  in th is a rea .

F igu re 3 .4  sh o w s th e  gravity f ie ld  " illu m in ated ’ at an in c id en t an g le  o f  45  
d e g r e e s  from  th e  n o rth -ea st. T h e  re la tiv e ly  lo w  a m p litu d e  o f  th e  f ie ld  m ea n s th at  
a sca lin g  factor  o f  50  h as to  b e  a p p lie d  to  th e  d a ta  b e fo r e  th e  im a g e  is crea ted . 
F ea tu res  tren d in g  p erp en d icu la r  to  th e  so u r c e  o f  illu m in a tio n  w ill b e  en h a n ced . 
T h e  N N W -S S E  tren d in g  gravity r id g e  in th e  so u th -e a st  o f  th e  reg ion  is c learly  
p ick ed  ou t as are th e  so u th ern  a n d  w e s te r n  e d g e s  o f  p ro m in en t fea tu res  su ch  as  
th e  C a ith n ess R id g e  and  th e  H a lib u t H o r st . M o r e  su b tle  fea tu res  en h a n ced  in th is  
im a g e  in clu d e sev era l n orth -w est tr e n d in g  stru ctu res in  th e  so u th -w est co rn er  o f  
th e  area  and a stro n g er  lin ea m en t n orth  o f  th e  C a ith n ess  r id ge w h ich  se e m s to  cu t  
in to  th e E a st-S h e tla n d  P latform .

F igu re  3.5 is th e  gravity fie ld  illu m in a te d  at 45 d e g r e e s  from  th e  n o rth -w est. 
A g a in  a sca lin g  fa cto r  o f  5 0  h a s b e e n  a p p lied . T h is tim e  N E -S W  tren d in g  
lin ea m en ts  w ill b e  en h a n c e d . A s  b e fo r e  th e  C a ith n ess  R id g e  an d  H alib u t H o rst  
are very  p ro m in en t. T h e  so u th -w est se c t io n  is d o m in a ted  by  stron g  lin ea m en ts  
w h ich  are d u e  to  stru ctu res w ith in  th e  C a le d o n ia n  b a sem en t. T h e  B a n ff  fau lt is 
clearly  p ick ed  o u t as is th e  P e te r h e a d  R id g e  an d  a stru ctu re w h ich  m ay b e  an  
ea stern  ex ten s io n  o f  th e  H ig h la n d  B o u n d a ry  F au lt. A n  in terestin g  p o in t to  n o te  
is th e  a p p a ren t co n tin u a tio n  o f  th e se  C a le d o n ia n  tren d in g  fea tu res  w est o f  th e  
‘tr ip le-ju n ction  ’ area . T h e  P erm o -T r ia ss ic  N N W -S S E  tren d  o f  th e  C en tra l G ra b en  
se e m s to  cut across th e se  o ld er  fea tu res .

T h e se  sh a d ed  r e lie f  im a g es  sh o u ld  n o t  b e  u se d  to  d e lin e a te  th e  exact p o s it io n  
o f  structural lin ea m en ts . T h e  te c h n iq u e  a lw ays d isp la ces  th e  h ighs and low s
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FIGURE 3.4 Shaded relief image of Bouguer anomaly. The field is
‘illuminated’ from the north-east at an incident angle of 45 degrees.
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FIGURE 3.5 Shaded relief image of Bouguer anomaly. The field
‘illuminated’ from the north-west at an incident angle of 45 degrees.
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to w a rd s th e  illu m in ation  d irectio n  (fig  3 .3 ). T h e  m a g n itu d e  o f  this d isp la c e m e n t  
d e c r e a se s  w ith  in creasin g  an g le  o f  in c id en ce . S tructural tren d s are m o re  correctly  
lo c a te d  u sin g  horizon ta l d erivative  m eth o d s  (3 .3 .2 .1 ).

3.4 3D  M O D E L L IN G  T E C H N IQ U E

A s  m e n tio n e d  in 3.3 th e  B o u g u er  a n o m a ly  d a ta  for  th e  stu d y  a rea  ra n g es  
b e tw e e n  a p p ro x im a te ly  —28 and + 3 5  m G a l. E v id e n c e  from  se ism ic  an d  w e ll d a ta  
sh o w s th a t sed im en ts  occu r at d ep th s  o f  o v e r  8  k m  in  th e  gra b en  a rea s  (Z ie g le r  
1982 , D a y  e t  al 1981). S u ch  lo w  d en sity  se q u e n c e s  sh o u ld  y ie ld  large  n e g a tiv e  
B o u g u e r  a n o m a lie s . It fo llo w s th at th is e f fe c tiv e  m ass d e fic ien cy  m u st b e  
c o m p e n sa te d  at d ep th  by an ex cess  m ass. T h e  d istr ib u tion  o f  th is e x cess  m ass ca n  
b e  m o d e lle d  in  th ree  d im en sio n s.

T h e  te c h n iq u e  in p rin cip le  is a s im p le  o n e . T h e  g ra v ita tio n a l e ffe c t  o f  e a c h  o f  
th e  se d im e n ta r y  layers is ca lcu la ted  in th r e e  d im en sio n s . T h eir  to ta l e f fe c t  is th an  
r e m o v e d  fro m  th e  B o u g u er  a n o m a ly  d a ta  for th e  stu d y  area . V a r ia tio n s in th e  
resu ltin g  res id u a l fie ld  are th en  a ssu m e d  to  b e  c a u se d  b y  rela tive ly  d e e p  d en sity  
co n tra sts . I f  a  la tera lly  and  vertica lly  h o m o g e n e o u s  b a se m e n t  is a ssu m ed , th en  th e  
s o le  d en s ity  con trast occurring at d ep th  w ill b e  that w h ich  occu rs acro ss th e  M o h o .  
T h u s, a  ‘M o h o  top o g ra p h y ’ can  b e  m o d e lle d  u sin g  th is resid u a l a n om aly .

T h is  m e th o d  ob v iou sly  in vo lves sev era l a ssu m p tio n s . T h e  first o f  th e se  is th a t  
cru sta l th in n in g  in  th e  N orth  S ea  is th e  d irect resu lt o f  lith o sp h er ic  ex te n s io n  ( s e e  
c h a p te r  6 ) an d  th at A iry-typ e iso sta tic  c o m p e n sa tio n  o f  lo w -d en sity  sed im en ta ry  
b a sin  in fil, resu lts  in varia tion s in th e  d ep th  to  M o h o . T h e  a ssu m p tio n  th at b o th  
th e  cry sta llin e  b a sem en t (h e r e  ta k en  to  b e  ev ery th in g  b e tw e e n  th e  B a se -  
C r e ta c e o u s  an d  th e  M o h o ) and th e  u p p er-m o st m a n tle  a re  la tera lly  an d  v ertica lly  
h o m o g e n e o u s  in term s o f  d en sity  is th e r e fo r e , o f  cru cia l im p o r ta n ce  to  th e  
te c h n iq u e . T h e  g eo lo g ica l im p lica tio n s o f  th e se  a ssu m p tio n s  a re  d iscu ssed  la ter  in  
th is c h a p te r  and  in ch ap ters 6  an d  7. T h is  se c t io n  o u tlin e s  ea ch  s ta g e  in th e
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m o d e llin g  tech n iq u e .

3 .4 .1  C a lc u la t in g  th e  F ie ld  D u e  to  N e a r -S u r fa c e  L ayers.

3 .4 .1 .1  S ed im en ta ry  T h ic k n e sse s .

In fo rm a tio n  regard ing  se d im en ta ry  th ic k n e sse s  for  th e  stu d y  a rea  c o m e s  from  
th e  reg io n a l se ism ic  structure m a p s  p r o d u c e d  by D a y  e t  al (1 9 8 1 ) . T h e s e  m a p s are  
b a se d  o n  d a ta  d erived  from  b o th  c o m m e r c ia l s e ism ic  d a ta  an d  w e ll logs and  are  
r e p r o d u c e d  o n  a sca le  o f  1:2 5 0 0  000 . E a c h  m a p  sh o w s d e p th s  to  th e  fo llo w in g  
h orizon s: P a la e o c e n e  A sh  M ark er , T o p  C r e ta c e o u s  (in c lu d in g  D in a n tia n  
C h alk ), B a se  C reta ceo u s, T o p  T riassic , T o p  B a c to n  G ro u p , T o p  Z e c h s te in  an d  
B a se  Z e c h ste in . U n fo rtu n a te ly  c o v e r a g e  o v e r  th e  stu d y  a rea  is o n ly  c o m p le te  
d ow n  to  th e  B a se  C reta ceo u s.

In o rd er  to  ca lcu la te  th e  g ra v ita tio n a l e f fe c t  o f  e a c h  layer  ea ch  m a p  n e e d s  to  
b e  p u t in to  d igita l form at in th e  sa m e  g eo g r a p h ic a l p ro jec tio n  as th e  B o u g u e r  
a n o m a ly  grid. M ap s for th e  T o p  P a la e o c e n e , T o p  C r e ta c eo u s  an d  B a se  
C r e ta c eo u s  w e r e  d ig itised  a lo n g  c o n to u r  lin e s  an d  c o n v e r te d  to  U T M  co o rd in a tes . 
E a ch  d a ta  se t  w as th en  co n v er ted  to  grid  fo rm a t u sin g  th e  m in im u m  cu rvatu re  
te c h n iq u e  d iscu ssed  in 3.2 .2 .

W e st  o f  z e r o  d eg rees  lo n g itu d e  th e  se d im en ta ry  s e q u e n c e  is c o m p lica ted  b y  
g e o lo g ic a l stru ctu res such  as th e  H a lib u t H o r st  a n d  C a ith n ess  R id g e . T h e  gridd ing  
p r o c e d u r e  in ev itab ly  s im p lifies  su ch  fe a tu r e s  le a d in g  to  in a ccu ra c ies in th e  
resu lta n t m ap . T o  k e e p  errors to  a  m in im u m  it w as d e c id e d  to  red u ce  th e  study  
a rea  for  m o d e llin g  to  that h a lf  ly ing e a s t  o f  th e  m er id ia n  w h e r e  th e  gross  
g e o lo g ic a l stru ctu re o f  th e se d im e n ts  is m u ch  m o r e  s im p le . T h is  rev ised  study a rea  
still in c lu d es  th e  ‘tr ip le-ju n ction ’ z o n e  a n d  sev era l im p o r ta n t stru ctu res such  as  
th e  F o r tie s -M o n tro se  ridge and th e  P ip e r -F o r tie s  V o lc a n ic  P ro v in ce .
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It is im p ortan t to  n o te  that th e  d ig ita l m a p s  for ea ch  o f  th e  n ea r-su rfa ce  layers  
co v ers a larger area  th an  th e  stu d y  a rea  itse lf. T h is larger s ize  is u sed  to  avo id  an  
u n d esira b le  ‘e d g e -e f fe c t ’ a ffec tin g  d a ta  in th e  stu d y a rea  d u rin g  th e  ca lcu la tion  o f  
th e  n ear-su rface  gravity e ffe c t  (3 .4 .1 .3 ) . S m o o th in g  o v er  stru ctu res such  as th e  
H a lib u t H o rst during th e  gridd ing p r o c e ss  w ill th ere fo re  h a v e  a m in im al a ffec t o n  
th e  ca lcu la ted  gravity for th e  stu d y  a rea .

F igu res 3 .6  to  3 .9  sh o w  th e  d ig itised  sed im e n ta r y  m ap s for  th e  stu d y area . E a ch  
m ap  rep resen ts  th e  d ep th  (fro m  s e a - le v e l)  to  that p articu lar h o r izo n .

T h e  T o p -P a la e o c e n e  d ep th  m a p  (fig  3 .7 )  sh o w s a sm o o th  h o r izo n  d e e p e n in g  
from  less  than 1 km  in th e  n o rth -w est to  o v er  3 km  in  th e  so u th -ea st at th e  
d e e p e s t  p o in t. O n  a reg ion a l sca le  th e  T o p -P a la e o c e n e  r e a c h e s  a  m axim u m  d ep th  
o f  a p p rox im ate ly  3 .3  km  in th e  cen tre  o f  th e  basin  (ro u g h ly  56 .5°N , 3°E ) w h ich  is 
ju st so u th -ea st o f  th e  study area .

T h e  T o p -C r e ta c e o u s  m ap  (fig  3 .8 )  is a lso  re la tive ly  sm o o th  a n d  sh ow s a sim ilar  
p a ttern  to  that o f  th e  T o p -P a la e o c e n e  w ith  a g en era l d e e p e n in g  from  th e  n o rth ­
w e st to  so u th -ea st. T h e  d ep th  va r ies b e tw e e n  a p p ro x im a te ly  1.5 km  in th e  n o rth ­
e a st to  a lm o st 3.5 in th e  so u th -ea st. T h e  stru ctu re  is c o m p lica ted  w e st  o f  th e  stu d y  
a rea  tow ards th e  M oray  F irth B asin . T h e r e  a re  sev era l la rg e  fau lts  cu ttin g  th rou gh  
th e  T o p -C r e ta c e o u s  su ch  as th o se  b o u n d in g  th e  H a lib u t H o rst w h e r e  th e  T o p -  
C r eta ceo u s  is ab sen t.

T h e  B a se -C r e ta c eo u s  m a p  (fig  3 .9 ) is  m o r e  co m p lex . A g a in  th e r e  is a g en era l  
d e e p e n in g  to  th e  so u th -ea st (u p  to  d ep th s  o f  5 k m ) w ith  th e  sh a llo w e st  part in th e  
n o rth -ea st. O ver  th e  F la d en  G ro u n d  S p u r  th e  B a se -C r e ta c e o u s  is ab sen t. T h e  
c o m p lex  natu re o f  this m ap  arises b e c a u s e  th e  B a se -C r e ta c e o u s  m ark er is a  
d ia ch ro n o u s u n con form ity . S ev era l la rg e  fau lts  occu r  in th e  stu d y  a rea  at B a se -  
C reta ceo u s  lev e l. T h ey  a re  n o t m a rk ed  o n  th e  m a p  b u t g en era lly  o ccu r  w h ere  th e  
d ep th  g rad ien t is s te e p  (th e  resu lt o f  sm o o th in g  during  th e  grid d in g  p ro cess) . 
A w a y  from  th e  study area  th e  B a se -C r e ta c e o u s  is at its d e e p e s t  in th e  cen tre  o f
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th e  b asin  (g rea ter  than 5 km  in p la c e s ) .  T o  th e  w e st th e H alib u t H o rst has on ly  
a thin C r e ta ceo u s  co v er  an d  th e  B a se -C r e ta c e o u s  is to ta lly  a b sen t from  the  
C a ith n ess R id g e . In th e  n orth  th e  B a se -C r e ta c e o u s  is a b sen t w est o f  a p p rox im ate ly  
z ero  d e g r e e s  lo n g itu d e  but th e r e  is a d ra m a tic  d e e p e n in g  in to  th e  V ik in g  G rab en  
ea st o f  th e  m erid ian .

D ig ita l b a th ym etric  d ata  w a s p u r c h a se d  from  th e  N a tio n a l G eo p h y sica l D a ta  
C en ter , C o lo ra d o . D e p th  p o in ts  a re  p r o d u c e d  o n  m a g n e tic  ta p e  for a w o r ld w id e  
grid at five  m in u te  in tervals. T h e  c o r r e c t  d a ta  p o in ts  w e r e  ex tra cted  from  th is d ata  
b a se  and  re-grid d ed  in a  rec ta n g u la r  p r o je c tio n  u sin g  th e  m in im u m  cu rvatu re  
m eth o d . T h e  resu ltin g  b a th y m etr ic  m a p  fo r  th e  stu d y  area  is sh o w n  in figu re 3 .6 . 
T h e  m a p  is fairly sm o o th  w ith  b a th y m etr ic  d ep th s  n o t ex c e e d in g  0 .2  km  for  th e  
study area .

3.4.1.2 D en sities Used In M od ellin g

In o rd er  to  ca lcu la te  th e  g ra v ita tio n a l e f fe c t  o f  ea ch  o f  th e  n ea r-su rfa ce  layers  
an a ccu ra te  e s tim a tio n  o f  th e ir  d e n s it ie s  h a s  to  b e  m a d e . T h e  reg io n a l study m a d e  
by D o n a to  and  T u lley  (1 9 8 1 )  in c lu d e s  e s t im a te s  o f  d e n s it ie s  m a d e  from  fo rm a tio n  
d en sity  lo g s  from  severa l w e lls  in th e  s tu d y  a rea . In th e  a b se n c e  o f  any o th er  d a ta  
c o lle c te d  o n  this sca le  it w as d e c id e d  to  u se  th e se  v a lu es  in this research . T h e  
d en sitie s  u sed  are  listed  in ta b le  3 .1 .

Table 3.1 D en sities used in the M od ellin g  P rocess
LAYER D EN SIT Y  (g cm  3) D E N SIT Y  CO N TR A ST

S e a  W a ter 1.03
(W .R .T . 2 .75  g cm "3) 

- 0 .0 8
P o st P a la e o c e n e 2 .1 0 - 0 .6 5
P a la e o c e n e 2 .20 - 0 .5 5
C re ta ceo u s 2.45 - 0 .3 0
U p p e r  M a n tle 3 .25 0 .50
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Emu ABOVE 0.160
m u 0.150- 0.160m 0.140- 0.150

0.130- 0.140
HM 0.120- 0.130
t iip ii 0.110- 0.120
r f i 0.100- 0.110
CZ3 0.090- 0.100
i i 0.080- 0.090
L_J BELOW 0.080

F IG U R E  3 .6  B a th y m etr ic  m ap  for  th e  stu d y  a rea . (F r o m  N a tio n a l  
G eo p h y sica l D a ta  C en ter , C o lo ra d o ). U n its  are  in  k ilo m etres . T h e  h igh  
fr eq u en cy  n a tu re  o f  th e  im a g e  is d u e  to  th e  4  km  grid  sp a c in g  o f  th e  d a ta  
se t.
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l l i i ABOVE 3.00
2.75- 3.00

I m i 2.50- 2.75
2.25- 2.50

l n n 2.00- 2.25
1.75- 2.00

f i S 1.50- 1.75
r  " z \ 1.25- 1.50
□ 1.00- 1.25
i____ i BELOW 1.00

FIGURE 3.7 Depth to the Top Palaeocene. (From Day et al, 1981).
Units are in kilometres. The high frequency nature of the image is due to
the 4 km grid spacing of the data set.
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6538-

6518-

6498-

6478-

6458-

6438-i

6418-

6398-

6378-

6358-

6338-

6318

ABOVE 3.50
1 3.25- 3.50
i l i l 3.00- 3.25
B H 2.75- 3.00
m 2.50- 2.75

2.25- 2.50
M i 2.00- 2.25

1.75- 2.00
B 1.50- 1.75
1 " 1 1.25- 1.50
1 l 1.00- 1.25
L J BELOW 1.00

FIGURE 3.8 Depth to the Top Cretaceous. (From Day et al, 1981). Units
are in kilometres. The high frequency nature o f the image is due to the 4
km grid spacing of the data set.
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6538-

6518-

578 598 618

jH H ABOVE 5.0
4.5- 5.0

I M 4.0- 4.5
m u 3.5- 4.0
i n 3.0- 3.5

2.5- 3.0
r ' n 2.0- 2.5
i____ i 1.5- 2.0
i i BELOW 1.5

FIGURE 3.9 Depth to the Base Cretaceous. (From Day et al, 1981).
Units are in kilometres. The high frequency nature of the image is due to
the 4 km grid spacing of the data set.
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T h e  b a se m e n t, h ere  c o n s id e r e d  to  b e  ev ery th in g  b e tw e e n  th e  B a se -C r e ta c e o u s  
an d  th e  M o h o , is a ssu m ed  to  b e  la tera lly  and vertica lly  h o m o g e n e o u s  w ith  a 
d en sity  o f  2 .75 g  cm '3. T h is is c o n s is te n t w ith  gran itic  or a n o rth o sitic  m ateria l.

R in g w o o d  (1 9 7 5 ) p o in ts  o u t th a t p o ss ib le  u p p er  m a n tle  rocks can  on ly  h ave  a 
lim ited  co m p o sitio n  th e  m o st lik e ly  b e in g  that o f  p er id o tite . T h is has a p o ss ib le  
d en sity  ra n g e  o f  b e tw e e n  2 .7 8  an d  3 .3 7  g  cm '3 (T e lfo rd  e t  al 1976), h o w ev er , th e  
lo w er  o f  th e se  d en sitie s  is p ro b a b ly  a sso c ia te d  w ith  h igh ly  serp en tin ised  P er id o tite . 
In th is c a se  a v a lu e  o f  3 .25  g cm '3, w a s u se d  (co n s is te n t  w ith  D o n a to  an d  T u lle y
(1 9 8 1 )) .

T h e  d en sity  con trast sh o w n  in  ta b le  3.1  are th e  d iffe r e n c e  b e tw e e n  th e  d en sity  
o f  e a c h  layer and  th at o f  th e  b a se m e n t. In  th e  c a se  o f  th e  w a ter  layer a d en sity  
co n tra st o f  - 0 .0 8  g cm'3 w a s u sed . T h is  is b e c a u se  th e  orig in al B G S  B o u g u e r  
gravity  d a ta  a lread y  in c lu d es  a  co rrectio n  fo r  th e  w a ter  layer, e ffe c tiv e ly  rep la c in g  
it w ith  m a ter ia l o f  d en sity  2 .6 7  g  cm '3. T h e  d iffe r e n c e  b e tw e e n  2 .67  an d  2 .75  g cm '3, 
is —0.0 8  g  cm '3.

O n e  o f  th e  p ro b lem s a sso c ia te d  w ith  u sin g  d e n s it ie s  d er iv ed  from  w ell d ata  is 
th a t m an y  o f  th e  w e lls  u sed  ten d  to  sa m p le  rock s o n  th e  tip s o f  fau lt b lo ck s or  at 
th e  e d g e s  o f  b asin s. E c o n o m ic  c o n s id era tio n s  m ea n  th a t w e lls  are rarely  d rilled  
b e lo w  d ep th s  o f  a  few  k ilo m etres . S in ce  se d im e n ts  w ill d e -w a ter  and co m p a ct w ith  
d ep th  th e ir  d en sitie s  w ill in c r e a se  corresp on d in g ly . It is likely, th e r e fo r e , th a t  
d e n s it ie s  d er iv ed  from  w e ll d a ta  a re  n o t a ccu ra te  for d e e p  s e q u e n c e s  tow ard s th e  
cen tr e  o f  th e  b asin . D o n a to  an d  T u lley  (1 9 8 1 )  d o  n o t p ro v id e  in fo rm a tio n  a b o u t  
th e  ex a ct lo c a tio n  o f  th e ir  w e lls , n or  a b o u t sa m p lin g  d ep th s.

In an  a ttem p t to  co rrect for  th is p ro b lem  th e  3 D  forw ard  m o d e llin g  ro u tin e  
a llo w s for  an  in creasin g  d en sity  w ith  d ep th  (3 .4 .1 .3 ). A  se p a r a te  stu d y  w as m a d e  
u sin g  th is te ch n iq u e  rath er  th a n  th e  fixed  d en sity  m eth o d . T h e  resu lts o f  b o th  
m e th o d s  a re  p resen ted  in 3 .4 .1 .4 .
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3.4.1.3 Computing the Gravitational Effect.

T h e  co m p u te r  ro u tin e  u sed  to  c a lc u la te  th e  gravitation al e ffe c t  o f  th e  n e a r ­
su rfa ce  layers is an a d a p tio n  o f  o n e  o r ig in a lly  d e v e lo p e d  by P lo u ff  (1 9 7 5 ). T h is  
ro u tin e  a llow s th e  ca lcu la tio n  o f  th e  v er tica l co m p o n e n t o f  gravity an y w h ere  
in sid e , o u ts id e  or o n  th e  su rfa ce  o f  p o ly g o n a l prism s. E a ch  prism  is d e fin ed  by tw o  
p a ra lle l h o r izo n ta l p la n es  at th e  to p  a n d  b o tto m  lin k ed  by vertica l s id es. A n y  
c o m p le x  g e o lo g ic a l b o d y  can  b e  d e f in e d  b y  an a ssem b la g e  o f  su ch  prism s. In th is  
c a se  th e  tw o h o r izo n ta l p la n es  d e fin in g  th e  to p  and b o tto m  o f  th e  prism s are th e  
dig ita l grids re p r e se n tin g  th e  to p  a n d  b o tto m  o f  e a ch  n ea r-su rfa ce  layer. E a ch  grid  
p o in t is c o n s id e r e d  to  b e  th e  ce n tr e  o f  a  p r ism  w h o se  len g th  is eq u iv a len t to  th e  
grid sp acin g .

T h e  form u la  for  th e  gravity e f fe c t  o f  a p o ly g o n a l prism  is b a se d  o n  th e  v ertica l  
in teg ra tio n  o f  T a lw a n i an d  E w in g ’s (1 9 6 0 )  form u la  for th e  grav ita tion a l a ttraction  
o f  a  h o r izo n ta l p o ly g o n a l lam in a . T h e  fu ll d er iva tion  is g iven  in P lo u ff  (1 9 7 5 ).

T h e  p rogram  its e lf  is d e s ig n ed  to  run o n  a  V A X  S tation  3100 . It has th e  ab ility  
o f  ca lcu la tin g  th e  n e t g rav ita tion a l e f fe c t  o f  a b o d y  at any p o sitio n  o ffse t  from  th e  
lo ca tio n  o f  th at b od y . T h u s, ap art fro m  th e  d ig ita l grids rep resen tin g  th e  u p p er  
an d  lo w er  su rfa ces  o f  e a c h  layer, th e  ro u tin e  a lso  req u ires as input th e  
g eo g ra p h ica l p o s it io n  o f  e a c h  grid p o in t an d  th e  req u ired  lo ca tio n  o f  th e  o u tp u t  
grid.

A s  m e n tio n e d  in 3 .4 .1 .1  th e  in p u t d e p th  grids have to  co v er  a larger area  th an  
th e  stu d y  a rea  itse lf. T h is is to  a v o id  a n  e d g e  e ffe c t a ffec tin g  th e  ca lcu la ted  
a n o m a ly  w ith in  th e  z o n e . In fact th e  d e p th  grids co v er  an extra 48  km  on  all fo u r  
s id es  o f  th e  stu d y a rea  (fig  3 .1 0 ). T o  r e d u c e  co m p u tin g  tim e th e  grid  sp a c in g  w as  
in crea sed  from  2 km  to  4  km . D u r in g  a te s t  p ro ced u re  it w as fo u n d  th at th e  
in crea sed  grid  sp a c in g  d id  n o t a d v erse ly  a ffec t th e  en d  resu lt b u t red u ced  
p ro cess in g  t im e  d ram atica lly .
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Grid Used for Calculations

6590

65-10 

6520 

6500 

6-iSO 

6460 

6--10 

CU20 

6-100 

6380 

6360 

6340 

6320

500 520 540 560 580 600 620

Study Area Grid

6270 L_ 
450 670

F IG U R E  3 .10  G rid d im en sio n s . T h e  o u te r  b lo ck  rep resen ts  th e full s ize  
o f  the grids used  in th e m o d e llin g . T h e  in n er  b lo c k  rep resen ts  th e  study  
area . T h e d ifferen ce  in s iz e  a v o id s  an  u n d e s ir a b le  e d g e -e ffe c t  a ffec tin g  data  
in the study area itself.

48



B e fo r e  any real data  w as u sed  th e  p rogram  w as te s te d  u sin g  s im p le  sh a p e s  to  
r ep resen t th e  g eo lo g ica l m o d e l. T h e  resu lts o b ta in ed  w h ere  in very  g o o d  
a g r e e m e n t w ith th o se  ca lcu la ted  by h an d  and th o se  o b ta in ed  u sin g  sim ilar sh a p e s  
ca lcu la ted  using- p rev iou sly  tried  an d  te s te d  2 .5 D  m o d e llin g  ro u tin es.

A s  m e n tio n e d  in 3 .4 .1 .2 , th e  ro u tin e  req u ires th e  in p u t o f  a s in g le  d en sity  
co n tra st for ea ch  layer. A ltern a tiv e ly  it is a b le  to  ca lcu la te  d en sity  con trasts o n  th e  
b a sis  o f  an in creasin g  d en sity  w ith  d ep th  fo r  a g iven  rock  typ e. S c la ter  an d  C h ristie  
(1 9 8 0 )  n o te d  that th e  d en sity  o f  a g iv en  s e d im e n t w ill in c r e a se  w ith  d ep th  o f  bu ria l 
d u e  to  d e -w a ter in g  and lo ss  o f  p orosity . T h e y  n o te d  th at th e  d eca y  o f  p o ro sity  w ith  
d e p th  o f  burial for  certa in  g e n e r a lise d  lith o lo g ie s  w as an  e x p o n e n tia l fu n ctio n  ( s e e
6 .3 .4 .1 ) . T h u s for  s im p le  lith o lo g ie s  su ch  as sand , sh a le  an d  chalk , th e o r e tic a l  
co m p a c tio n  curves can  b e  g e n e r a te d  w h ich  p red ict th e  va r ia tio n  o f  d en sity  w ith  
in c r e a se d  d ep th  o f  burial. In th is c a se  th e  ca lcu la tio n  is m a d e  u sin g  c o m p a c tio n  
cu rv es (p ers. com . N . W h ite )  for th e  fo llo w in g  d o m in a n t lith o lo g ies: sand , sh a le , 
ch a lk , b asa lt, salt, anhyd rite, d o lo s to n e  a n d  lim e sto n e . E a c h  sed im en ta ry  layer  is 
d iv id ed  in to  a p re -d e fin ed  n u m b er  o f  su b -layers w ith  a ca lcu la tio n  m a d e  fo r  th e  
c e n tr e  p o in t o f  ea ch  o f  th ese . In th is study th e  p o s t-P a la e o c e n e  layer w a s  
c o n s id e r e d  to  d o m in a ted  by a sh a le  lith o lo g y , th e  P a la e o c e n e  to  b e  d o m in a n tly  
sa n d  and th e  C reta ceo u s layer to  b e  p r in c ip a lly  chalk . T h e  ca lcu la tio n  w as m a d e  
fo r  fou r  su b -layers w ith in  ea ch  o f  th e se  s e q u e n c e s . T h e  resu lts a re  d iscu ssed  in th e  
n ex t sec tio n .

P erh a p s th e  g rea test so u rce  o f  error in  th is m e th o d  is th a t su ch  sw e e p in g  
g en e r a lisa tio n  o f  rock -typ e, p orosity , an d  p erm ea b ility  h a v e  to  b e  m a d e . T h e  
co n sta n t d en s it ie s  u sed  by D o n a to  and  T u lley  (1 9 8 1 ) m a y  b e  m o r e  in a ccu ra te  a t  
la rg e  d ep th s b u t th ey  are at lea st d er iv ed  from  w ell d a ta  re la tin g  sp ec ifica lly  to  th e  
ro ck s o f  ea ch  seq u en ce .
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3.4.1.4 Results Obtained Using the P louff Routine

F igu res 3 .11 to  3 .1 4  sh o w  th e  ca lc u la te d  grav ita tion a l e ffec t for th e w a ter  layer, 
th e  p o s t-P a la e o c e n e  layer, th e  P a la e o c e n e  layer and th e C reta ceo u s layer  
resp ectiv e ly . B y  far th e  g r e a te s t  co n tr ib u tio n  to th e  tota l grav ita tion a l a ttraction  
o f  th e  n ea r-su rfa ce  layers c o m e s  fro m  th e  p o s t-P a la e o c e n e  layer. V a lu es  vary from  
—2 0  m G a l in th e  n o r th -w est to  —75 m G a l in th e  so u th -ea st w h ere  th e  se d im e n ts  
a re  at th e ir  th ick est.

T h e  to ta l e f fe c t  o f  all fo u r  layers is sh o w n  in figure 3 .15 . O ver  th e  study a rea  
th e  a n o m a lie s  vary b e tw e e n  a p p ro x im a te ly  —26  and —115 m G al. T h e  la rg est  
a n o m a ly  is fo u n d  in th e  so u th -e a s t  co r n e r  o f  th e  study area  (i.e . tow ard s th e  
c e n tr e  o f  th e  b a sin ) h o w e v e r , a  se c o n d  la rg e  n eg a tiv e  an om aly  is cen tred  o v er  th e  
E a st F o r tie s  B a sin  in th e  c e n tr e  o f  th e  ‘tr ip le -ju n ctio n ’ zo n e . E v en  th ou gh  th e  
p o s t -P a la e o c e n e  layer  c o n tr ib u te s  th e  m o st  to  th e  m a g n itu d e  o f  th e  overa ll to ta l, 
th e  sm o o th n e ss  o f  th e  f ie ld  d u e  to  th is layer  m ea n s that th e  sh a p e  o f  th e  en d  
resu lt (fig u re  3 .1 5 ) is la rg e ly  g o v e r n e d  b y  th e  fie ld  d u e  to  th e  C reta ceo u s layer (fig  
3 .1 4 ).

F ig u re  3 .1 6  sh o w s th e  d if fe r e n c e  b e tw e e n  th e  orig inal B o u g u er  a n o m a ly  d a ta  
an d  th e  to ta l e f fe c t  o f  th e  n ea r -su r fa ce  layers. T h e  low  a m p litu d e  o f  th e  or ig in a l 
d ata  an d  th e  large  n e g a tiv e  co n tr ib u tio n  o f  th e  sed im en ts  m ea n s that th is resid u a l 
fie ld  is en tire ly  p o s it iv e . It fo llo w s  th e  sa m e  tren d  as th e  th ree  arm s o f  th e  g ra b en  
sy stem . T h e  largest a n o m a lie s  o f  a p p ro x im a te ly  115 m G al occu r at th e  cen tre  o f  
th e  ‘tr ip le -ju n ctio n ’ an d  at th e  n o rth ern  en d  o f  th e  C en tra l G rab en . E v e n  b e fo r e  
any m o d e llin g  o f  th e  m a ss ca u sin g  th is resid u a l fie ld  has tak en  p la ce  it is a p p a ren t  
th at th e  d istr ib u tion  o f  th is m a ss  w ill fo llo w  m o re  or less  th e  sa m e  sh a p e  as th e  
fie ld .

In  se c t io n s  3 .4 .1 .2  an d  3 .4 .1 .3  it w a s m e n tio n e d  that a co m p lem en ta ry  stu d y  w as  
m a d e  u sin g  d e n s it ie s  vary in g  w ith  d ep th  for  ea ch  o f  th e  sed im en tary  layers. F ig u re  
3 .1 7  sh o w s th e  to ta l e f fe c t  o f  all th e  n ea r-su rfa ce  layers using  th is m e th o d
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FIGURE 3.11 Calculated gravitational effect o f the water layer (units in
mGals).
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-60- -501 1 -70- -601_1 BELOW -70

FIGURE 3.12 Calculated gravitational effect of the post-Palaeocene layer
(units in mGals).
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FIGURE 3.13 Calculated gravitational effect of the Palaeocene layer
(units in mGals).
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FIGURE 3.14 Calculated gravitational effect o f the Cretaceous layer
(units in mGals).
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FIGURE 3.15 Total gravitational effect o f the near-surface layers (units
in mGals).
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F IG U R E  3 .16  R esidual gravity (in m G als), ie. the d ifference b etw een  the  
B ou gu er anom aly and total gravitational effect o f  the near-surface layers.
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an d  figu re 3 .18  sh ow s th e  resid u a l fie ld  w h en  this is su b tracted  from  th e  or ig in a l  
B o u g u e r  a n o m a ly  d ata . T h is resid u al fie ld  is ap p ro x im a te ly  th e  sa m e  sh a p e  as in  
th e  p rev io u s c a se  a lth o u g h  th e  m axim u m  v a lu es  in th e  cen tre  and so u th -e a st  o f  
th e  stu d y area  are so m ew h a t sm aller .

T h e  large, p o s it iv e  a n o m a lie s  in b o th  resid u al fie ld s ten d  to  occu r  o v er  th e  
d e e p e s t  parts o f  th e  basin , w h e r e  th e  co n sta n t d en s it ie s  d erived  from  w e ll d a ta  
u se d  for ea ch  layer a re  m o st lik e ly  to  b e  in error. O v er  th e  sh a llo w  parts w h e r e  
th e  resid u a l fie ld s a re  sm o o th  an d  lo w  in a m p litu d e  su ch  d en s it ie s  are  m o r e  lik e ly  
to  b e  correct. F ig u re  3 .19  rep r e se n ts  th e  d ifferen ce  b e tw e e n  th e  resid u a l f ie ld  
ca lc u la te d  u sin g  co n sta n t d e n s it ie s  and th e  resid u al f ie ld  ca lcu la ted  u sin g  v a r ia b le  
d e n s it ie s  w ith  d ep th . A t  p o in ts  w h e r e  b o th  resid u al fie ld s reach  a m ax im u m  th e  
d iffe r e n c e  b e tw e e n  th e  tw o  is a p p ro x im a te ly  15 m G al. In th e  sm o o th  lo w  
a m p litu d e  a rea s th e  d ifferen ce  is rou gh ly  —10 m G al.

T h e  B a se -C r e ta c e o u s  is g en era lly  le ss  th an  3 km  d e e p  o v er  th e  stu d y  a rea , 
th e r e fo r e  it is lik ely  that th e  e s t im a te s  o f  d en sity  m a d e  by D o n a to  an d  T u lle y  
(1 9 8 1 )  w ill b e  m o re  a ccu ra te  th a n  th o se  d er iv ed  u sin g  th e  co m p a ctio n  cu rves. It 
w a s th e r e fo r e  d e c id e d  to  c o n tin u e  th e  rest o f  th is stu d y u sin g  th e  fie ld  g e n e r a te d  
by th e  co n sta n t d en sity  m eth o d . E st im a te s  o f  errors in th e  c h o se n  d e n s it ie s  a r e  
d iscu ssed  in 3 .5 .4 .

3.4 .2  A nalysis o f  the R esidual F ield

T h e  w a v e len g th  o f  a  gravity a n o m a ly  a sso c ia ted  w ith  a p o in t so u rce  in c r e a se s  
as th e  d ep th  to  that so u rce  in crea se s  (S p e c to r  an d  G rant, 1970  an d  T e lfo r d  e t  a l, 
1 9 7 6 ). H ig h  freq u en cy  v a r ia tio n s in th e  fie ld  are th ere fo re  a sso c ia te d  w ith  
re la tiv e ly  sh a llo w  d en sity  co n tra sts . T h e  p u rp o se  o f  th is resea rch  is to  m o d e l la rg e -  
sc a le  v a r ia tio n s in  a d e e p  structural fea tu re . L o w -p a ss filter in g  p ro v id es a m e a n s  
o f  rem o v in g  th e  u n n ecessa ry  h ig h -freq u en cy  c o m p o n e n t o f  th e  resid u a l grav ity  
d a ta  w h ich  w o u ld  b e  a sso c ia te d  w ith  n ea r-su rfa ce  so u rces.
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F IG U R E  3 .17  T otal gravitational effect o f  the near-surface layers (units 
in m G als). D ensity  contrasts have b een  calculated using com paction curves.
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F IG U R E  3.18 R esidual gravity (in m G als). D ensity  contrasts for the near­
surface layers have b een  calculated using com paction curves.
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F IG U R E  3.19 T he difference (in m G als) betw een  residual gravity w here  
density contrasts are estim ated from w ell data and residual gravity w here  
density contrasts are calculated using com paction curves.
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3.4.2.1 Spectra] A nalysis

G rea t care  h as to  ta k en  w h e n  d esig n in g  th e  lo w -p a ss  filter. If th e  c u t-o ff  
fr eq u en cy  c h o se n  is to o  lo w  th e n  u se fu l data  co u ld  b e  lost; to o  high and th e  
o u tp u t d ata  will h a v e  an  u n n ecessa r ily  large h igh  freq u en cy  co m p o n en t. A s  
o u tlin e d  in 3 .4 .3  th e  la tter  c a se  ca u se s  an a d v erse  e ffe c t  on  th e  final m o d e l  
resu ltin g  in a g e o lo g ic a lly  u n rea listic  so lu tio n  and sev er ly  d egrad in g  th e  q u ality  o f  
fit b e tw e e n  th e  ‘o b se r v e d ’ an d  ca lcu la ted  fie ld s for th e  m o d e l.

T h e  a z im u th a lly -a v era g ed  p o w e r  sp ec tru m  o f  a p o te n tia l fie ld  d ata  se t  p ro v id es  
a b asis  for  a m e th o d  o f  d es ig n in g  w a v e  n u m b er  filters to  sep a ra te  a n o m a lie s  d u e  
d ifferen t g ro u p s o f  so u rces  (S p e c to r  an d  G ran t 1970). T h is  tech n iq u e  w as a p p lied  
to  th e  resid u a l gravity d a ta  se t.

T h e  p o w e r  sp ec tru m  d er iv ed  fro m  a th r e e  d im en sio n a l d ata  se t  such  as a grid  
o f  gravity data  a lso  h as a th r e e  d im e n sio n a l form . H o w ev er , usin g  a c o m p u te r  
ro u tin e  a d a p ted  from  o n e  k ind ly  su p p lied  by  D r . R . H ip k in  (E d in b u rg h  
U n iv ers ity ) th e  a z im u th a l a v e r a g e  o f  th e  th r e e  d im en sio n a l sp ec tru m  is ta k en  to  
p r o d u c e  a s im p lified  tw o  d im e n sio n a l o u tp u t as sh o w n  in figure 3 .20.

T h e  n atu ral logarith m  o f  th e  p o w e r  sp ec tru m  ca n  b e  d iv id ed  in to  sev era l  
stra ig h t-lin e  seg m en ts . T h e  g ra d ien t o f  e a c h  s e g m e n t  is re la ted  to  th e  d ep th  o f  
so u r c e s  p ro d u cin g  gravity  a n o m a lie s  w h ich  are w ith in  th e  ran ge o f  sp a tia l 
fr e q u e n c ie s  d e fin e d  by th a t se g m e n t.
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S e g m e n t W a v e  N o . R a n g e A v  D e p th (k m ) M a x .W a v e le n g th  (k m )
1 0 .0 0 0 - 0 .1 0 0 3 2 .0 6 2 .8
n 0 .0 0 1 - 0 .1 2 4 2 7 .7 5 0 .6
3 0 .1 2 4 - 0 .1 6 8 1 8 .3 3 7 .5
4 0 .1 6 8 - 0 .2 2 8 1 1 .6 2 7 .5
5 0 .2 2 8 - 0 .3 0 0 1 0 .2 2 0 .8
6 0 .3 0 0 - 0 .3 7 7 7 .2 16 .7
7 0 .3 7 7 - 0 .4 3 6 6 .0 1 4 .4
8 0 .4 3 6 - 0 .6 0 3 3 .9 1 0 .5
9 0 .6 0 3 - 0 .7 3 4 3.1 8 .6

F IG U R E  3 .20  P o w er  sp ectru m  ca lcu la ted  for residual gravity  d ata . T h e  
tab le  sh ow s th e  a v era g e  d ep th  to  so u rce  e n se m b le s  ca u sin g  a n o m a lie s  
w h o se  freq u en c ies  are d e fin ed  by th e  w a v en u m b ers b o u n d in g  e a c h  stra igh t-  
lin e  sec tio n  o f  th e  p o w er  sp ectru m  (a fte r  S p ec to r  and G ran t, 19 7 0 ).
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A v e r a g e  d ep th  estim a tes  for  so u rce  en se m b le s  are ca lcu la ted  usin g  th e  
re la tio n sh ip :

z = 0 .5  d̂k

W h ere:
z  =  A v e r a g e  d ep th  to  th e  so u r c e  e n se m b le  (in  k m ) 
p =  N atu ra l logarith m  o f  th e  p o w er  
k =  w a v en u m b er  =  2 p i/w a v e len g th  in km

T h e  c u t-o ff  o f  sp a tia l freq u en cy  (w a v e  n u m b er) for filterin g  o p e r a tio n s  is 
m a rk ed  by  th e  w a v en u m b er  at th e  en d  o f  ea ch  seg m en t.

It is im m ed ia te ly  a p p a ren t from  th e  p o w e r  sp ectru m  th at m o st o f  th e  en e r g y  
in  th e  resid u a l fie ld  is d u e  to  d e e p  so u rces . T h is is p erh ap s n o t su rp risin g  s in ce  th e  
fie ld  d u e  to  n ea r-su rfa ce  layers d o w n  to  th e  B a se -C re ta ceo u s  sh o u ld  h ave  a lrea d y  
b e e n  r e m o v e d  (3 .4 .1 ) . P relim in ary  test m o d e ls  ca lcu la ted  u sin g  u n filtered  res id u a l 
d a ta  sh o w  th at th e  M o h o  rarely r ises to  d ep th s o f  m u ch  less  th an  12 km  and th e  
d e e p e s t  se d im e n ts  d o  n o t occu r a t d e p th s  o f  greater  than  10 km . U s in g  th is a s a  
g u id e  a lo w -p a ss  filter  in th e  w a v e  n u m b er  d om ain  w as d esig n ed . T h e  filter  sh a p e  
is a recta n g u la r  b ox-car  m o d ified  by a c o s in e  tap er. T h e  start and  en d  o f  th e  ta p e r  
is d e f in e d  by cu t-o ff  w a v e len g th s  o f  37 .5  an d  27.5 km . T h is e ffe c tiv e ly  cuts o f f  a ll 
d a ta  w h o se  a v era g e  d ep th  to  so u rce  is le ss  than ap p ro x im a te ly  11 km  ( s e e  ta b le  
b e lo w  figu re  3 .2 0 ).

3.4 .2 .2  F iltered D ata

L o w -p a ss  filter in g  w as carried  o u t on  th e  residual gravity d ata  s e t  u sin g  th e  
p ro g ra m  su p p lied  by  D r. R . H ip k in  (G ra n t Institu te, E d in b u rgh ). T h e  resu lt is  
sh o w n  in figu re 3 .21 . A  co m p a r iso n  o f  th is w ith  th e  u n filtered  fie ld  (fig  3 .1 6 )
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FIG U R E  3.21 R esidual gravity after low -pass filtering. T h e filter is a 
rectangular box-car m odified  by a cosin e taper. T he start and end o f the  
taper are defined by w avelengths o f  34.5 and 25 km. This should elim inate  
m ost o f  the field caused by sources shallow er than approxim ately 11 km.
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shows tha t they both  have the same general shape and m agnitude but, as 

expected, the filte red  data is considerably sm oother.

3.4.3 A u to m a tic  Ite ra tive  F o rw ard  M o d e llin g .

Once the effects o f a ll re la tive ly  shallow  sources have been rem oved, m ode lling  

the ‘M o h o  topography’ can go ahead. T he  th ree  d im ensiona l m ode lling  rou tine  

‘ IT 3 D G R A V ’ was adapted fro m  one k in d ly  supp lied  and o rig ina lly  developed by 

D r. M . Lee (BGS, K eyw orth ). I t  runs on a V A X  S tation 3100 and uses the 

fo llow ing  ite ra tive  technique.

A  body o f anom alously high density (a density contrast o f  0.5 g cm -3 across the 

M oho  is used) is defined by ve rtica l prism s o f  square cross-section, one centred 

on each o f the grid  po in ts in  the filte re d  residual g rav ity  data. The top  o f this 

body is a variab le  surface w h ich  is au tom a tica lly  adjusted by the program . The  

gravity anom aly o f  the en tire  m ode l is ca lcu lated fo r  each g rid  po in t by sum m ing 

the g rav ita tiona l e ffect o f each prism . The thickness o f  each prism  is then adjusted 

by the fo llow ing  fo rm u la :

T  = T  * g~  " n_1 2HGAp

W here:

T n =  Thickness a fte r n ite ra tions 

T n., =  Thickness a fte r n-1 ite ra tions 

go =  ‘observed’ residual g ravity  

g, =  calculated gravity 

G  =  g rav ita tiona l constant 

A p =  density contrast at the M o h o
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The gravity effect o f  the new m odel is then calculated and the ca lcu la tion  

p rocedure  continues fo r a preset num ber o f  ite ra tions.

The  rou tine  is a llowed to  a lte r the data free ly  in  this way bu t constra ined so 

tha t the so lu tion a fte r each successive ite ra tion  lies between two depth lim its . The  

m in im um  depth lim it was defined as be ing 12 km . Such a value was chosen 

because the filte rin g  technique (3.4.2) should have rem oved anom alies caused by 

sources at depths shallow er than this. The m axim um  depth  lim it  should 

correspond approx im ate ly  w ith  the thickness o f unstretched crust, i.e. w here  the 

M o h o  is no t anom alously shallow. Evidence fro m  a deep seismic re fra c tion  line  

across the W itch  G round  G raben (C h ris tie  and Scla ter 1980) shows this dep th  to  

be approx im ate ly  35 km  under the East Shetland P la tfo rm . O the r authors such as 

B a rto n  and W ood (1984) c la im  this dep th  to be approx im ate ly  31 km. In  this 

experim ent a m axim um  dep th  lim it o f  35 km  was chosen a lthough the results show 

(3.5) tha t the m odelled  M o h o  topography never qu ite  reaches this depth. T h e  

am biguous nature  o f po ten tia l fie ld  m ode lling  means tha t there are an in fin ite  

num ber o f possible solutions to the p rob lem . The  assum ption o f  a m axim um  

dep th  there fo re , provides an im p o rta n t constra in t on the m odel. I f  the assum ption 

is no t made, the so lu tion  w ill have a large associated absolute e rro r in the M o h o  

depth. Such an e rro r could  no t be qua n tified  w ith  any degree o f accuracy.

A fte r  the rou tine  has com pleted its preset num ber o f  ite ra tions the end resu lt 

is a sim ple grid  o f data points representing  one possible so lu tion  fo r  depths to  the  

M o h o . A  second grid  is also produced representing the d iffe rence in  m G als 

between the observed residual g rav ity  and the calculated gravity fo r  the fin a l 

m odel.
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3.5 RESULTS

3.5.1 Results O bta ined  U sing U n filte re d  Residual G rav ity

F igure  3.22 is an isom e tric  p ro jec tio n  o f  the so lu tion obta ined using un filte red  

residual gravity  a fte r 50 ite ra tions. The  same so lu tion is also shown as a grey-scale 

con tou r map in figu re  3.23.

The high frequency na tu re  o f the  u n filte re d  data is transm itted  to  the so lu tion  

p roducing  w hat appears to  be a geo log ica lly  unrea listic result. H ow ever, i f  the 

sm all wavelength features are ignored, a genera l shape fo r the M oho  topography 

can s till be p icked ou t. Th is  shape is m uch easier to  see when the filte re d  residual 

g rav ity  data is used (see 3.5.1.2 and 3.5.1.3). Depths to  the M oho  vary fro m  

sligh tly  g reater than  34 km  to  less than 12 km . The shallowest points occur in  the 

centre  o f the area, in  the C en tra l G raben and South V ik in g  G raben and over the 

East Forties Basin. The  m ode lling  ro u tin e  has a lim itin g  depth o f 12 km  thus 

F igure  3.22 shows the so lu tion  being ‘p la n e d -o ff at this depth over the East 

Forties Basin and C en tra l G raben.

F igure  3.24 shows the  d iffe rence  between the un filte red  residual g ravity and 

tha t calculated fo r  this so lu tion . A ga in  the high frequency nature o f the resu lt 

makes it  d iffic u lt to  dec ipher bu t e rro rs  range between roughly + / -  7 m G al. T he  

largest errors tend ing  to  concentra te  on areas where the M o h o  is re la tive ly  deep.
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F IG U R E  3.22 Isom etric  p ro jec tio n  o f  the  so lu tion  obta ined a fte r 50 
ite ra tions using u n filte re d  residual g ravity . The  surface represents depths 
to  the M oho  (in  k ilom e tres) fo r  the study area.
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F IG U R E  3.23 Grey-scale con tour m ap o f  the  so lu tion  obta ined a fte r 50 
ite ra tions  using u n filte re d  residual gravity. D epths are in  units o f 
k ilom etres.
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F IG U R E  3.24 Grey-scale con tou r m ap representing ‘goodness o f f i t ’ (i.e. 
the  d iffe rence  between th e  residual g ravity  and tha t calculated fo r  this 
so lu tion ) fo r  the  so lu tion  obta ined  a fte r 50 ite ra tions using u n filte re d  
residua l gravity. C ontours are in  units o f 2 m G a l.
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F igure 3.25 is an isom etric  p ro jec tion  o f  this so lu tion , the same resu lt is also 

shown as a grey-scale con tou r p lo t in figu re  3.26.

T he  general shape o f the M o h o  topography in  this so lu tion  fo llow s the gross 

geological structure  o f the area. T h ree  zones o f anom alously shallow  M o h o  can 

be iden tified : one trend ing  N N W -S S E  in  the south-east o f  the study area, ano ther 

trend ing  W N W -E S E  across the centre o f  the area and a th ird  trend ing  

approx im ate ly  N-S in  the north . D epths to the M o h o  vary between app rox im a te ly  

34 km  and approxim ate ly 15 km.

In  the no rth  o f the study area the M o h o  topography form s a ridge-like  

s tructure  trend ing  N-S along the line  o f  the  South V ik in g  G raben. T he  shallowest 

p o in t on this ridge (approx im ate ly  18 km ) occurs on the western side o f  the 

graben w ith  a secondary ‘h igh ’ at the extrem e southern end. O ff-axis to  the west 

o f  the V ik in g  G raben in the area o f the East Shetland P la tfo rm  the  M o h o  is 

re la tive ly  deep (m axim um  depth o f 34 km ) and the general s tructure  is sm ooth. 

T he  western boundary fa u lt o f  the V ik in g  G raben is also m arked by a steep 

g rad ien t in the M oho  topography.

The centre o f the study area is dom inated by a broad W N W -E S E  trend ing  

ridge in  the M oho  topography. F ou r centres o f anom alously shallow  M o h o  can be 

iden tified : one at the very centre o f the study area where the M o h o  reaches 

depths o f approxim ate ly 17.5 km , one at the centre o f each o f the W itch  G round  

and Buchan Grabens and a fo u rth  centred on the East Forties Basin in  the east. 

In  the last case the M oho  is as shallow  as 15.0 km . The  tw o shallow  zones centred 

in  the Buchan and W itch  G round  Grabens are separated by a synform al fea tu re  

w here  the M o h o  is com parative ly deep.

In  the south the dom inant fea tu re  is a N N W -S S E  trend ing  ridge p a ra lle l to  and 

centred on the C entra l G raben. In  the centre o f this ridge the M o h o  is very

3.5.2 Results Obtained Using Filtered Residual Gravity After 50 iterations
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FIGURE 3.25 Isometric projection of the solution obtained after 50
iterations using filtered residual gravity. The surface represents depths to
the M oho (in kilometres) for the study area.
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H M A B O V E 34.0

n ® 3 2 .0 - 34 .0

m u 3 0 .0 - 32.0

m m 2 8 .0 - 30.0

fS M 2 6 .0 - 2 8 .0

i f e i i 2 4 .0 - 26 .0

m m 2 2 .0 - 2 4 .0

m m 2 0 .0 - 2 2 .0

18.0- 20 .0

L U 16.0- 18.0

1 1 14.0- 16.0

l _ J B E L O W 14.0

F IG U R E  3.26 Grey-scale con tou r m ap o f  the  so lu tion  obta ined a fte r 50 
ite ra tions using filte re d  residual gravity. D epths are in  units o f  k ilom etres.
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F IG U R E  3.27 Grey-scale con tour m ap representing ‘goodness o f  f i t ’ (ie . 
the  d iffe rence  between the residual g ravity  and tha t calculated fo r  this 
so lu tio n ) fo r  the so lu tion  obta ined a fte r 50 ite ra tions using filte re d  residua l 
g rav ity . C ontours are in  units o f 1 m G al.
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shallow  at approx im ate ly  15.5 to  16 km. V e ry  steep gradients in the M oho  

topography separate this s truc tu re  fro m  two areas where the M o h o  is 

com para tive ly  deep. T o  the east (and s till w ith in  the C entra l G raben area) a 

va lley in the M o h o  topography trends sub-para lle l to  the ridge. H e re  the M o h o  

reaches depths o f app rox im a te ly  32 km . O ff-ax is to the west the general structure  

is sm oother w ith  the M oho  increasing in  dep th  up to  34 km  in the extrem e south­

west o f the study area. A n  iso lated ‘h igh ’ occurs ju s t to  the west o f  the C entra l 

G raben ’s western boundary fa u lt w here  the  M o h o  is at depths o f rough ly 20 km .

F igure  3.27 is a con tou r m ap show ing the d iffe rence in mGals between the 

filte re d  residual g ravity  (figu re  3.21) and the calculated anom aly tha t w ou ld  be 

caused by the upper-m antle  body m ode lled  here. The f it  is very good and varies 

between -3 .5  and 1.5 m G al. In  fact over m ost o f  the area the f it  is w ith in  + / — 

1.0 m G al. D evia tions fro m  this on ly  occur loca lly  and then generally in  places 

where the M oho  is at its deepest.

3.5.3 R esu lts O btained U sin g  F iltered  R esidual Gravity After 20 iterations

N o  sign ificant im provem ent in  the  f i t  o f  the m odel occurred beyond 50 

ite ra tions. H ow ever, i t  was no ticed  th a t w ith  each successive ite ra tion  the m odel 

became less smooth, the steep grad ients in  the topography between features such 

as the ridge and va lley in  the south-east o f  the study area becom ing m ore  and 

m ore  p rom inen t. U sing  20 ite ra tions  ra th e r than 50 an a lternative sm oother m odel 

can be obta ined where the ‘goodness o f  f i t ’ is not s ign ificantly reduced.

Figures 3.28 and 3.29 are respective ly, the isom etric  p lo t and grey-scale con tou r 

p lo t fo r  this so lu tion. The genera l shape is the same as tha t ob ta ined  using 50 

ite ra tions a lthough the structure  is som ewhat sm oother. The M o h o  is at its 

shallowest in  the East Forties Basin w here  it  reaches depths o f rough ly  16 km  

slightly deeper than the so lu tion  ob ta ined  using 50 iterations.
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F IG U R E  3.28 Isom etric  p ro je c tio n  o f the  so lu tion  obta ined  a fte r 20 
ite ra tions using filte re d  residua l gravity. T h e  surface represents depths to  
the M oho  (in  k ilom etres) fo r  the  study area.
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1 1 A B O V E 34.0

g m 3 2 .0 - 34 .0

S H I 3 0 .0 - 3 2 .0

H i 2 8 .0 - 30.0

2 6 .0 - 2 8 .0

\m m 2 4 .0 - 2 6 .0

2 2 .0 - 2 4 .0

I F l 2 0 .0 - 2 2 .0

| i * j 1 8 .0 - 2 0 .0

l « * l 1 6 .0 - 18.0

1 1 B E L O W 16.0

F IG U R E  3.29 Grey-scale co n to u r m ap o f  the so lu tion  obta ined a fte r 20 
ite ra tions  using f ilte re d  residual gravity. D epths are in  units o f k ilom etres.
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n n A B O V E 2 .0

S M I 1 .0 - 2 .0

S S I 0 .0 - 1.0

i n i -1 .0 - 0 .0

i § i i i -2 .0 - -1 .0

L 2 J -3 .0 - -2 .0

i i -4 .0 - -3 .0

l _ l B E L O W -4 .0

F IG U R E  3.30 Grey-scale co n to u r m ap represen ting  ‘goodness o f f i t ’ (i.e. 
the  d iffe rence  between the  res idua l g rav ity  and tha t calculated fo r  this 
so lu tion ) fo r  the so lu tion  obta ined a fte r 20 ite ra tions  using filte re d  residual 
gravity. C ontours are in  units o f  1 m G al.
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F igu re 3 .30  sh ow s th e  'g o o d n e ss  o f  fit’ for  this so lu tio n . T h e  errors are slightly  
larger than th o se  o b ta in ed  for th e  5 0  itera tion  so lu tio n  but g en era lly  th ey  lie  
b e tw e e n  + / -  2 m G al. A g a in  th e la rg est errors (a p p ro x im a te ly  —4 m G a l) ten d  to  
b e  a sso c ia ted  w ith  areas w h ere  th e  M o h o  is d e e p e s t  an d  th o se  a rea s o f  s te e p  
grad ien t.

T h e  g eo lo g ica l im p lica tio n s o f  th e s e  m o d e ls  w ill b e  d iscu ssed  in d e ta il in  
ch a p ter  6 w h ich  d ea ls  w ith  th e  e x te n s io n a l h istory  o f  th e  N o r th  S ea .

3.5.4 Q UANTIFICATIO N O F E R R O R S

T h e  co m p lex  n atu re o f  th e  m o d e llin g  p ro ced u re  m e a n s  th at errors can  b e  
in tro d u ced  at sev era l stages. If th e  a ssu m p tio n  o f  a m ax im u m  d ep th  lim it is m a d e  
and  th e  a sso c ia ted  a b so lu te  error in th e  M o h o  d ep th  is ig n o red  th en  fiv e  p r in c ip a l 
so u rces  can  b e  d efin ed :

1) T h e  orig inal B o u g u er  A n o m a ly  D a ta
2 ) T h e  accu racy  o f  th e  se ism ic  stru ctu re  m a p s p ro d u ced  by D a y  e t  al (1 9 8 1 )
3 ) T h e  tran sfer  o f  th ese  m ap s to  d ig ita l fo rm a t
4 ) T h e  ch o ice  o f  d en sity  con trasts
5 ) T h e  iterative  3 D  m o d e llin g  ro u tin e .

3.5.4.1 Accuracy o f  the O riginal Survey

A s m e n tio n e d  in 3.2.1 th e  accu racy  o f  m a rin e  gravity surveys is co n s id era b ly  
le ss  th an  th e  0.1 m G al accu racy  e x p e c te d  for  a la n d -b a sed  su rvey . In th is c a se  
T u lley  an d  D o n a to  (1 9 8 5 ) rep ort an in tern a l accu racy  for th e  su rvey  o f  1 m G a l.
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3.5.4.2 Accuracy of the Seismic Structure Maps

D a y  e t al (1 9 8 1 ) d o  n ot rep o rt on  th e accu racy  o f  th eir  m ap s o th er  than  to  
p o in t o u t that th e  d ep th  e s t im a te s  w ill d e c r e a se  in accu racy  for  th e  d e e p e r  
h o r izo n s. T h e  re flec to rs  arising  at th e  ch o sen  h o r izo n s such  as th e  T o p -  
P a la e o c e n e  and B a se -C r e ta c eo u s  h a v e  very  d istin ctive  ch aracters. E rrors d u e  to  
th e  p ick in g  o f  th e se  h o r izo n s during  se ism ic  in terp reta tio n  w ill th ere fo re  b e  
m in im al. T h e  c h ie f  in accu racy  w ill ar ise  d u rin g  th e  c o n v ers io n  from  tim e  to  d ep th . 
T h is  is d o n e  u sin g  a t im e /d e p th  cu rve  d er iv ed  from  a v era g ed  w e ll d a ta  for  e a c h  
a rea . W h ere  w e ll in fo rm a tio n  is sp a rse  (i.e . a t large d ep th s)  th is cu rve w ill b e  le a s t  
a ccu ra te . H o w ev er , for  h o r izo n s y o u n g er  th a n  th e  B a se  C r e ta c eo u s  it is u n lik e ly  
th a t an y  error w ill b e  larger th a n  a p p ro x im a te ly  0 .25  km . It is a lso  im p o rta n t to  
n o te  th a t th e  d e e p e r  layers h a v e  sm aller  a sso c ia ted  d en sity  con trasts  and a re  
g en era lly  le ss  th ick . T h u s th e  error is la rg est w h ere  th e  co n tr ib u tio n  to  gravity is 
re la tiv e ly  sm all.

3.5 .4 .3  Accuracy o f the G ridding Process

T h e  d igita l m ap s r ep resen tin g  d e p th s  to  ea ch  o f  th e  n ea r-su rfa ce  layers  
c o m p a r e  favou rab ly  w ith  th e  orig in a l se ism ic  stru ctu re m ap s. T h e  c h ie f  errors  

^ a r i s e ^ i l l  arise  w h ere  th e  sed im en ta ry  s e q u e n c e s  are c o m p lica ted  by  fau lts. In 
m e s e  a rea s th e  gridd ing  p ro ced u re  w ill ten d  to  sm o o th  o v er  th e  fau lt, sp rea d in g  
its e f fe c t  o v er  th e  sp a c e  o f  o n e  grid  in terva l. H o w ev er , in th e  study a rea  on ly  th e  
C r e ta c eo u s  layer is su b stan tia lly  a ffe c ted  by fau ltin g , an d  this co n tr ib u tes  a  
re la tiv e ly  sm all a m o u n t to  th e  o v era ll g rav ita tion a l e ffec t.

O vera ll, th e  m ax im u m  error fo r  th e  d ep th  to  th e  B a se  C r e ta ceo u s  is u n lik e ly  
to  b e  in  error by m o re  th an  + / -  0.5 km . If th e  n ea r-su rfa ce  layers a re  
a p p ro x im a ted  to  a h o r izo n ta l slab  w ith  a n  a v era g e  d en sity  con trast o f  
- 0 . 5 5  g  cm "3 th en  a ch a n g e  in th ick n ess o f  0.5  km  is eq u iv a len t to  a ch a n g e  in  
g ra v ita tio n a l a ttraction  o f  11.5 m G a l.
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3.5.4.4 Accuracy of Density Estim ates.

E a ch  m o d e l is d er iv ed  by co n s id er in g  6 sep a ra te  layers ea ch  having  a 
ch a ra cter istic  d en sity . E rrors in th e  e s t im a te s  o f  d en sity  con trast w ill th ere fo re , 
p lay  an im p ortan t p art in d e te r m in in g  th e  final so lu tio n .

T h e  w a ter  layer co n tr ib u te s  su ch  a sm all a m o u n t to  th e  to ta l gravity e ffe c t  (fig . 
3 .1 1 ) th at any error in th e  d en s ity  (w h ich  is u n lik ely ) w ill h ave  a n eg lig ib le  a ffe c t  
o n  th e  en d  resu lt. A s  m e n tio n e d  in 3 .4 .1 .2  d en sity  e s tim a tes  for th e  o th er  th ree  
n ea r-su rfa ce  layers w e r e  m a d e  u sin g  w e ll lo g  in fo rm a tio n  from  th e  stu d y a rea . It 
w as a lso  p o in ted  o u t that d u e  to  th e  a ffe c ts  o f  c o m p a ctio n  th e se  e s tim a tes  w ill b e  
le a s t  a ccu ra te  in p la c e s  w h e r e  th e  s e q u e n c e  is d e e p e s t .

T e lfo rd  e t al (1 9 7 6 )  rep o r t th a t w e t  sa n d sto n e  h as an  a v era g e  d en sity  o f  2 .0  g  
c m '3 w ith  a  p o ss ib le  ran ge o f  1 .7  to  2 .3  g  c m -3. H o w e v e r , w h ere  th e  d en sity  o f  th e  
sed im en ta ry  se q u e n c e  h a s a c tu a lly  b e e n  m ea su red  d irectly  and in sev era l p la ces  
th en  th e  error w ill b e  co n s id era b ly  le ss  than  + / — 0.3  g cm -3. H o llig e r  an d  
K le m p e r e r  (1 9 8 9 )  in a  sim ilar  gravity  m o d e llin g  study in th e  N orth  S ea  e s t im a te  
th a t th e  a v era g e  u n certa in ty  in a ll d en sity  con trasts is + / — 0 .05  g  c m '3.

U s in g  th e  a p p ro x im a tio n  o f  th e  n ea r-su rfa ce  layers to  a h orizon ta l slab  o f  
v a r ia b le  th ick n ess th en  th e  fo llo w in g  e stim a tio n s  o f  accu racy  can  b e  m a d e . F o r  a  
to ta l th ick n ess o f  1 km  an  error  in  th e  d en sity  co n tra st o f  0 .05 g cm'3 is eq u iv a le n t  
to  a p p ro x im a te ly  2 .1  m G a l for  a th ic k n e ss  o f  3 km  th e  error is eq u iv a len t to  6 .3  
m G a l and  for 5 km  th e  error  is e q u iv a le n t  to  10.5 m G al.

A t  th e  M o h o  th e  d en sity  co n tra st c h o se n  is 0.5  g  cm *3. U n lik e  th e  n ea r-su rfa ce  
layers th is con trast ca n n o t b e  d irectly  m ea su red  an d  h as to  b e  d e te r m in e d  b y  
o th er  m ea n s  su ch  as co rre la tin g  s e ism ic  v e lo c ity  w ith  d en sity  (B a rto n  and  W o o d  
1 9 8 4  an d  B arton  1986). T h e  erro r  in th is co n tra st m ay  b e  larger than  th a t  
a sso c ia te d  w ith  th e  sed im en ta ry  s e q u e n c e s . T h e  e f fe c t  o f  varying th is co n tra st b y  
+ / -  0 .1  g  c m '3 is sh o w n  in  3 .5 .4 .6 .
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3.4.4.S Errors Due to the Three D im ensional Modelling.

A s se e n  earlier  in this sec tio n  th e  q u a lity  o f  fit is very  g o o d  for m ost o f  th e  
m o d e ls  co n sid ered  h ere . E rrors a re  rarely  in e x c e ss  o f  + / — 4 m G al w ith  any  
sign ifican t errors occu rrin g  on  a re la tiv e ly  sm all sca le  and lim ited  to  sp e c if ic  
lo ca tio n s. T h e se  b e in g  m ain ly  in th e  a rea  w h e r e  th e  M o h o  is re la tive ly  d e e p  an d  
a lso  in areas a sso c ia ted  w ith  s te e p  g r a d ie n ts  in  th e  M o h o  top ograp h y .

3.5.4.6 O verall E stim ation  o f  Errors

T h e  fo llo w in g  estim a tio n s  h a v e  b e e n  m a d e:

E rror d u e  to  su rvey  in a ccu ra c ies  =  1 m G a l.
E rrors d u e to  in a ccu ra c ies in d ep th  e s t im a te s  =  11.5 m G al.
M ax. error d u e  to  in a ccu ra te  d en sity  co n tra sts  =  10.5 m G al
E rrors d u e to  q uality  o f  fit during m o d e llin g  =  4  m G al.
T o ta l =  27 m G al.

If th e  u p p er-m a n tle  b o d y  is a p p r o x im a te d  to  a h o r izo n ta l slab  th en  for a 
d en sity  con trast o f  0.5 g  c m -3 an error o f  27  m G a l is eq u iv a len t to  a ch a n g e  in  
th ick n ess o f  1.3 km . F o r  a  d en sity  c o n tr a st o f  0 .6  g  cm "3 th e  error is 1.1 km  an d  
for a  d en sity  con trast o f  0 .4  g c m '3 (in  lin e  w ith  th e  0 .3 9  g  c m '3 p red ic ted  by  
W o o la rd  (1 9 6 6 ))  th e  error is 1.6 km .

3.6 SUM M ARY

T h e  m o st im p ortan t co n c lu s io n s  o f  th e  p r e se n t  ch a p ter  are  su m m a rised  as  
fo llow s:

1) T h e  m ost n o ta b le  fea tu re  o f  th e  B o u g u e r  a n o m a ly  m ap  for  th e  study area  is
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th e  lo w  a m p litu d e  (b e tw e e n  —2 8  an d  + 3 5  m G a l.)  o f  th e  fie ld . T h e  th ick  
se d im e n ts  a sso c ia ted  w ith th e  a rea  w o u ld  p r o d u ce  large  n eg a tiv e  a n o m a lie s , it 
fo llo w s that th ere  m ust b e a c o m p e n sa tin g  m ass at d ep th .

2) T h ere  is a ch a n g e  in the field  from  d o m in a n tly  N E -S W  (typ ica lly  C a le d o n ia n )  
tren d s in th e  so u th  w est to  N N W -S S E  tren d in g  fe a tu r e s  in th e  east.

3 ) T h e  to ta l grav ita tion a l e ffe c t  o f  sed im en ta ry  se q u e n c e s  d o w n  to  th e  B a se  
C r eta ceo u s  can  b e  ca lcu la ted  in th r e e  d im en sio n s . T h e  g r e a te s t  co n tr ib u tio n  to  th e  
resu lta n t fie ld  c o m e s  from  th e  th ick  lo w  d en sity  se d im e n ts  o f  th e  T ertiary  a lth o u g h  
th e  g en era l sh a p e  o f  the fie ld  is largely  c o n tr o lle d  by  th e  e f fe c t  o f  th e  C r e ta c eo u s  
layer.

4 ) A  resid u al fie ld  has b e e n  ca lcu la ted  w h ich  is in te r p r e te d  as b e in g  d u e  to  
va r ia tio n s in th e  d ep th  to  th e  M o h o . T h e  g en era l sh a p e  o f  th is fie ld  fo llo w s  th e  
m ajor structural e le m e n ts  o f  th e  stu d y a rea . T h e  fie ld  v a r ies  b e tw e e n  6  an d  119  
m G a l. th e  largest v a lu es b e in g  a sso c ia te d  w ith  th e  C en tra l G ra b en  and th e  E a st  
F o rtie s  B asin .

5 ) L ow  p ass filterin g  in th e  w a v en u m b er  d o m a in  w a s u se d  to  r e m o v e  a n o m a lie s
from  th e  resid u al fie ld  w hich  co u ld  h a v e  b e e n  ca u sed  by so u rces  sh a llo w er  th an  
a p p ro x im a te ly  11 km . L t + h *

6 ) T h e  filtered  resid u al fie ld  w as m o d e lle d  in th r e e  d im en sio n s  u sin g  an  itera tiv e  
forw ard  m o d e llin g  tech n iq u e . T h e  b e s t so lu tio n s  sh o w  an  U p p e r  M a n tle  b o d y  
varyin g  in d ep th  to  its u p p er  su rfa ce  from  a p p ro x im a te ly  3 4  km  to  16 km . A r e a s  
w h ere  th e  M o h o  is re latively  sh a llo w  ten d  to  b e  g o v ern ed  by  th e  m ajor  stru ctu ral 
e le m e n ts  in th e  study area . T h e  sh a llo w e st  p o in ts  are  fo u n d  in  th e  E a st  F o r tie s  
B a sin  and th e  C en tra l G rab en .

7) S o u rces  o f  error in th e  m o d e llin g  p r o c e d u r e  can  b e  id en tif ied  an d  th e  errors  
th e m se lv e s  can  b e  estim a ted  u sin g  th e  fo rm u la  for  a h o r izo n ta l slab . T h e  to ta l
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e r r o r  fo r  m o d e l le d  d e p th s  to  t h e  M o h o  is  n o t  in  e x c e s s  o f  + / -  1 .6  k m .
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CHAPTER 4

A N A L Y S IS  O F  A E R O M A G N E T IC  D A T A

4.1  IN T R O D U C T IO N

In th e  p rev iou s ch a p ter  a d e ta ile d  stu d y  w a s m a d e  o f  th e  B o u g u er  a n o m a ly  
data . A s  a c o m p le m e n t to  th is an in te r p r e ta tio n  w a s a lso  m a d e  o f  all th e  a v a ila b le  
a e ro m a g n etic  data  for th e  stu d y a rea . T h is  ch a p ter  o u tlin es  th at in terp reta tio n .

T h e  m a g n etic  m eth o d  is b a se d  o n  in terp re tin g  va r ia tio n s in th e  m a g n etic  fie ld  
g e n e r a te d  by su scep tib ility  co n tra sts  a n d /o r  c h a n g es  in rem a n en t m a g n e tisa tio n  
w ith in  th e E a rth ’s crust. B o th  o f  th e s e  rock  p ro p er tie s  can  o n ly  ex ist at 
tem p era tu res  c o o le r  than  th e  C u rie  p o in t, w h ich  va r ies accord in g  to  m in era logy . 
A lm o st all th e  m a g n etic  p r o p e r tie s  o f  rock s a re  d u e  to  co n cen tra tio n s o f  th e  
a ccesso ry  m in era l m a g n e tite  (P a te r so n  a n d  R e e v e s ,  19 8 5 ) w hich  has a C urie p o in t  
o f  575°C . (T e lfo rd  e t  al, 1976). C a rsten s  an d  F in sta d , 1981 rep o rt th at th e  
g eo th erm a l grad ien t for th e  n o rth ern  N o r th  S e a  v a r ies b e tw e e n  25°C  k m -1 an d  
40°C k m -1, th e  larger g ra d ien ts te n d in g  to  o ccu r  tow ard  th e  cen tre  o f  th e  V ik in g  
G rab en . If an avera g e  g e o th e r m a l g ra d ien t o f  32 .5°C  km "1 is a ssu m ed  for th e  
C en tra l N orth  S ea  th en  th e  C u rie  p o in t w ill o ccu r  a t d ep th s o f  a p p ro x im a te ly  18 
km . T h u s in th e  N orth  S e a  a e r o m a g n e tic  in terp re ta tio n  is restr icted  to  a n a ly ses  
o f  stru ctu res w ith in  th e  u p p e r  h a lf  o f  th e  crust.

T h e  prim ary o b jectiv es  o f  reg io n a l a e r o m a g n e tic  surveys can  b e  su m m a rised  
as fo llow s:

1) D e lin e a tin g  areas w h e r e  th ere  a re  th ick  a ccu m u la tio n s  o f  v o lca n ic  rock .

2 ) Id en tifica tio n  and d e lin e a tio n  o f  large  in tru sive  b o d ie s .
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3) R e c o g n it io n  and in terp reta tio n  o f  m a g n e tic  lin ea tio n s, o fte n  a sso c ia te d  w ith  
z o n e s  o f  fau lting, sh ear in g  and fracturing.

4 ) D e lin e a tin g  th e  structure o f  th e  m a g n e tic  b a sem en t u n d erly in g  sed im en ta ry  
basins.

O th er  u ses  such  as th e  d irect d e te c t io n  o f  m a g n etic  iron  are n o t o f  u se  to  th is  
study.

S e c tio n  4 .2  o f  th is ch a p ter  su m m a rises  th e  d eta ils  and  a cq u is itio n  p a ra m eters  
o f  th e  surveys u sed  in th is study. T h e  su b se q u e n t p ro cess in g  to  grid fo rm a t is a lso  
o u tlin ed .

A  d e ta iled  q u a lita tive  in terp re ta tio n  o f  th e  a e ro m a g n etic  d ata  is p r e se n te d  in  
se c t io n  4 .3 . T h is se c tio n  a lso  in c lu d es  sev era l d igitally  en h a n c e d  im a g es  to  a id  
in terp reta tio n . T w o  o f  th e  a reas w h e r e  th e  m a g n etic  fie ld  is p articu larly  in te n se  
(th e  P ip er -F o r tie s  V o lc a n ic  P ro v in ce  an d  th e  E a st F o rtie s  B a s in ) a re  d iscu ssed  in 
d eta il in  se c tio n  4 .4 . E ach  area  is d ea lt  w ith  sep ara te ly . T h e  a n o m a lie s  in th e se  
a rea s  are an a ly sed  and  m o d e lle d  u sin g  a co m b in a tio n  o f  2 .5 D  forw ard  and in v erse  
m o d ellin g . T h e  m o d e ls  o b ta in ed  a re  la ter  u sed  in con ju n ctio n  w ith  th e  B o u g u e r  
gravity to  m od ify  th e  M o h o  to p o g ra p h y  m o d e ls  o b ta in ed  in th e  p rev io u s ch a p ter .  
T h is p ro cess  is d iscu ssed  in d e ta il in ch a p ter  5.

T h e  ch a p ter  en d s w ith  a  b r ie f  su m m ary  o f  th e  m o st im p o rta n t co n c lu s io n s  
o b ta in e d  during th e  in terp reta tio n .
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4.2 A E R O M A G N ETIC  DATA

4 .2 .1  S u rvey  D e ta ils

T h e  m a g n e tic  d ata  se t  is m a d e  up o f  d a ta  from  th ree  sep a ra te  su rveys w h ich  
h a v e  b e e n  d ig itised  from  m ap s and th en  a m a lg a m a ted  in to  a s in g le  d igita l grid.

S o u th  o f  la titu d e  5 8 N . th e  data se t h as b e e n  d ig itised  from  B ritish  G e o lo g ic a l  
S u rvey  p u b lish ed  a e r o m a g n e tic  a n o m a ly  m ap s (F o rtie s  sh e e t  5 7 N  - 00  and  
P e te r h e a d  sh e e t  5 7 N  - 0 2W , 1:250 0 0 0  ser ie s ) . T h e se  m ap s h a v e  h ad  th e  
In tern a tio n a l G e o m a g n e t ic  R e fe r e n c e  F ie ld  su b tracted  from  th em  an d  are  
p r e se n te d  at 5 n T  co n to u r  in tervals. T h e  survey itse lf  w as flow n  in 1963 by  
A e r o se r v ic e s  C o rp o ra tio n . T h e  flight e le v a tio n  w as 305 m. and fligh t-lin e  sp a c in g  
w as 3 km . ea st-w est w ith  n o rth -so u th  tie  lin e s  at 40  km . sp acin g .

N o r th  o f  la titu d e  5 8  N . th e  d ata  c o m e s  from  tw o surveys p er fo rm ed  by  
H u n tin g s . A g a in  m a p s w e r e  d ig itised  a lo n g  flight lin es so  that th e  d ig ita l p ro d u ct  
co u ld  b e  u sed  as in p u t to  a grid d in g  a lgorith m .

4.2.2 P rocessing

D ig ita l d ata  w as p r o c e sse d  in to  grid form at using th e  m in im u m  cu rvatu re  
te c h n iq u e  o u tlin ed  in  3 .2 .1 . th e  resu ltin g  grid  is in th e  sa m e U T M  p ro jec tio n  as  
th e  B o u g u e r  a n o m a ly  d a ta  and  co v ers th e  sa m e  area . L ike th e  B o u g u er  a n o m a ly  
grid  it co n sists  o f  113 by 121 p o in ts  w ith  a  cell sp acin g  o f  2 km .

L e v e llin g  p ro b lem s b e tw e e n  th e  th ree  surveys w ere  largely  so lv ed  u sin g  th e  
p ro g ra m  ‘G R D L V L ’ (co u r te sy  o f  C o w a n  G e o d a ta  L td .). H o w ev er , th e  jo in  
b e tw e e n  su rvey  grids is still n o t p er fec t, thus th ere  are sp u riou s ea s t-w e st an d  
n o rth -so u th  o r ien ta ted  lin e  e ffe c ts  in th e s e  reg io n s (a p p ro x im a te ly  n o rth -so u th  
a lo n g  th e  1° lo n g itu d e  lin e  d o w n  to  58°N . and a lso  ea st-w est a lo n g  58°N .).
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In some areas (p a rticu la r ly  in the north -east and along the edges o f the g rid ) 

a lack o f data in the o rig ina l surveys means tha t these areas have been masked 

using dum m y values in the grid .

4.3 R EG IO N A L IN T E R PR E T A T IO N  O F AERO M A G N ETIC  DATA

Several methods o f in te rp re ta tio n  are ou tlined  in this section. A  quan tita tive  

analysis o f the aerom agnetic m ap is fo llow ed  by a discussion o f  the features 

revealed using firs t ho rizon ta l and second ve rtica l derivatives as w e ll as shaded 

re lie f images. D ig ita l f ilte r in g  in  the  w avenum ber dom ain  is discussed and several 

results o f high and low-pass f ilte r in g  using d iffe re n t param eters are presented. 

S truc tu ra l overlay 1 can be used in  con junction  w ith  all the images presented in 

this section. The p rinc ipa l results o f  the in te rp re ta tio n  are shown on m agnetic 

in te rp re ta tion  overlay 1.

T he  inc lina tion  o f the m agnetis ing ve c to r can appreciably in fluence the size 

and shape o f m agnetic anomalies. Th is can be corrected by reca lcu la ting  the fie ld  

as it  w ou ld  have been observed i f  the causative body had been placed at the no rth  

pole. Th is process is know n as reduction  to  pole  and can lead to  e rrors i f  any 

rem anent m agnetisation is present. A ndreasen  and Z ie tz  (1969) show tha t at h igh 

inc lina tions this e ffect is re la tive ly  sm all. S ince the inc lina tion  o f the  fie ld  in  the 

study area is 71 degrees and no in fo rm a tio n  is available regarding rem anence it  

was decided tha t the data w ou ld  no t b e n e fit greatly  fro m  po la r reduction .

4.3.1 Q ualitative Interpretation  o f  the A erom agnetic M ap.

F igure  4.1 shows the gridded  aerom agnetic  data fo r  the study area. I t  is 

presented in  a rectangular U T M  p ro je c tio n  (cen tra l m erid ian  at 0 degrees 

long itude). The axes coordinates are in  units o f  k ilom etres and the data is 

presented at 25 n T  contours (1 nanoTesla  =  1 G am m a).
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F IG U R E  4.1 T o ta l fie ld  aerom agnetic data fro m  the C en tra l N o rth  Sea. 
C o n to u r in te rva l is 25 nT . In  some places (such as the  extrem e N E ) 
in te rp o la tio n  has taken place to  cover areas w here  the re  is no rea l data.
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T he  in te rp re ta tio n  is made w ith  re ference to  the in te rp re ta tion  o f the B ouguer 

anom aly map fo r the same area (3.3). W herever possible the two data sets are 

com pared and contrasted. F o r ease o f reference the study area has been d iv ided  

in to  th ree  zones: northern , centra l and southern (see s tructu ra l overlay 1) and the  

p rin c ip a l anom alies have been num bered. The boundaries o f these zones are n o t 

re la ted  to  any geological boundaries however, they are the  same as those used in 

the in te rp re ta tio n  o f the B ouguer anom aly data.

T he  a u th o r is no t aware o f  any pub lished reg ional in te rp re ta tions  o f the w ho le  

o f  th is data set. H ow ever, this in te rp re ta tio n  is made w ith  some re ference to  a 

non-exclusive in te rp re ta tio n  o f the  data south o f 58°N m ade by A R K  

G E O P H Y S IC S  L T D  in 1986. F o r the purpose o f this research the conclusions 

m ade du ring  the in te rp re ta tio n  have been derived d irec tly  fro m  the gridded  data 

set shown in figu re  4.1. Results ob ta ined  by A R K  G E O P H Y S IC S  w hich have no t 

been derived  in  this research (due to  softw are lim ita tions , fo r  instance) are given 

fu ll c red it.

4 3 .1 .1  N orthern Zone

A  large east-west trend ing  m agnetic h igh (fea tu re  1) is the dom inan t fea tu re  

in  the  western p a rt o f this zone. The  anom aly reaches a m axim um  o f 300 n T  and 

is centred  ju s t to  the south o f  the W ick  fa u lt w hich separates the Caithness R idge  

to  the  n o rth  fro m  the O u te r M o ra y  F ir th  Basin to  the south. The  B ouguer 

anom aly m ap (figu re  3.1) also shows an elongate east-west trend ing  pos itive  

anom aly in  this area.

T he  m agnetic anom aly is te rm ina ted  to  the  east by a re la tive ly  strong m agnetic 

g rad ien t m ark ing  the south-western fla n k  o f the D u tch  Bank Basin (P ip e r 

E m baym ent). T he  basin itse lf is m arked  by a broad SE - N W  trend ing  m agnetic  

low  (fea tu re  2) reaching a m agnetic m in im um  o f approxim ate ly -1 3 0  n T  in  the  

no rth . T h e  sm ooth nature o f  the fie ld  in  this area suggests a deeply b u ried
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The Fladen G round  Spur is m arked  by a m agnetic high o f less than 100 n T  

(fea tu re  3) trend ing  a lm ost N - S. T he  anom aly is very w e ll matched to  the  

general shape o f the spur and so is p robab ly  caused by the raised basement in this 

area. There  is a positive B ouguer anom aly associated w ith  this fea ture  a lthough 

it  is centred approx im ate ly  10 km  to  the east o f  the m agnetic high. This has been 

in te rp re te d  (see figure  3.1 and D o n a to  and T u lley, 1981) as the southern edge o f 

a basem ent ridge on the western fla n k  o f  the V ik in g  Graben.

b a s e m e n t .  A  la r g e  n e g a t iv e  B o u g u e r  a n o m a ly  is a ls o  p r e s e n t  in th is  a r e a .

4 3 .1 .2  C entral Zone

T he  west o f this zone is m arked  by a large, approxim ate ly, E  - W  trend ing  

m agnetic low  (fea tu re  4) associated w ith  the  th ick  sediments o f the O u te r M o ra y  

F ir th  Basin. In  places the  anom aly reaches lows o f over —200nT. South and south ­

east o f  this fea ture  the m agnetic fie ld  is characterised by N E  - SW  trend ing  

lineam ents p robab ly  caused by fau lts in  the  C aledonian basement (4.2.1.3). T he  

sudden change in  the fie ld  fro m  sm ooth  and negative to  com plex and largely 

positive  strongly suggests th a t this basinal area is fau lt bounded to the south. Since 

i t  is cut by C aledonian features it  seems m ore  like ly  tha t this area represents an 

reg ion  where the basem ent surface is re la tive ly  deep ra the r than an area o f  

basem ent w ith  an un-characteris tica lly  low  susceptib ility  contrast. A  large negative 

B ouguer anom aly is also associated w ith  th is  area.

A lth o u g h  its shape is c learly  de fined in  the  gravity  data, the H a lib u t H o rs t does 

n o t have a strong m agnetic signature. A  very low  am p litude  (less than 50 n T ) 

m agnetic  ridge does fo llo w  the  same tre n d  as the  H a lib u t H o rs t and the H a lib u t 

P la tfo rm  to  the N orth . A n  iso la ted m agnetic h igh (approx im ate ly  100 n T ) occurs 

on the eastern edge o f the horst w h ich  m ay be associated w ith  the P iper-Forties  

V o lcan ic  P rovince to  the east. Th is w ho le  area is un fo rtuna te ly  d isrupted by a N  - 

S lineam ent w h ich  is pu re ly  an a rtifa c t o f  the  g ridd ing  process and m arks the jo in
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b e t w e e n  tw o  su rv ey s .

T he  C entra l zone is dom ina ted  by a b road  m agnetic h igh (fea tu re  5) over the 

W itch  G round and Buchan G rabens. Th is  consists o f tw o m agnetic maxima, one 

in the north  o f almost 300 nT  and a s ligh tly  sm a lle r one to  the south in  the 

Buchan G raben o f approx im ate ly  250 nT. U n fo rtu n a te ly  the anom aly is d isrupted 

by a large E  - W  gridd ing  a rte fact m ark ing  the boundary between the Aeroserv ice  

survey to the south from  the H un tings surveys to  the no rth . These large anom alies 

are in  fact the magnetic s ignature o f  the P ipe r-F o rties  Jurassic V o lcan ic  Province 

(H o w itt  et al, 1975 and W oodh a ll and K nox, 1979). T he  a lka li basalts associated 

w ith  this region are discussed in  m ore  de ta il in  2.4). D e ta iled  2.5D m ode lling  o f 

this fea tu re  is discussed in 4.4.1. Th is  fea tu re  is also associated w ith  a broad  high 

in the Bouguer anom aly data. A n y  C a ledon ian features in  the basement tend to  

be obscured by the anom aly due to  the basalts how ever some de ta il can be made 

ou t using shaded re lie f images (see 4.3.3).

The  eastern flank  o f the P ipe r-F o rties  anom aly is m arked  by a steep g rad ien t 

in  the m agnetic fie ld  runn ing  in to  a na rrow  N  - S trend ing  trough w hich reaches 

a low  o f  approxim ate ly —210 nT. A n o th e r steep g rad ien t separates this low  fro m  

a very d istinctive c ircu la r h igh o f  over 200 n T  in  the  East Forties  Basin (fea tu re

6). T he  sim ple shape and size o f  th is iso la ted anom aly suggests tha t it  may be 

caused by a deep-seated in trus ion . D e ta iled  2.5D  m ode lling  o f this anom aly is 

discussed in 4.4.3. The East Fo rties  Basin also has an associated positive B ouguer 

anomaly.

4.3.1.3 Southern Zone

As in  the Bouguer anom aly data the  western section o f  the southern zone is 

characterised by a com plex fie ld . In  aerom agnetic data th is is genera lly ind ica tive  

o f a re la tive ly  near-surface basement. The  fie ld  is dom ina ted  by N E  - SW  trend ing  

lineam ents, undoubtedly caused by C a ledon ian s truc tu ra l features w ith in  the
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b a s e m e n t .

The G ram pian  arch is clearly ou tlined  in  the m agnetic data as a re la tive ly  low  

am p litude  (genera lly less than 50 n T ) e longate ‘ ridg e -like ’ anom aly trend ing  N E  - 

SW  in to  the Buchan G raben. South-east o f  this the eastward extension o f the 

H ig h la nd  B oundary Fau lt is p icked out by a series o f  sm all isolated m agnetic highs 

w ith  the  characteristic C aledon ian trend.

N orth -w est o f this, a second sligh tly  w eaker C aledonian lineam ent ends in  a 

large positive m agnetic anom aly o f  over 300 n T  (fea tu re  7). Its shape and iso la tion  

suggests tha t it  may be caused by an in trus ive  body w ith in  the basement, a lthough 

it  may also be due to  an unusually shallow  area o f  basement. Th is is discussed in 

m ore  de ta il in  4.3.5.

N o rth  o f this anom aly a weak N N E  - SSW trend ing  lineam ent cuts in to  the  

broad m agnetic trough discussed in  4.2.1.2. This weak lineam ent seems to  

te rm in a te  against the N E  - SW  trend ing  B a n ff Fault.

South-east o f  the H igh land  B oundary F a u lt the fie ld  is less com plex bu t s till 

consists o f at least three fa ir ly  strong C a ledonian lineam ents. T h e  fea tu re  

g radua lly  increases in strength to the south and reaches a m axim um  o f  a lm ost 300 

n T  (fea tu re  8). The general shape o f this anom aly suggests tha t the re  are m ore  

than  one causative body. The  structure  o f  th is  area is revealed m ore  c learly  w hen 

the  second ve rtica l derivative  m ap is analysed (4.3.4).

A  secondary set o f  w eaker N W  - SE trend ing  lineam ents can be id e n tifie d  

toge the r w ith  the C aledonian features in  th is region. A R K  G E O P H Y S IC S  have 

in te rp re te d  these lineations as being due to  e ithe r com positiona l changes w ith in  

the  basem ent o r the traces o f ancient basem ent confined faults. A lth o u g h  this m ay 

be the  case it  does appear tha t these structures seem to  cut across the  C aledon ian 

bodies suggesting tha t they are younger features. They also have a typ ica lly
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C im m erian  trend. Johnson and D in g w a ll (1981) show s im ila r C im m erian  fau lts 

(derived  fro m  seismic data) im m ed ia te ly  east o f  this area on the north -w estern  

edge o f  the Fo rth  A pproaches. H ow ever, no such fau lts are recorded in the 

seismic s tructure  maps o f D ay et a l (1981) fo r this south-western zone o f the study 

area.

T here  is a d istinctive  change in  the  character o f the fie ld  tow ard the centre and 

east o f  this southern zone. T he  fie ld  changes fro m  a com plex o f largely N E  - SW  

lineam ents in the west to  m uch sm oo the r E  - W  trend ing  low  am plitude  features. 

T he  broad low  am p litude  troughs and ridge in  the fie ld  are probab ly due to 

suseptab ility  changes w ith in  the basem ent. A R K  G E O P H Y S IC S  have in te rp re ted  

the E  - W  trend ing  ridge as be ing  caused by a deep-seated broad body at depths 

o f  between 6 and 11 km . Th is is discussed fu rth e r in  4.3.5. The  change in the 

character o f  the fie ld  fro m  west to  east suggests tha t the re  may be an im p o rta n t 

s truc tu ra l d iscon tinu ity  w ith in  the  C a ledon ian  basement, the basement to  the east 

being consistently deeper than th a t to  the  west. Th is fea tu re  trends N N W  - SSE 

and is the re fo re  exactly pa ra lle l to  the  C en tra l G raben, which is the dom inan t 

s truc tu ra l fea ture  100 km  to  the  east. M a n y  o f  the C a ledonian faults and bodies 

in  the west w ou ld  be cut o f f  a t th is  d iscon tinu ity . Th is phenom enon is m ore c learly  

seen in  the shaded re lie f and second ve rtica l derivative  images (4.3.3 and 4.3.4).

In  the  east the C en tra l G raben  and F o rtie s -M on trose  R idge do not have a 

strong m agnetic signature. R a th e r the  fie ld  seems to  cross them  alm ost at r ig h t- 

angles. The  smoothness o f the  fie ld  in  th is area is ind ica tive  o f  a deeply bu ried  

basement; w ith in  the graben it  is know n tha t sedim ent thicknesses exceed 6 km  

(Z ie g le r 1982 and D ay et al 1981). A  broad, low  am p litude  m agnetic ‘h ig h ’ 

(approx im ate ly  - 5 0  n T ) changes fro m  an E  - W  trend  to  a N  - S trend ing  fea tu re  

in  the centre o f  the graben. Th is  te rm ina tes at the large anom aly (fea tu re  6) in  

the East Forties Basin.
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4.3.2 F irs t H o rizo n ta l D eriva tive

The firs t horizon ta l derivative  o f  the m agnetic data was calculated in the same 

way as was done fo r the B ouguer anom aly data (3.3.2.1). As w ith  the gravity data 

the firs t horizon ta l derivative  is a ve ry  usefu l in te rp re tive  too l used to accentuate 

s truc tu ra l trends and lineations.

F igure  4.2 shows the firs t h o rizon ta l deriva tive  fo r  this data, the darker areas 

ind icate  steeper gradients w ith in  the fie ld . A ga in  s tructu ra l overlay 1 can be used 

in  con junction  w ith  this image.

4.3.2.1 N o rth e rn  Zone

T he  northe rn  zone is dom ina ted  by the  steep gradients associated w ith  the 

Caithness R idge anom aly in  the extrem e west. The  W ick  Fau lt is not easily 

recognised as a m agnetic lineam ent in  th is  image however, a strong lineation  is 

seen ju s t to  the south o f  it. The Caithness R idge and W ick  Fau lt appear to be 

cut o f f  to  the east by a steep lin e a tio n  trend ing  N N W  - SSE. Th is seems to  

continue southward cu tting  across the eastern boundary o f the H a lib u t H orst. T w o  

o the r w eaker lineations on the same tre n d  are seen cu tting  in to  the P ipe r 

Em baym ent and continu ing  southw ard  in to  the W ith  G round  G raben. I f  these are 

s truc tu ra l features than they may be re la ted  to  the large d iscontinu ity  in  the  

C aledonian basement in  the south o f  the study area (4.2.1.3). The  western-m ost 

(and strongest) o f  these lineations can a lm ost be continued in  a SSE. d irection  to  

jo in  up  w ith  this basem ent fea ture .

T o  the east the western edge o f  the F laden  G round  Spur is c learly delineated 

as is the large N  - S trend ing  western bounda ry  fa u lt o f  the V ik in g  Graben.
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F IG U R E  4.2 F irs t ho rizon ta l derivative  o f  the to ta l m agnetic fie ld . D a rk e r 
areas correspond to  areas o f  increased loca l g rad ien t in the fie ld  and tend 
to  p ick  ou t steep geological contacts.
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43.2 .2  Central Zone

The most s trik ing  features o f this zone are the lineations associated w ith  the 

P iper-Forties  V o lcan ic  P rovince in the W itch  G round  and Buchan Grabens. 

Several N E  - SW  trend ing  features can be seen in the area as w e ll as a m ore 

m in o r set o f N W  - SE C im m erian  lineam ents. The  G len  H o rs t is clearly p icked 

out however, the centre o f  the area is degraded by the presence o f an E  - W  

trend ing  gridd ing  artefact.

W est o f the vo lcanic p rov ince  the d om ina n t trend  is N W  - SE. The western 

boundary fau lt o f the H a lib u t H o rs t is c learly  p icked out. T he  trend  is typ ica l o f 

C im m erian  structures. T he  N N W  - SSE tre nd in g  linea tion  on the SE side o f the 

H a lib u t H o rs t w hich seems to  be a co n tinua tion  o f a very strong linea tion  to  the 

no rth  (4.2.2.1) may in  fact be due to  a co lle c tion  o f  sm alle r C im m erian  structures. 

The  B a n ff F au lt appears as a re la tive ly  w eak linea tion , how ever the presence o f 

the large E  - W  trend ing  g ridd ing  a rte fac t makes this w ho le  area d iffic u lt to 

in te rp re t.

East o f the volcanics the  m agnetic e ffec t o f  any linea r basement features is 

obscured by the steep gradients associated w ith  the  East Forties anomaly.

4 3 .2 3  Southern Zone

As ou tlined  in  4 .2.13 the  w estern section o f  th is zone is characterised by a 

com plex arrangem ent o f N E  - SW  and N W  - SE trend ing  lineations. Th is is 

emphasised in  the firs t h o rizon ta l deriva tive  image.

In  the north-w est section o f  th is area tw o  elongate C aledonian lineam ents are 

c learly v is ib le toge ther w ith  tw o  w eaker lineations w ith  the  same trend  in  the  

north -w estern  corner o f the zone and ju s t south o f  the B a n ff Fault. The secondary 

set o f  w eaker lineations pe rpend icu la r to  the C aledonian trend  are also w e ll
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de lineated in this area especially im m ed ia te ly  north -w est o f the large anom aly in 

the Peterhead Ridge.

The  eastern extension o f the H igh land  B oundary  F au lt is not p a rticu la rly  easy 

to  recognise on this image a lthough the re  does seem to  be evidence o f it 

con tinu ing  fu rth e r tow ard  the N E  cu tting  in to  the  G ram p ian  A rch . Th is structure  

is easier to delineate on the shaded re lie f images (4.3.3).

South-east o f the H igh land  B oundary  F a u lt at least th ree  strong and one 

w eaker Caledonian lineations are seen to  be cut o f f  to  the east by the  N N W  - SSE 

trend ing  basement d iscon tinu ity  discussed in  4 .2 .I.3 . In  the extrem e south the very 

da rk  and b lu rred  nature o f  the image makes i t  d iff ic u lt to  in te rp re t the exact 

na tu re  o f  C aledonian fau lts present. A R K  G E O P H Y S IC S  have in te rp re te d  this 

reg ion  SE o f the H igh land  B oundary F a u lt as consisting m a in ly  o f tw o  large 

elongate re la tive ly  deep bodies bound on b o th  sides by faults. These are p robab ly  

the cause o f  the fou r lineations seen in th is  area on the firs t ho rizon ta l derivative . 

T he  second vertica l derivative  image (4.3.4) seems to  con firm  this in te rp re ta tion .

In  the centre o f the southern zone the re  are on ly  two features w o rth y  o f 

special note namely, a w eak E SE  - W N W  trend ing  linea tion  ju s t west o f  the W est 

F o rties  Basin and an even w eaker iso la ted  lineam en t o f  the same trend  to  the 

south. T he  northern-m ost o f  these may represen t the edge o f  a deep basem ent 

fea tu re  o r susceptib ility contrast. I t  seems to  be cu t o f f  in  the east by the western 

boundary  fau lt o f the C entra l G raben w h ich  is also shown as a very w eak W N W  - 

SSE lineation .

W ith in  the C entra l G raben the  lineations cu t across the m ain s truc tu ra l trend  

a lm ost at 90 degrees. Tw o w eak lineam ents can be iden tified . T he  firs t (to  the 

n o rth ) seems to  be an extension o f  the E S E  - W N W  structure  west o f the W est 

Fo rties  Basin, a lbe it s lightly o ffse t to  the no rth . Th is linea tion  changes fro m  a N E  

- SW  trend  to  almost N  - S as i t  reaches the  East Forties Basin. T h e  southern  

m ost o f  these lineations trends N E  - SW  and cuts r ig h t across the C en tra l G raben.
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4.3.3 Shaded R e lie f Images

Figures 4.3 to 4.6 are shaded re lie f images o f the firs t horizon ta l deriva tive  

fie ld . D e ta ils  o f shaded re lie f p roduc tion  are given in  3.3.2.2. In  the previous 

chap ter shaded re lie f images o f the B ouguer gravity fie ld  were presented. In  this 

section shaded re lie f images o f the firs t ho rizon ta l derivative  fie ld  are discussed. 

T he  firs t ho rizon ta l fie ld  is com m only used to iden tify  s tructura l trends and fa u lt 

lineations. Shaded re lie f images enhance these trends g iving a m ore deta iled v iew  

o f  the basem ent structure  in  the study area. I t  is im p o rta n t to  note however, tha t 

these images cannot be used fo r  d irec t m apping purposes since the technique 

displaces the highs and lows tow ard  the  illu m in a tio n  d irec tion  (figu re  3.3).

F igure  4.3 is a shaded re lie f image o f  the  firs t horizon ta l derivative  fie ld . T he  

fie ld  has been ‘ illu m in a te d ’ at an inc iden t angle o f 45 degrees fro m  the north-w est. 

A  scaling fac to r o f 10 has been app lied  to  the in it ia l data. I llu m in a tio n  fro m  the  

north -w est enhances a ll features w h ich  tre nd  N E  - SW  T he  northe rn  h a lf o f  the  

study area is re la tive ly  free  o f C a ledon ian  trend ing  features. There  are however, 

a w eak set o f  such lineations n o rth  o f the H a lib u t H o rs t on the H a lib u t P la tfo rm . 

Johnson and D ingw a ll (1981) show such a set o f small Caledonian fau lts in  th is 

area. South-east o f this w ith in  the area o f  the P iper-Forties  V o lcan ic  P rovince at 

least fo u r C aledonian lineations can be seen a lthough these features are som ewhat 

degraded by the E  - W  trend ing  g ridd ing  a rte fact which runs th rough this area.

In  the South-west at least fo u r C aledon ian faults are delineated by w eak 

lineations north-w est o f the large anom aly in  the Peterhead R idge. The  n o rth e rn ­

m ost o f  these seems to  co rre la te  w ith  the B a n ff Fault. A  strong linea tion  is seen

trend ing  N E  o f  the large positive anom aly in to  the Buchan Graben. Th is p robab ly  

corre la tes w ith  the fa u lt com plex associated w ith  the G ram p ian  A rch . South o f 

this, tw o  strong Caledonian lineam ents can be seen te rm ina ting  against the N N W  - 

SSE trend ing  basement d iscontinu ity  discussed in 4.3.1.3. the southern-m ost o f 

these tw o lineam ents seems to  co rre la te  w ith  the eastern extension o f the
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H igh land  B oundary Fault. South o f  the H igh land  B oundary Fau lt a fu rth e r set o f  

six re la tive ly  strong C a ledonian structures can be iden tified . The southern-m ost 

fo u r o f these te rm ina te  sharply against the N N E  - SSW basement d iscontinu ity . 

In  the C entra l G raben area fo u r re la tive ly  weak C aledonian lineations can be 

recognised.

F igure  4.4 is a shaded re lie f im age o f  the  firs t ho rizon ta l derivative  fie ld , this 

tim e  illum ina te d  fro m  the south-east, a t an inc iden t angle o f 45 degrees. A ga in  

C a ledonian trends are emphasised in  th is image. I t  is no t a s ign ifican t 

im provem ent on the image illum ina te d  fro m  the north-w est, however, the 

structures w ith in  the P ipe r-F o rties  V o lcan ic  P rovince are perhaps a lit t le  easier 

to  define  in  in  this image.

F igure  4.5 is a shaded re lie f im age o f  the  same fie ld  illum ina ted  at 45 degrees 

fro m  the north-east. Th is illu m in a tio n  d ire c tio n  accentuates N W  - SE trend ing  

structures. In  the no rth  the th ree  N N W  - SSE lineations in  the  P iper E m baym ent 

and H a lib u t P la tfo rm  are c learly  p icked o u t as are the large C im m erian  fau lts in  

the west H a lib u t P la tfo rm  and South H a lib u t H o rs t. A  m in o r set o f  th ree  

C im m erian  faults seems to  be situated on the south boundary o f  the H a lib u t 

H o rs t emphasising the com plex na tu re  o f  th is fea tu re . T he  P iper-Forties  V o lcan ic  

Province is bound to  the south-west by a strong N N W  - SSE w hich changes 

d irec tion  (to  the south) to  a m ore  N W  - SE o rie n ta tio n . A  second (and perhaps 

a th ird ) N W  - SE lineam ent can be id e n tifie d  fu r th e r east. These are m ore  c learly  

expressed in figure  4.6 where the  illu m in a tio n  d ire c tion  is fro m  the south-west. 

They are p robab ly  caused by C im m erian  fa u ltin g  cross-cutting the  o lde r 

Caledonian features w ith in  the basement.
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FIGURE 4.3 Shaded relief image of the first horizontal derivative field.
The field is ‘illuminated’ at an incident angle of 45 degrees form the north­
west.
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FIGURE 4.4 Shaded relief image of the first horizontal derivative field.
The field is ‘illuminated’ at an incident angle o f 45 degrees form the south­
east.
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FIGURE 4.5 Shaded relief image of the first horizontal derivative field.
The field is ‘illuminated’ at an incident angle of 45 degrees form the north­
east.
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FIGURE 4.6 Shaded relief image of the first horizontal derivative field.
The field is ‘illuminated’ at an incident angle of 45 degrees form the south­
west.
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In  the south-west the secondary set o f  N W  - SE weak lineam ents cu tting  the 

C a ledonian features is easy to  p ick  out. Several such structures can be seen 

im m ed ia te ly  south o f the B a n ff F a u lt and at least tw o such features seem to  cut 

across the trend  o f the H igh land  B ounda ry  Fau lt extension.

The large N N W  - SSE trend ing  basem ent d iscontinu ity  discussed in 4.3.1.3 is 

present as a very weak linea tion  as is the  western boundary fau lt o f  the C entra l 

G raben fu rth e r to  the east.

4.3.4 Second V ertical D erivative Im age.

The analysis o f  second ve rtica l de riva tive  anomalies o f po ten tia l fie ld  data is 

a com m only used m ethod  o f  em phasising shallow  structures and d iscontinu ities 

o ften  re la ting  to  fau ltin g  (eg. H ild e n b ra n d  and Kucks, 1985 and B ehrendt and 

G rim , 1985).

Lap lace ’s equation  fo r  p o te n tia l fie lds states:

I f  + + £ f = o
d x 2 d y z d z 2

Thus the second ve rtica l de riva tive  o f  the  fie ld  is given by:

£ f  = - [ l £  +
d z 2 d x2 d y 2

i.e. the second ve rtica l deriva tive  is the  negative sum o f the curva tu re  o f the fie ld  

in  the x  and y d irections (B e rh en d t and G rim , 1985)
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In  this research it  is calculated using a w avenum ber-dom ain  f ilte r in g  techn ique 

availab le  on the ‘G E O S O F T ’ PC-based p o ten tia l fie ld  analysis softw are package. 

T he  lin e a r transfo rm  ope ra to r is derived in G unn (1975).

T he  ope ra to r is basically a high-pass f ilte r  the re fo re  shallow  features are 

emphasised at the expense o f deeper ones. A p a rt fro m  accentuating 

d iscontinu ities, second ve rtica l deriva tive  maps are a p a rticu la rly  useful 

in te rp re tive  too l as the zero con tou r represents the p o in t o f  in flex ion  o f  the 

anom aly. V acqu ie r et al (1981) show tha t this approxim ates to  the edges o f  the 

causative body. Contours im m ed ia te ly  above and be low  the  zero con tou r can be 

used to  give an estim ate o f the re lia b ility  o f this approx im ation . W here  the re  are 

few  contours then any bodies ou tlined  using the zero con tou r w ill be less accurate 

than where there  are steep gradients in  the second ve rtica l derivative  fie ld  about 

the zero level.

F igure  4.7 shows the second ve rtica l derivative  fie ld  fo r  the study area, the zero 

con tou r is m arked. U n fo rtu n a te ly  since h igh-frequency com ponents are 

accentuated the image is a lit t le  noisy. Th is  could be cured by app ly ing  a low-pass 

f i lte r  but, the p rob lem  is not so great tha t the image cannot be in te rp re ted .

In  the north , there are few  s ign ificant bodies defined by the zero contour. T h is  

is p robab ly  due to  the deep basem ent in  these areas. A  notab le  exception occurs 

at the Caithness R idge and fu r th e r south in  the reg ion o f the H a lib u t H o rs t. T h e  

cen tra l reg ion  o f the study area is dom ina ted  by the  E  - W  trend ing  g ridd ing  

a rte fac t m aking  in te rp re ta tion  im possib le. In  the area o f the P ipe r-F o rties  

V o lcan ic  Province several ‘bodies’ can be iden tified  w hich at firs t m ay appear to  

re la te  to  zones o f anom alously th ick  basalt sequences, how ever deta iled  m ode lling  

(4.4) la te r proved this assum ption to  be false fo r the south-east o f  this area. T he  

large body (in te rp re te d  as a large m afic  in trus ion ) w h ich  is responsib le fo r  the  

East Fo rties  Basin anom aly is c learly  ou tlined  by the zero contour.
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F IG U R E  4.7 Second ve rtica l deriva tive  o f  the  to ta l m agnetic fie ld . T ig h tly  
g rouped contours around the  zero con tou r (m a rke d ) tend  to  ou tline  the 
edges o f  causative bodies.
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The most sign ificant results are seen in  the south-west o f  the study area. 

Several small bodies are ou tlined  by the zero con tou r and the steep gradients in 

the fie ld  around it. M ost o f these have typ ica lly  C aledonian trends. A p a rt fro m  the 

large positive anom aly on the Peterhead R idge, here in te rp re te d  as an in trus ive  

body (see 4.3.5), they p robab ly  rep resen t areas o f ra ised basem ent bound by 

faults. In  the south, two elongate bodies are  c learly  ou tlined  by the zero contour. 

The  zero con tour exactly matches the re la tive ly  p oo rly  de fined lineations seen on 

the firs t horizon ta l derivative  map. B o th  bodies are p robab ly  fa u lt bound areas o f 

raised basement. W est o f these features the  zero con tou r appears to  o u tline  a 

b road  E  - W  to  E N E  - W N W  trend ing  body. T he  contours a round the zero-level 

are w ide ly spaced suggesting tha t th is is an un re liab le  in te rp re ta tion . H ow ever, it 

is possible tha t this fea tu re  may be caused by a deep seated body w h ich  w ou ld  n o t 

be accentuated by tak ing  the  second ve rtica l derivative.

The west boundary fa u lt o f  the C en tra l G raben  is p icked  o u t by a w eak N N W  - 

SSE lineation  in the zero contour. In  the  C e n tra l G raben itse lf, south o f the East 

Forties  Basin anom aly there  is some evidence to  suggest the  presence o f a na rro w  

N  - S trend ing  body. The  no rthe rn  edge o f  this body by a re la tive ly  steep g rad ien t 

around the zero contour.

4 3 .5  Depth E stim ates from  Spectral A nalysis

As outlined  in  3.4.2.1 any p o te n tia l f ie ld  data set contains a range o f 

frequencies which re la te  to  d iffe re n t source ensembles (S pecto r and G ra n t 1970). 

U sing  the same rou tine  used on the g rav ity  data (3.4.2.1) the az im u tha lly  averaged 

pow er spectrum  fo r the aerom agnetic data  was obta ined and analysed. The  resu lt 

is shown in  figu re  4.8.

The  pow er spectrum  can be d iv ided  in to  seven s tra igh t-line  segments. T he  

g rad ien t o f  each line is equal to  tw ice  the  average depth  to  the source ensembles
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Segment Wave No. Range Av Depth(km) Max. Wavelength (km)
1 0.000-0.137 14.64 45.86
2 0.137-0.194 12.23 32.39
3 0.194-0.260 10.16 24.17
4 0.260-0.360 7.31 17.45
5 0.360-0.403 3.23 15.59
6 0.403-0.491 3.47 12.78
7 0.491-0.703 2.06 8.94

F IG U R E  4.8 Power Spectrum  o f  the aerom agnetic data. E xp lana tion  in  
text.
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causing anomalies w ith  frequencies defined  by the end-points o f  each segment. 

T he  pow er spectrum  shows these average depths and the wavelengths associated 

w ith  them . M uch o f the energy is associated w ith  large wavelengths ind ica ting  the 

large depth to magnetic basem ent over m uch o f the study area.

By designing successive high-pass filte rs  at increasingly sm all c u t-o ff 

wavelengths then analysing the results a t each stage it should be possible to m ake 

rough depth estimates fo r various po in ts in  the study area.

F igure 4.9 shows the fie ld  a fte r high-pass f ilte r in g  w here the f i lte r  has a c u t-o ff 

wavelength o f 17.45 km . F igure 4.8 shows tha t this should e lim ina te  all sources 

whose depths are greater than app rox im a te ly  7 km  i.e. the on ly anom alies to  

appear on figure  4.9 w ill have sources shallow er than 7 km . M uch  o f the p lo t 

consists o f random  noise (betw een + / — 10 n T  in figure  4.9) b u t some anom alies 

can s till be made out. These are m a in ly  found  in the P iper-F o rties  V o lcan ic  

Province o r in  the south-west o f the  study area however, anom alies are also seen 

in the extrem e north-w est in  the Caithness R idge area. In  the East Forties Basin 

the large anom aly is to ta lly  absent ind ica ting  a m in im um  depth  o f  m ore than 7 

km .

F igure 4.10 shows the fie ld  a fte r high-pass f ilte r in g  where the f i l te r  has a cu t­

o ff  wavelength o f 15.59 km . In  th is case on ly  those anom alies caused by bodies 

shallow er than approxim ate ly 5 km  should be present. T he  Caithness ridge 

anom aly has disappeared ind ica ting  a m in im u m  depth to  its source o f  between 5 

and 7 km. In  the P iper-Forties V o lcan ic  P rovince only those anom alies in the 

centre o f this area rem ain  a lthough some o f these may be due to  the g ridd ing  

a rte fact degrading data in  this region. In  the south-west m uch o f  the useful signal 

has been rem oved especially in  the  south ind ica ting  tha t the  elongate bodies 

in te rp re ted  here occur at depths betw een 5 and 7 km . Some signal is s till present 

on the southern-m ost o f these ind ica ting  tha t i t  may be sligh tly  shallow er than the  

m ore  no rthe rly  o f  the two.
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FIGURE 4.9 Magnetic field after high-pass filtering. The cut off
wavelength is 17.45 km. Sources deeper than 7 km should be eliminated,
explanation in text.
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FIGURE 4.10 Magnetic field after high-pass filtering. The cut off
wavelength is 15.59 km. Sources deeper than 5 km should be eliminated,
explanation in text.
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F igure  4.11 shows the fie ld  a fte r high-pass filte rin g  at a cu t-o ff wavelength o f 

12.78 km . In  this case on ly those anom alies caused by sources shallower than 

app rox im a te ly  3.5 km. The  only signal present is in the south-west ind icating  the 

shallow  basem ent in this area. T he  large anom aly seen in the un filte red  data has 

v ir tu a lly  d isappeared suggesting tha t its source is like ly  to be an in trusive body 

ra th e r than an area o f anom alously shallow  basement. I f  the la tte r were true  then 

its associated high am p litude  anom aly would suggest that the basement was 

shallow er here than anywhere else in  the near v ic in ity . This is c learly not the case.

F igure  4.12 shows w hat m igh t be described as the ‘regional com ponent’ o f  the 

m agnetic fie ld , a lthough there  is perhaps too great a high-frequency com ponent 

fo r  this to  be s tric tly  true. I t  is ob ta ined  by filte rin g  the data w ith  a low-pass f i lte r  

at a c u t-o ff wavelength o f  24.17 km . Sources producing these anomalies should be 

g reate r than approx im ate ly  10 km . In  certa in  areas (eg. the south-west) these 

represent very deep in tra -basem ent m agnetic contrasts. A n  in teresting p o in t to  

note is the d iffuse  low -am p litude  W N W  - ESE trend ing  anom aly jus t no rth  o f  the  

F o rth  Approaches. Th is may ind ica te  a very deep seated basement s tructure  

p robab ly  at depths o f around 8 to  9 km.

Th is m ethod  is ve iy  crude and dep th  estimates are like ly  to  have large e rro rs  

associated w ith  them  (m aybe as large as + / -  1.5 to  2 km ). F o r instance i t  is 

reasonably w e ll know n tha t the basalts o f  the P iper-Forties V olcan ic P rovince 

occur at depths o f approx im ate ly  3.5 to  4 km (4.4.1) yet figure 4.10, show ing 

anom alies supposedly caused by bodies shallower than 5 km  shows very lit t le  

signal associated w ith  the  vo lcan ic  province. The technique is be tte r used to  

d istingu ish between areas o f re la tive ly  shallow  o r deep basement.
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FIGURE 4.11 Magnetic field after high-pass filtering. The cut off
wavelength is 12.78 km. Sources deeper than 3.5 km should be eliminated,
explanation in text.
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FIGURE 4.12 Magnetic field after low-pass filtering. The cut off
wavelength is 24.17 km. Sources shallower than 10 km should be
eliminated, explanation in text.
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4.4 Q UANTITATIVE M O D E L L IN G

In  o rd e r to im prove the M o h o  topography models obta ined from  the g rav ity  

data (3.5) it  was decided to  calculate the  g rav ita tiona l e ffect o f  bo th  the body 

causing the East Forties Basin anom aly and the basalts o f the P ipe r-F o rties  

V o lcan ic  Province. M o re  details o f  this process are given in chapter 5. The  shape 

o f  the East Forties Basin in trus ion  and the d is tribu tion  o f the basalts in the P ipe r- 

Forties  V o lcan ic  P rovince can be de te rm ined  by m ode lling  the aerom agnetic data. 

Th is  section outlines the m ode lling  process and the results obta ined.

4.4.1 M odelling the Piper-Forties V olcan ic Province

F rom  the second vertica l deriva tive  m ap (figu re  4.7) 10 separate centres 

believed to  represent areas o f anom alously th ick  basalts can be iden tified . These 

are shown in m agnetic in te rp re ta tio n  overlay 2. The largest centres appear on the  

n o rth e rn  side o f the province. I t  seems like ly  tha t these may represent the loca tion  

o f magma vents. F o r m ode lling  purposes 5 S - N  trend ing  p ro files  runn ing  across 

the  p rov ince  were extracted fro m  the g ridded  data. There  locations were designed 

to  pass th rough  the centres o f  a ll o f  the ‘ bodies’ defined on the second ve rtica l 

de riva tive  map. A n  E  - W  trend ing  g ridd ing  a rte fact runs through the centre  o f 

the province. N o th ing  can be done to  correct fo r  this so the m odels shown here 

m ust inev itab ly  be in e rro r, especially in  the  centra l area o f  the province. Since the 

a rte fact causes a slight m agnetic low  the models are like ly  to  show too  lit t le  basalt 

ra th e r than  too  much.

The m ode lling  rou tine  ‘S A K E  (S em i-A u tom atic  ‘K ’- param ete r Inve rs ion ) 

w orks in  tw o  and a h a lf d im ensions and allows a com bina tion  o f bo th  invers ion  

and fo rw a rd  m odelling. I t  runs on a standard IB M  PC and was adapted by 

D uncan  Cowan (Cowan G eodata L td .)  fro m  a lgorithm s o rig ina lly  developed by 

the Canadian G eological Survey. /  /  \
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There  is no published lite ra tu re  g iv ing  depths to the surface o f the basalt 

sequences. L a tin  (pers. com m .) has stud ied many com m ercia l wells in this area 

and reports  tha t in most cases the top  surface o f the basalt is usually jus t be low  

the Base-Cretaceous. In  the absence o f  any o the r data a ll the models shown here 

have the top  surface o f the basalt at the same level as the Base-Cretaceous. 

D u rin g  the m ode lling  process this rem ains a fixed surface a llow ing the low er 

surface o f the basalts to  be va ried  in depth.

The  five p ro files  and the m odels ob ta ined  are shown in figures 4.13 to  4.17. 

F o r each m odel a suscep tib ility  contrast o f  0.00226 e.m.u. was used to  represent 

the basalt. Since no in fo rm a tio n  was available, no account o f  rem anent 

m agnetisation was made during  the  m ode lling  process.

The basalt layer is seen to  th icken  tow ard  the centre o f the province. P ro files 

2 and 3 show areas in the centre  w here thicknesses are in excess o f 8 km. In  o rd e r 

to  get a clearer p ic tu re  o f  the d is tr ib u tio n  o f  the basalt the low er surfaces o f each 

m ode l w ere dig itised and m ade in to  a d ig ita l g rid  using the m in im um  curva tu re  

m ethod  ou tlined  in  3.2.2. B y subtracting  the  depths to  the upper surface o f the  

basalts (here taken as the Base-C retaceous) fro m  the depths to  the low er surface 

a thickness (isopach) g rid  fo r  the P ipe r-F o rties  V o lcan ic  Province was obta ined. 

Th is is shown in figure  4.18. T he  so lu tion  shows broad reg iona l thickness 

va ria tions bu t there is a de fin ite  th icken ing  tow ard  two centres in  the W itc h  

G round  G raben. These tw o centres appear to  be so localised tha t they p robab ly  

represent vent sites. T he  d iffe rence  o f  thickness o f  basalt in  the W itch  G round  

G raben  and Buchan G raben suggests tha t there  may be a large degree o f pond ing  

against the C im m erian  fa u lt w h ich  separates the two grabens. U s ing  m agnetic 

overlay 2 on this image reveals tha t m any o f  the ‘bodies’ (p a rticu la rly  those in  the 

south-east) previously de fined  on the second ve rtica l derivative  m ap (4.3.4 and 

figure  4.7) are no t at a ll connected w ith  the  vo lcanic province.
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F IG U R E  4.18 Isopach o f  the P iper-Forties  basalts derived fro m  2.5D  
m ode lling  o f the m agnetic fie ld . Thicknesses are in  k ilom etres.
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4.4.2 Comparison with Previous Work

T o  the au th o r’s know ledge on ly  two o th e r de ta iled  in te rp re ta tions o f  the 

m agnetic data in this area exist. T he  firs t (H o w itt  et al, 1975) only deals w ith  the 

area south o f 58° N. They ca lcu late  a m axim um  general thickness o f 1000 m. w ith  

th ree  possible vent sites id e n tifie d  by anom alously th ick  sequences o f up to  1500 

m. The models derived in  this research show thicknesses o f 3-4 km . in this area. 

A  second previous in te rp re ta tio n  is presented in  W oodha ll and K nox (1979). Th is 

is based on a m arine m agnetic data set ra th e r than the aerom agnetics used here. 

U n lik e  H o w itt et al (1975) th e ir  data covers the  w ho le  o f  the P iper-F o rties  

V o lcan ic  Province area. T h e ir  isopach fo r  the basalts is shown in figu re  4.19. Th is  

is derived by a com bina tion  o f  m agnetic m ode lling  and w e ll data. T h e ir m odel 

indicates thickness o f m ore  than  3 km . in  the  n o rth  Buchan G raben area (s im ila r 

results are shown in figu re  4.18) and the poss ib ility  o f  even th icke r sequences in 

the  W itch  G round  G raben. These results are m ore  ak in  to  the results ob ta ined  in  

this research however, they do no t recognise any large th icken ing o f  the basalt 

sequence jus t north  o f 58° N . They p o in t ou t tha t an appreciable  p ro p o rtio n  o f 

in te r-bedded sediments between the basalt sequences w ou ld  serve to  increase the 

calculated vo lum e o f the volcanics. U n fo rtu n a te ly  they do no t state the 

susceptib ility  contrast used in  th e ir m od e llin g  o th e r than stating it was tha t "o f 

basalt". I f  they used a h igher va lue  than the  0.00226 e.m.u. used in  this research 

then  th e ir models w ou ld  tend to  show a th in n e r basalt layer.

4.4.3 M odelling the E ast F orties B asin  A nom aly

The isolated nature  o f  this anom aly  and its near-sym m etry makes its 

in te rp re ta tio n  re la tive ly  easy. R ough dep th  estimates fro m  spectral analysis show 

tha t the source is very deep (g rea te r than  7 km ). Its shape suggests tha t the 

source is an in trusive  body. H o w it t  et al (1975) have in te rp re ted  i t ’s m in im um  

dep th  to  be 8 km. I t  has never been sam pled by d rilling , so its age is unknow n.

121



F IG U R E  4 .1 9  "The d istr ib u tio n  o f  M e s o z o ic  v o lca n ics  in  th e  E a stern  
M oray  Firth  Basin", a fter  W o o d h a ll a n d  K n o x  (1 9 7 9 ) . T h ick n ess  iso p a ch s  
(in  m etres)  for  th e  Ju rassic  b a sa lts  a re  sh o w n .
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W oodh a ll and K nox (1979) suggest tha t it  may have acted as a source fo r some 

o f the volcanics seen in the South V ik in g  G raben and Forties area (figu re  4.19).

A  single E  - W  p ro file  was extracted fro m  the m agnetic data across the East 

Forties basin and m odelled  using the same 2.5D rou tine  m entioned in 4.4.1. O ne 

so lu tion  is shown in figu re  4.20.

4.5 SU M M A R Y

The m ost im p o rta n t conclusions o f  the present chapter are sum m arised as 

fo llow s:

1) A  com p ila tion  o f a ll ava ilab le  aerom agnetic data fo r the study area can be 

used to  m ap out the p rin c ip a l m agnetic structures in  the upper 18 km . o f the  

crust.

2) T h e  west (and p a rticu la rly  the  south-west) o f the study area is characterised 

by a com plex co llec tion  o f  strong N E  - SW  trend ing  lineations. These are  

in te rp re te d  as being caused by C a ledon ian  faults and bodies in a re la tive ly  sha llow  

basement.

3) A  secondary w eaker set o f  N W  - SE trend ing  lineations is present toge the r 

w ith  the C aledonian fea tures in  the south-west. A lthough  th e ir trend  is 

characte ris tic  o f  C im m erian  features they do not corre la te  w ith  any know n fau lts 

p reviously de fined  on seismic surveys.

4) T he  e longate C aledon ian bodies are ‘ cut o f f  to  the east by a poo rly  de fined 

N N W  - SSE trend ing  lin e a tio n  pa ra lle l to  the C en tra l G raben. T he  basem ent to  

the east o f  this line  is a t least 6 km  deeper than tha t to the west o f  it. I t  m ay 

the re fo re  represent a m a jo r d iscon tinu ity  in  the C aledonian basement.
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5) T he  N N W  - SSE s truc tu ra l trend  is n o t at a ll represented in the m agnetic 

fie ld .

6) T he  P iper-Forties V o lcan ic  p rov ince  is very w e ll defined by a large positive 

anom aly in the centre o f the study area.

7) M any structures, p a rticu la rly  in  the n o rth  such as the Caithness R idge and 

F laden G round Spur have bo th  d is tinc tive  m agnetic and B ouguer anom alies 

associated w ith  them .

8) There  are at least th ree  fa ir ly  strong C im m erian  trend ing  (N W  - SE) lineations 

in the P iper Em baym ent (D u tch  B ank Basin).

9) Shaded re lie f images o f  the firs t h o rizon ta l deriva tive  fie ld  proved to  be very 

useful in te rp re ta tion  too ls especially in  de linea ting  the w eaker lineam ents in  the 

com plex south-western p a rt o f  the study area.

10) Spectral analysis can be used to  p ro v ide  rough depth estimates o f  the 

m agnetic basement.

11) The  basalts o f the P ipe r-F o rties  V o lcan ic  F ie ld  can be m odelled  a long several 

p rofiles. The solutions show b road  reg iona l thickness varia tions o f  up to  8 km  and 

a pond ing  o f basalt in  the W itch  G ro un d  G raben against the m a jo r fa u lt 

separating it  fro m  the Buchan G raben. A  possible ven t site can be id e n tifie d  in  

the W itch  G round  G raben.

12) The  source o f a large anom aly in  the East F o rties  Basin is in te rp re te d  as a 

very large in trusive  body occurring  at depths in  excess o f  7 km . I t  m ay be possible 

tha t this could have served as a source fo r  the  nearby volcanics in  the  Forties  and 

South V ik in g  G raben Areas.
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C H A PT E R  5

C O M B IN IN G  M A G N ETIC  A N D  GRAVITY M O D E L L IN G

5.1 IN TR O D U C TIO N

In  chapter 3 models fo r  the dep th  to  the  M o h o  were produced by m ode lling  

the residual g ravity fie ld  a fte r the e ffec t o f  near-surface layers had been s tripped  

o ff. Several solutions were obta ined, the best o f  w h ich  is shown in  figures 3.28 and 

3.29. I t  was noted tha t in  several places the  M o h o  appears to  be m ore  shallow  

than m igh t be expected. Th is is the  case in  the areas o f  the East Forties Basin, the 

Forties-M on trose  R idge and the W itch  G round  and Buchan Grabens. I f  the 

models are indeed inco rrect and the M o h o  in  these areas is deeper than the best 

so lu tion  suggests, it  fo llow s tha t the  a m p litud e  o f the residual g ravity  fie ld  has 

been over-estim ated (i.e. it  is too  positive in  the above areas). The residual fie ld  

is the filte re d  result o f  subtracting  the ca lcu lated g rav ita tiona l e ffect o f  the near­

surface layers fro m  the B ouguer anom aly fo r  the study area. T he re  are tw o  

p rin c ip a l causes which w ou ld  resu lt in  th is residual fie ld  being too positive:

1) The  negative g rav ita tiona l e ffect o f  the  near-surface layers has been over­

estim ated.

2) A  positive g rav ita tiona l e ffect (o th e r than  tha t caused by the U p p e r M a n tle ) 

has no t been recognised and taken  in to  account.

Since the effect o f  sediments occurring  be low  the Base-Cretaceous has n o t 

been calculated it  is un like ly  tha t the to ta l e ffect o f  the near-surface layers has 

been over-estim ated. The  very localised na tu re  o f  the anom alously shallow  M o h o  

(especially in  the East-Forties Basin) also tends no t to  support the firs t conclusion. 

T he  second conclusion the re fo re , seems to  be the  m ore  like ly  o f the  two.
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A  positive g ravity  anom aly could  on ly  be the resu lt o f  rocks w ith  a la rger 

density than the 2.75 g cm -3 used to  represent crysta lline basement. Such high 

densities are genera lly lim ited  to  m afic  igneous and m e tam orph ic  rheologies. I t  

fo llow s tha t such rocks are also like ly  to  have a characteristic m agnetic signature. 

In  the previous chapter a deta iled  in te rp re ta tio n  o f  the m agnetic data fo r the 

study area was presented. In  this chap te r the results o f this in te rp re ta tio n  are 

com bined w ith  g ravity  m ode lling  in  o rd e r to  im prove  the m odels presented at the 

end o f chapter 3.

In  section 5.2 the m agnetic fie ld  is re-analysed and com pared d irec tly  to the 

m ode l fo r  the M o h o  shown in  figures 3.29 and 3.30. A reas w here  the crust is 

anom alously th in  w h ich  also have an associated d istinctive m agnetic anom aly are 

iden tified . The next section outlines the  ca lcu la tion  o f a pseudo-gravita tiona l 

anom aly made d irec tly  fro m  the m agnetic data. Th is technique is com m only used 

to  id e n tify  m agnetic bodies w h ich  may also have a strong g rav ita tiona l signature.

In  section 4.4 the results o f  m agnetic m ode lling  in the P iper-Forties  V o lcan ic  

P rovince and the East Forties Basin w ere  presented. Section 5.4 o f this chap ter 

shows how  these models are used to  ca lcu late  gravity anomalies, w h ils t section 5.5 

shows the fin a l results o f 3D  m ode lling  a fte r these effects have been rem oved 

fro m  the residual fie ld . Th is section is fo llow ed  by an a ttem p t to  quan tify  the  

add itiona l e rrors in troduced during  the revised m ode lling  process.The chap te r 

ends w ith  a b r ie f sum m ary o f  the m ost im p o rta n t conclusions made in this 

chapter.

127



5.2 THE RELATIONSHIP BETWEEN THE MODELLED MOHO AND THE
MAGNETIC FIELD

Figure 5.1 is a fou r-d im ens iona l im age showing the re la tionsh ip  o f the m agnetic 

fie ld  w ith  the M o h o  topography derived  fro m  gravity m odelling  (see figures 3.28 

and 3.29). The ve rtica l axis o f the p lo t represents the M oho  w hilst the overly ing  

con tou r p lo t is the m agnetic fie ld  fo r  the study area.

In  the west the large m agnetic anom aly caused by the basalts o f the P iper- 

Forties V o lcan ic  P rovince coincides w ith  the area o f anom alously th inned crust in  

the W itch  G round  G raben and to  a lesser extent w ith  tha t in  the Buchan G raben. 

The  basalts in this area have been dated as C allovian (approx 160 M a ) in age 

(R ich ie  et al, 1988) and on ly sequences down to  the Base-Cretaceous have been 

accounted fo r in  the g rav ity  m ode lling . I f  they have a sign ificantly large and 

positive g rav ita tiona l e ffect, then  n o t inc lud ing  them  in  the m odelling  process m ay 

have resulted in  large e rro rs  in  the  so lu tion . This may explain why the crust 

appears to  be anom alously th in  in  th is  area.

The only o the r coincidence o f  anom alously th in  crust w ith  high am p litude  

features in  the m agnetic f ie ld  occurs in  the East Forties Basin. The source o f  th is 

m agnetic anom aly was m ode lled  as being a large m afic  in trus ion  w ith  a m in im um  

depth o f  approx im ate ly  7 km  (see 4.4.3). As w ith  the P iper-Forties basalts the  

g rav ita tiona l e ffect o f  this body was no t accounted fo r  in  the gravity m ode lling  

process. The  re la tive ly  iso la ted na tu re  o f  the  region o f th inned crust in  this area 

(figu re  3.28) strongly suggests tha t i t  m ay be a m ode lling  e rro r caused by ignoring  

the e ffect o f  this in trus ive  body.
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F IG U R E  5.1 ‘F our-d im ensional’ im age show ing the relationship betw een  
the m agnetic field and the m od elled  M oho topography. T h e m agnetic field  
is represented  by contours (interval =  3 0 nT ) and the surface represents 
the depth  to the M oho (se e  figures 3.28 and 3.29).
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The m agnetic and g rav ita tiona l fie lds associated w ith  any given source are 

im p lic it ly  re la ted to  each o ther by Poisson’s R e la tion  w h ich  states:

y  = J  5 U 
G A p  5 i

5.3 CALCULATING THE PSEUDO-GRAVITATIONAL FIELD

W here: V  =  m agnetic po ten tia l

U  =  g rav ita tiona l p o ten tia l 

A p =  density contrast 

J =  m agnetisation in tensity  

i =  d irec tion  o f  m agnetisation 

G  =  U n ive rsa l G ra v ita tio n a l C onstant

Thus it  is possible to  transfo rm  m easured m agnetic fie ld  values to  w hat m igh t 

have been the gravity anom aly i f  a density contrast exists. T he  resu lting  values 

m ake up w hat is know n as a ‘Pseudogravity ’ fie ld . The  p re fix  ‘Pseudo’ is used as 

the source o f the m agnetic anom aly need no t actua lly have an associated grav ity  

anomaly.

In  the previous section two areas o f  in te res t were id e n tified  fro m  the m agnetic 

data. The causative bodies o f these tw o anom alies have been m odelled  as e ithe r 

sequences o f basalts o r gabbro ic in trus ions. Such litho log ies genera lly have 

characteristica lly h igh densities (T e lfo rd  e t al, 1976) and w ill the re fo re  a lm ost 

ce rta in ly  have associated gravity  anomalies. Thus the pseudogravity fie ld  calculated 

fro m  the m agnetic data in  these areas should ( in  shape at least) be s im ila r to  the  

actual g rav ita tiona l fie ld  associated w ith  these bodies.

B aranov (1957) describes the spatia l convolutions requ ired  to  produce a 

pseudogravity fie ld  fro m  m agnetic data. T h e  w ho le  procedure  can be carried ou t 

by deconvolu tion  in the w avenum ber dom ain  by apply ing the transfe r func tion  W PG
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to  th e  F o u r ie r  tr a n s fo r m  o f  th e  m a g n e t ic  f ie ld  w h e r e :

and W MP is the transfer function for ca lcu la ting  m agnetic po le reduction given by:

WMp = (sinI E + ico s IE  • s in (D £ + 0 ))  "2

W here:

IE and D e are respectively the in c lina tion  and dec lina tion  o f the E a r th ’s 

m agnetic field.

G  = U n ive rsa l G rav ity  Constant 

T c = Geom agnetic  fie ld intensity 

Ak = Average  susceptib ility contrast 

A p = Average density contrast

= M ean  separation between aerom agnetic survey a ltitude and gravity 

survey e levation.

r and 0 are defined by: j

w here fx and fj are wavenumbers in  the x and y d irections.

A fte r  reducing to pole, the m agnetic data was filte red  in  the w avenum ber 

dom ain  using the transfer function as defined above. The  result is shown in 

figure 5.2. Note, a ll data east o f the F laden  G round  Spur down to the northern

<lT\ / 
^  /

/
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FIG U R E  5.2 U nsealed  pseudogravity calculated for the study area. The  
north-eastern area o f  the p lot is interpolated  since there are no 
aerom agnetic data for this area.
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side o f the East Forties Basin is unre liab le . This area o f  the grid  is norm a lly  

masked by dum m y values. T o  m ake the pseudogravity ca lcu la tion  possible these 

dum m y values were replaced w ith  values o f  0 nT . T he  average density and 

susceptib ility  contrasts toge the r w ith  the G eom agnetic  F ie ld  In tensity  and the 

G rav ity  Constant are a ll constant values and have been taken out o f the 

ca lcu la tion  fo r the pseudogravity fie ld . T h e  values shown in  figu re  5.2 could, in 

theory, be m u ltip lied  by the coe ffic ien t de fined  by these constants to  y ie ld  a 

quan tified  estim ation o f  the g rav ity  fie ld . H ow eve r the uncerta in ties invo lved w ith  

the density and susceptib ility  contrasts are so great tha t such a quan tifica tion  is 

pointless. Th is is especially tru e  when, as in  th is study, no in fo rm a tion  regarding 

rem anent m agnetisation is know n. T he  average e ffective  susceptib ility  contrast is 

p a rtia lly  dependent on the  d ire c tion  o f rem anen t m agnetisation. Thus, it  could be 

reduced to an effective zero value w h ich  w ou ld  m ake the scaling coe ffic ien t 

in fin ite ly  large.

The pseudogravity fie ld  can the re fo re , o n ly  be used in  a qua lita tive  m anner to  

ou tline  the shape o f the grav ity  fie ld  associated w ith  the m agnetic bodies. I f  

however, a constant density and suscep tib ility  contrast fo r  the w ho le  study area 

can be assumed then it  is possible to  scale the pseudogravity fie ld  to  any given 

value. F igure  5.3 shows the resu lt o f  scaling to  a m axim um  value o f 30 m G al. As 

expected the P iper-Forties  V o lcan ic  P rovince has a large pseudogravita tiona l 

signature. The East Forties Basin in tru s ion  also has a sign ificant signature a lbe it 

re la tive ly  small when com pared w ith  tha t o f  the P iper-F o rties  basalts. I t  should be 

noted however, tha t this techn ique relies e n tire ly  on the  assum ption o f  a constant 

susceptib ility  and density contrast fo r  the w ho le  o f  the study area and this is not 

like ly  to  be the case.

5.4 CALCULATING TH E GRAVITY FIE L D  FR O M  M A G NETIC M O D E L S

In  section 4.4 o f  chapter 4 the  large m agnetic  anom alies associated w ith  the 

P iper-Forties  V o lcan ic  P rovince and the East Fo rties  Basin w ere m odelled  in  2.5
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dimensions. I t  is possible to ca lcu la te  the g rav ita tiona l e ffect associated w ith  these 

areas using these m agnetic m odels and estim ations o f the density contrasts 

associated w ith  the causative bodies.

D ig ita l grids o f  bo th  the top  and b o tto m  surfaces o f the bodies defined b y  

m agnetic m ode lling  were p roduced using the m in im um  curvature  m ethod o u tlin e d  

in  3.2.2. T ak ing  each area separately the P lo u ff three-d im ensional g ra v ity  

m ode lling  p rogram  (see 3.4.1.3) was used to  calculate the g rav ita tiona l e ffect o f  

each body.

T e lfo rd  et al (1976), state tha t the average density o f basalt is app rox im a te ly  

3.0 g cm -3. Th is is equ iva lent to  a density contrast o f 0.25 g cm -3 w ith  respect to  

the 2.75 g cm "3 taken as the density o f  crysta lline basement. The  calculated g ra v ity  

anom aly fo r  the P iper-Forties  V o lcan ic  P rovince using this density contrast is 

shown in  figu re  5.4. Values reach a m axim um  o f approx im ate ly  31 m G al in  the  

centre o f the fie ld  w here the basalt is m odelled  as being th ickest (up  to  8 km  in  

the in te rp re te d  vent site).

C a lcu la ting  the g rav ita tiona l e ffect o f  the  East Forties Basin in trus ion  is m o re  

p rob lem a tica l than the ca lcu la tion  m ade fo r  the P iper-Forties Basalts. F irs tly , the  

in trus ive  body has never been d ire c tly  sampled. I t ’s litho logy can there fo re  o n ly  

be estim ated. Its p ro x im ity  to  the  P iper-Forties  basalts suggests that it is n o t 

unreasonable to  assume a s im ila r source fo r  both  m agm atic areas. The in trus ive  

equ iva lent o f  basalt is gabbro. T h e  susceptib ility  contrast o f 0.00727 e.m.u. used 

in  the m agnetic m ode lling  is s ligh tly  on the high side fo r gabbro (T e lfo rd  e t a l, 

1976 quote a range o f between 0.00008 and 0.0072 e.m.u w ith  an average o f 0.006 

e.m .u.), a lthough no t enorm ously so. The  second p rob lem  is tha t w h ile  the u p p e r 

surface o f  the body is re la tive ly  s im ple to  define using m agnetic m odelling, the  

low er surface is fa r m ore d iffic u lt. Since the  ca lcu lation o f the g rav ita tiona l e ffec t 

o f  the body is dependent on its vo lum e, the  am bigu ity associated w ith  the dep th  

o f its low er surface becomes a s ign ificant source o f error.

135



6538-

6518-

6358-

6338-

6318-------------1-----------1----------- 1----------- [—498 518 538 558 578

A B O V E 3 0 .0

1 1 1 1 1 2 7 .5 - 3 0 .0

1 2 5 .0 - 2 7 .5

m u 2 2 .5 - 2 5 .0

W M 2 0 .0 - 22.5

m i 17 .5- 2 0 .0

m u 15.0- 17.5

l l l l 12 .5 - 15.0

10 .0- 12.5

rm 7 .5 - 10.0

[ ] 5 .0 - 7 .5L J 2 .5 - 5 .01 1 B E L O W 2.5

598 618

FIGURE 5.4 Estimated gravitational effect of the Piper-Forties basalts.
Units are mGals.
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T e lfo rd  et al (1976) quo te  an average density o f 3.03 g cm "3 fo r gabbro giving a 

density contrast o f 0.28 g cm -3 w ith  respect to the 2.75 g cm -3 taken as the density 

o f crysta lline basement. F igure  5.5 shows the calculated gravity anom aly fo r the  

body using this density contrast and the m odel shown in figure 4.20. As in the case 

o f  the P iper-Forties  basalts the anom aly reaches a m axim um  o f approx im ate ly  31 

m G a l a lthough the e ffec t is concentrated on a sm aller area re flecting  the sm a lle r 

spacial extent o f the East Fo rties  Basin body.

F igu re  5.6 shows the to ta l e ffect o f b o th  the P iper-Forties basalts and the East 

Fo rties  Basin in trus ion . F igu re  5.7 shows the resu lt o f  subtracting this fie ld  fro m  

the u n -filte red  residual fie ld  calculated in  3.4.1. (figu re  3.16). A  com parison o f th is 

revised fie ld  w ith  tha t shown in  figu re  3.16 shows tha t the isolated high associated 

w ith  the East Forties Basin has been rem oved. In  the west the broad E  - W  

trend ing  high associated w ith  the W itch  G round  and Buchan Grabens has also 

been reduced in size especia lly in  the n o rth  o f this area.

B e fo re  this new residual fie ld  can be used as an inpu t to  the 3D  ite ra tive  

fo rw a rd  m ode lling  ro u tin e  it  needs to  be sm oothed using the low-pass f ilte r in g  

techn ique ou tlined  in  3.4.2.1. The  az im u tha lly  averaged pow er spectrum  o f the  

new fie ld  is shown in figu re  5.8. T he  usefu l pa rt o f  the spectrum  is d iv ided in to  9 

s tra igh t-line  segments each o f  w hich corresponds to  a pa rticu la r depth  o f  source 

ensembles (See 3.4.2.1 and Spector and G rant, 1970). W ith  reference to  th is  

spectrum  the data was f ilte re d  using a low-pass rectangular box-car f i lte r  m od ified  

by a cosine tape r de fined by cu t-o ff wavelengths o f 34.5 km  and 24.5 km . T he  

f ilte re d  resu lt is shown in  figu re  5.9. Values range between approx im ate ly  8 and 

118 m G a l the largest values occurring  in  the extrem e south-east over the C en tra l 

G raben and in  the centre o f  the tr ip le -ju n c tio n  area.

T he  filte re d  fie ld  was then used as an in p u t to the 3D  autom atic  ite ra tive  

fo rw a rd  m ode lling  ro u tine  ou tlined  in  3.4.3. The next section shows the results 

ob ta ined  du ring  the m ode lling  process.
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F IG U R E  5.7 R esult o f subtracting the total estim ated gravitational effect 
o f  igneous bodies from  the unfiltered residual gravity field (see  figure 3.16).
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Segment Wave No. Range Av Depth(km) Max.Wavelength (km)1 0.000-0.064 58.3 98.22 0.064-0.090 32.1 69.83 0.090-0.117 23.1 53.74 0.117-0.182 14.1 34.5
5 0.182-0.257 11.3 24.56 0.257-0.310 8.7 20.3
7 0.310-0.395 7.2 15.98 0.395-0.458 5.2 13.79 0.458-0.629 4.0 10.0

F IG U R E  5.8 Power Spectrum  o f the m od ified  residual g rav ity  fie ld  
(exp lanation in text).
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F IG U R E  5.9 M odified  residual gravity field after low -pass filtering. U nits  
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5.5 R ESU LTS O F 3D  M O D E L L IN G

F igure  5.10 is an isom etric  p lo t o f  the so lu tion  obta ined a fte r 20 ite ra tions 

using the filte re d  version o f the revised residual fie ld  and a density contrast o f  0.5 

g c m '3 fo r the U p p er-m a n tle  body. F igure  5.11 is the same solution shown as a 

grey-scale con tou r map. The  goodness-o f-fit fo r  this so lu tion is shown in figu re  

5.12.

The M oho  is at its shallowest ove r the C e n tra l G raben and in the centre o f the 

‘ tr ip le - ju n c tio n ’ area w here it  occurs at depths o f  approx im ate ly  16 km. U n lik e  the  

m odel shown in figures 3.28 and 3.29 the re  is no isolated ‘h igh ’ in the M o h o  

topography in the East Fo rties  Basin area. R em oving  the effect o f  the in trus ive  

body has there fo re  been very e ffective  in  reducing the M oho  topography in  th is 

region. A  s im ila r e ffect is seen in the  W itch  G round  G raben area. The  m ode l 

shown in figures 3.28 and 3.29 shows the M o h o  topography to be approx im ate ly  

equal be low  the W itch  G round  and Buchan G rabens. R em oving the g rav ita tiona l 

e ffect o f  the P iper-Forties  basalts results in  a deepening o f the M oho  be low  the  

W itch  G round  G raben.

F igure 5.13 shows the d iffe rence  ( in  k ilo m e tre s ) between the depth to  the  

M o h o  calculated in  chapter 3 (figu res 3.28 and 3.29) and the depth to the M o h o  

calculated using the revised residua l g rav ity  fie ld  (figures 5.10 and 5.11). T he  

negative areas on this p lo t represen t regions w here the earlie r m odel has a 

shallow er M o h o  than the fin a l m odel. In  the  East Forties Basin the la te r m ode l 

has the M o h o  m ore than 10 km  deeper than the ea rlie r model. In  the W itch  

G round  G raben area the e ffect is m ore  d iffuse  a lthough the fina l m odel is s till 

deeper by some 8 km  at the centre.
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F IG U R E  5.10 Isom etric  p ro jec tio n  o f  the so lu tion  obta ined a fte r 20 
ite ra tions using filte red  m od ified  residua l gravity. T he  surface represents 
depths to  the M o h o  (in  k ilom e tres) fo r  the  study area.
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F IG U R E  5.11 Grey-scale con tour m ap o f  the so lu tion  obta ined a fte r 20 
ite ra tions using filte re d  m od ified  residua l gravity. D epths are in  units o f 
k ilom etres.
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F IG U R E  5.12 Grey-scale con tour m ap representing  ‘goodness o f f i t ’ (i.e. 
the  d iffe rence  between the residua l g rav ity  and tha t calculated fo r  this 
so lu tion ) fo r  the so lu tion  obta ined a fte r 20 ite ra tions using filte re d  residual 
gravity. C ontours are in  units o f  1 m G al.
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F IG U R E  5.13 The d iffe rence (in  k ilom e tres) between the dep th  to  the 
M o h o  calculated in  C hapte r 3 (figures 3.28 and 3.29) and the  dep th  to  the 
M o h o  calculated using the m od ified  residual fie ld  w h ich  has accounted fo r  
the  e ffect o f  igneous bodies in  the area.
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5 .6  E S T IM A T IO N  O F  E R R O R S

T he  fin a l m odel is a de fin ite  im provem ent on any o f the earlie r a ttem pts at 

m ode lling  the M oho . E rro rs  over m ost o f  the study area w ill be the same as those 

quan tified  in  3.5.4 i.e. app rox im a te ly  + / — 1.5 km. How ever, an extra level o f  

unce rta in ty  has been in troduced in  the areas which have been m odelled using the  

m agnetic data. T he  am bigu ities inheren t in  the m agnetic m ode lling  process and 

the subsequent ca lcu la tion  o f the g rav ita tiona l e ffect o f  the East Forties Basin 

in trus ion  and the P iper-F orties  basalts w ere  outlined  in section 5.4 o f this chapter. 

Q ua n tifica tio n  o f  these add itiona l e rro rs  is very d ifficu lt. In  section 3.5.4 o f chap te r 

3 the to ta l average e rro r fo r  the e a rlie r m odels was calculated by quan tify ing  the  

e rro r at each stage o f  the m ode lling  process in terms o f  m iligals. These w ere  

sum m ed and the to ta l e ffect in  term s o f  dep th  was calculated using the fo rm u la  

fo r  a s im ple slab w ith  an average density contrast o f 0.5 g cm-3. F o r an e rro r o f 

say 30 m G a l the dep th  equ iva lent w ou ld  be approx im ate ly  1.43 km . H ow ever, in  

this section a d iffe rence  o f approx im ate ly  31 m G al in the residual g ravity  over the  

East Forties  Basin resu lted in  a d iffe rence  in  depth to  the M o h o  o f  some 10 km . 

A  s im ila r d iffe rence  bu t spread over a la rger area fo r  the P iper-Forties basalts, 

resulted in  a sm a lle r and m uch m ore  d iffuse  effect in terms o f  depth. I t  seems 

tha t w hen the  g rav ity  e rro r is concentra ted over a very restric ted  area the resu lting  

depth  e rro r cannot be estim ated using a s im ple slab fo rm u la .

I t  is lik e ly  tha t the  e rro r in  the  calculated g rav ita tiona l e ffect fo r  the East 

Forties  Basin in trus ion  is as m uch as 50 percent. Thus there  is an a dd itiona l 

uncerta in ty  o f  approx im ate ly  5 km  in  the  m odelled  M oho  depth  in  th is  area. 

M agne tic  m odels fo r  the P iper-Forties  basalts were b e tte r constrained than in  the  

East Fo rties  Basin. T he  e rro r fo r  the ca lcu lated g rav ita tiona l e ffect o f  the basalts 

is estim ated at 25 percent. Th is w ou ld  cause an add itiona l e rro r o f  a pprox im ate ly  

2 km  in  the m ode lled  depths fo r  this area.

A n  in te res ting  p o in t to  note  is tha t the loca tion  o f m agm atism  m ay be 

governed (a t least p a rtia lly ) by the  loca tion  o f  areas w here the crust is p a rticu la rly
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th in  (see 6.5). I f  this is the case then it  is like ly  tha t beneath centres o f m agm atism  

such as the East Forties Basin and the P ipe r-F o rties  V o lcan ic  Province the crust 

may indeed be anom alously th in . Thus the  m odel shown in figures 5.10 and 5.11 

w here  the anom alously sha llow  M o h o  has been deepened, may represent one 

extrem e o f the possible so lutions. A  m ore  rea lis tic  answer may lie  som ewhere 

between this m odel and those presented in  chap ter 3.

5.7 SUM M ARY

T he  most im p o rta n t procedures and conclusions outlined  in  the present 

chap ter are sum m arised as fo llow s.

1) U sing  the m odel fo r  dep th  to  the M o h o  obta ined  at the end o f chapter 3 it  

was noted tha t there  w ere  areas w here  th e  M o h o  appears to  be anom alously 

shallow. A  possible cause was id e n tifie d  as being the presence o f  large h igh- 

density bodies not accounted fo r  in  the g rav ity  m odelling.

2) T w o  areas where the M o h o  was m ode lled  as being unusually shallow  also have 

large associated m agnetic anom alies. These w ere  the East Forties Basin and the 

P iper-F orties  V o lcan ic  P rovince.

3) A n  a ttem p t to  quan tify  the g ra v ita tio n a l e ffect o f  the bodies causing these 

large m agnetic anomalies, by ca lcu la ting  the  pseudogravity fie ld  fo r the study area 

p roved  unsuccessful. Th is  was due to  the  uncerta in ties invo lved in  m aking  

estim ations o f  average density and suscep tib ility  contrast fo r  the w ho le  area.

4) T he  to ta l g rav ita tiona l e ffec t o f  the E as t Fo rties  Basin in trus ion  and the P ipe r- 

Fo rties  basalts was estim ated using the m agne tic  m odels calculated fo r  these areas 

in  chap ter 4. A  revised residua l g rav ity  f ie ld  was calculated using these estim ations 

and a new m odel fo r  the  dep th  to  the M o h o  was calculated.
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5) The  new m odel shows a m axim um  deepening o f the M o h o  o f some 10 km  in  

the Hast Forties basin area and a m ore  d iffuse and w idespread deepening o f  

approx im ate ly  8 km  in the P iper-F o rties  region.

6) The  revised m odelling  process may in troduce  an add itiona l e rro r o f up to  5 

km  in the depth to the M o h o  in the East Fo rties  Basin area and up to  2 km  in the 

P iper-Forties  area. These errors are la rge ly due to  the high degree o f am b igu ity  

inheren t in  the m agnetic m ode lling  process. P articu la rly  in  de te rm in ing  depths to  

the low er surface o f  the in trusive body.

7) I f  the am ount o f crustal th inn in g  affects the loca tion  o f  m agm atism  then a 

p a rticu la rly  th inned crust m igh t be expected in  areas such as the P iper-Forties  

V o lcan ic  P rovince and the East F o rties  Basin. T he  new m odel may the re fo re  

represent an extrem e in possible so lu tions. I f  this was the case a m ore  rea lis tic  

answer w ou ld  lie somewhere between th is and those presented in  chap ter 3.
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C H APTER  6

E X T E N S IO N  IN  T H E  N O R T H  SEA B A S IN

6.1 IN T R O D U C T IO N

T he  p rim a ry  purpose o f th is research was to  quan tify  crustal th inn ing  in  the 

C en tra l N o rth  Sea using p o te n tia l fie ld  m odelling. The  previous th ree  chapters 

gave details o f  the m ode lling  process and presented models fo r the depth  to  the 

M o h o  fo r  the C en tra l N o rth  Sea. In  th is  chapter these models are used to 

estim ate extension factors (B e ta  facto rs) fo r every p o in t in the study area. The  

extension fac to r is defined as be ing  the  ra tio  o f the thickness o f unstretched crust 

(here taken to  be 32 km ) to  the  thickness o f the basement at a p o in t w ere the 

crust has been stretched.

In  section 6.2 the basic mechanisms by which the lithosphere can be extended 

are ou tlined . These can be b ro ad ly  d iv ided  in to  tw o  groups; coaxial o r pure shear 

m odels and non-coaxial o r s im p le  shear models. T he  next section (6.3) is a rev iew  

o f the m a jo r pieces o f research w h ich  have a ttem pted  to  quantify  extension in  the 

N o rth  Sea basin. There  are th ree  p rin c ip a l methods o f measuring extension: by 

pa linspa tic  reconstruction  o f m a jo r faults, by m easuring crustal th inn ing  and by 

analysing basement subsidence. T h e  review  is d iv ided in to  three m ain sub-sections 

each dealing w ith  one o f  these techniques. In  the case o f subsidence analysis 

p a rticu la r reference is made to  the  w o rk  o f  L a tin  (1990).

Section 6.3 outlines the techn ique  used to  convert the m odels o f M o h o  

topography derived in  chapters 3 and 5 in to  crustal extension factors fo r  the study 

area. The  results are presented and an a ttem p t is made to quan tify  the e rrors 

invo lved in  the technique. T he  extension factors obta ined are com pared and

contrasted w ith  those estim ated by previous workers.
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As w ell as analysing subsidence data in the C entra l N o rth  Sea, L a tin  (1990) d id  

extensive w ork  in re la ting  the m agm atism  seen in certa in  parts o f the N o rth  Sea 

(eg. the P iper Forties V o lcan ic  P rov ince) w ith  his estimates o f extension. Section

6.5 summarises some o f the key po in ts  o f  his research in  this fie ld . Using the 

technique o f M cK enzie  and B ick le  (1988) the vo lum e and com position o f m e lt 

generated during  extension can be re la ted  to  extension factors. In this section the 

pred ictions made by the M cK e nz ie  and B ick le  technique are com pared w ith  the 

extension factors estim ated fo r  areas associated w ith  magm atism  (eg. the P iper- 

Forties V o lcan ic  P rovince) and the  m odels o f  m agm atic bodies made in  chapter 

4. The fina l section (6.6) is a sum m ary o f the m ain conclusions and observations 

made in this chapter.

6.2 M O D E L S  FO R  L IT H O S P H E R IC  E X T E N S IO N

6.2.1 In tro d u c tio n

In  this section the p rin c ip a l m odels o f  lith o sph e ric  extension which have been 

presented by various w orkers over the  last 15 years are ou tlined  and summarised. 

The models can be d iv ided  in to  tw o  d is tin c t groups, those based on coaxial o r 

pure shear mechanisms (6.2.2) o r those based on non-coaxial o r sim ple shear 

mechanisms (6.2.3). The app lica tio n  o f  these m odels specifica lly to  the N o rth  Sea 

basin is dealt w ith  in section 6.3.

6.2.2 Extension by Pure Shear

6.2.2.1 U n ifo rm  S tre tch ing  M odels

This sim ple m odel was firs t proposed by M cK enz ie  (1978) to  explain the 

crustal r ift in g  and the rm al subsidence ev iden t in  many continenta l basins such as 

the N o rth  Sea and Pannonian basins (B occa le tti et al, 1976). The m odel is
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i l lu s tr a te d  in  f ig u r e  6 .1 .

The therm ally  equ ilib ra ted  con tinen ta l lihosphere  is instantaneously and 

u n ifo rm ly  extended by a stre tching fac to r Beta. In  the  re la tive ly  b r itt le  upper crust 

the extension is accom m odated by large scale fau lting , whereas in  the duc tile  

low er crust and m antle  extension takes place v ia  penetra tive  flow . Isosta tic 

com pensation causes upw elling  o f  ho t asthenopshere resu lting  in  a steeper 

geotherm . M cK enzie  (1978) shows tha t the  sign o f  the  in it ia l subsidence (negative 

subsidence is equivalent to  u p lif t)  is dependent on the in it ia l thickness o f  the  

con tinen ta l crust bu t is actua lly  independent o f  the stre tch ing  factor. H e  

dem onstrates tha t fo r  an in it ia l lith o sph e ric  thickness o f  approx im ate ly  125 km . 

the in it ia l subsidence w ill be positive  p rov ided  the  in it ia l crustal thickness is 

g reate r than approxim ate ly 18 km . Thus areas o f re la tive ly  th ick  crust w ill subside 

bu t o the r regions where the crust is re la tive ly  th in  may be elevated d u ring  

extension.

A fte r  the stretching event the ho t m a te ria l o f  the upw elled  asthenosphere cools 

exponentia lly  by vertica l conduction  o f  heat. As an isostatic response to  th is 

coo ling  a slow therm al subsidence takes place. M cK enz ie  (1978) dem onstrates th a t 

assuming there is no sedim ent load ing the va ria tion  o f  to ta l basem ent subsidence 

and heat flux  w ith  tim e are functions o f  the stre tch ing  fac to r and the e q u ilib r iu m  

geotherm .

M cK enzies ’s m odel assumes tha t s tre tch ing  occurred instantaneously and tha t 

the resu lting  the rm al anom aly is produced e n tire ly  by ve rtica l advection. Jarvis and 

M cK enz ie  (1980) adapted this m odel to  account fo r  r if t in g  over a f in ite  du ra tion . 

They p o in t ou t tha t when stre tching occurs over a pe riod  g reate r than  the  the rm a l 

tim e  constant fo r conduction ( approx. 60/ j3 M y .) some heat w il l d iffuse  away 

be fo re  the extensional event is com pleted. Since the  resu lting  the rm a l anom aly 

w il l be sm aller than tha t p red ic ted  fo r  instantaneous stretching, the  subsequent 

the rm a l subsidence w ill also be reduced.
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F IG U R E  6.1 The u n ifo rm  stre tch ing  m ode l fo r the developm ent o f 
extensional basins (M cK enzie , 1978). (a ) C o lum n o f  therm ally  equ ilib ra ted 
lihosphere.. (b ) Instantaneous s tre tch ing . N o te  pe rtu rba tion  o f the 
tem pera tu re  g radient, (c) Perturbed tem pe ra tu re  gradient gradually re turns 
to  the steady state position. A f te r  W h ite  (1988).
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6.2.2.2 N on-U niform  D epth D ep en d en t Stretching.

The sim ple un ifo rm  stre tch ing  m odel o f  M cK enzie  (1978), has been 

successfully app lied  to  several basins and con tinen ta l shelf areas (eg. Sclater and 

C hris tie  (1980), W ood  and B a rto n  (1983), R oyden and Keen (1980)). M any 

authors (eg. Royden and Keen (1980)) however, noted that in  many areas the 

am ount o f crustal extension and the  in it ia l subsidence are less than that p red ic ted  

by M cK e nz ie ’s m odel and the am oun t o f  the rm a l subsidence is greater than tha t 

p red ic ted  by m easuring crustal extension. T o  expla in  this phenom enon R oyden 

and Keen (1980) and Sclater et al (1980) proposed a two layer m odel in which the  

ductile  low er crust and sub-crusta l lithosphe re  were th inned m ore than the upp e r 

crust during  the extensional event. Thus m ore  heat is in troduced during  extension 

and the am ount o f p o s t-r ift the rm a l subsidence is increased.

H e llin g e r and Sclater (1983) p o in t ou t tha t this m odel allows crustal th inn ing  

to be s ign ifican tly  less than sub-crusta l th inn ing  at places w ith in  the region o f  

extension. A t  such places "the in it ia l subsidence w ill be drastically reduced 

com pared to  tha t w h ich  w ou ld  be observed i f  the sub-crustal th inn ing  were the 

same". I f  mass and vo lum e are conserved during  the extension process then the 

am ount o f crustal th inn ing  and m an tle  th inn in g  should balance when summed over 

the en tire  region. Thus i f  there  are areas w here the am ount o f crustal th inn ing  is 

m uch less than m antle  th inn ing  then  the re  must also be areas where the converse 

is true. In  such areas the in it ia l subsidence w ill be com parative ly large.

The non -un ifo rm  stre tching m odels presented by w orkers such as H e lling e r and 

Sclater (1983), Sclater et al (1980), R oyden and Keen (1980), R ow ley and 

Sahagian (1986) and W h ite  and M ckenz ie  (1988) a ll involve the use o f coupled 

stra in  rates between the crust and m antle . In  such models the re la tive  values o f  

crustal and m antle  th inn ing  cannot va ry  w ith  tim e. L a tin  (1990) presents 

speculative m odels inco rpo ra ting  decoupled stra in rates in  which m antle  th inn ing  

is m uch g reate r than crustal th inn ing  at the  start o f  r if t in g  but by the end o f  the 

r if t in g  event the am ount o f crusta l th inn in g  may exceed tha t o f  the m antle (see
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la te r  in  th is  c h a p te r ) .

T he  app lica tion  o f the above m odels to  the N o rth  Sea Basin are discussed in 

greate r deta il in 6.3.

6.2.3 Extension by S im ple  Shear

In  non-coaxial stretching (by s im ple shear) the zones o f  m axim um  crustal and 

sub-crustal th inn ing  are displaced fro m  one ano the r and are no t sym m etric about 

the r i f t  axis (W ern icke , 1985).

W e rn icke ’s m odel o f lithosphe ric  s im ple  shear (W ern icke , 1981 and 1985) is 

perhaps the most w e ll know n exam ple o f non-coaxia l stretching. A lthough  it  was 

o rig ina lly  developed to expla in  various features o f  the Basin and Range P rovince 

it  has since been w ide ly app lied  to  o th e r sedim entary basins and passive margins. 

A pp lica tions  o f his m odel to  the N o rth  Sea (Beach, 1986, Beach et al, 1987, G ibbs 

1987, 1990) are discussed in de ta il in 6.3.3.

In  W ern icke ’s m odel a very low  angle (less than 30°) norm a l fa u lt o r 

‘detachm ent’ penetrates the en tire  lithosphere  d iv id ing  it  in to  tw o d is tinc t ‘p la tes’ 

(figu re  6.2). Extension is largely accom m odated by s lip  a long this shear zone.

W ern icke  (1985) divides his m odel in to  five  d is tinc t zones (figu re  6.2). T he  firs t 

o f  these (zone A  on figure  6.2) is characterised by unstra ined lithosphere  w ith in  

the ‘lo w e r’ o f  the two plates. In  this reg ion  no extension is observed in  e ithe r the 

crust o r the m antle. H ow ever, W ern icke  (1985) po in ts ou t tha t this zone m ay 

undergo a slight am ount o f  u p lif t  due to  e ithe r an isostatic ‘edge-effect’ (H e llin g e r 

and Sclater, 1983) o r la te ra l conduction  of heat fro m  the r i f t  zone. The next zone 

(zone B on figure  6.2) is characterised by a reg ion w here  the uppe r crust is 

extended by fau lting  whereas the  m an tle  rem ains unstretched.
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F IG U R E  6.2 H ypothe tica l norm a l s im ple shear o f  the en tire  lithosphere . 
See text fo r explanation. A fte r  W ern icke  (1985).
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W ith in  zone C both  the m antle  and crust are extended. The po in t o f m axim um  O  

th in n in g  usually occurs in  this zone b u t W ern icke  (1985) points ou t tha t it  is also 

geom etrica lly  possible fo r  it  to  lie  w ith in  zone B. The d istal boundary o f this zone 

is de fined  by the p o in t w here  the crust is no longer a ttenuated and a ll extension 

takes place w ith in  the m antle, a s itua tion  w hich characterises the lithosphere  

w ith in  zone D . Since this zone contains the p o in t o f  m axim um  lithospheric  

th inn in g  it w ill also be characterised by pronounced u p lift which should result in 

b road  topograph ic  dom ing  during  the extension. The most distal zone (zone E  on 

figure  6.2) like  zone A  consists o f  unstra ined lithosphere  however, its p ro x im ity  

to  the p o in t o f  m axim um  lithosphe ric  a ttenua tion  may result in it  being up lifte d  

e ithe r due to  an isostatic edge-effect o r la te ra l heat conduction fro m  zone D .

As w ith  the pure shear stre tch ing  m odels discussed in 6.2.2 the extension begins 

w ith  a r if t in g  stage in  w h ich  the crust is th inned  and subsidence is fau lt con tro lled  

(the  ‘in it ia l subsidence’ o f  M cK enz ie  (1978)). As the upw elled asthenosphere cools 

and the base o f  the lithosphere  g radua lly  re turns to  its o rig ina l position the w ho le  

basin undergoes slow the rm a l subsidence.

L a tin  (1990) po in ts o u t tha t num erica l models o f  the therm al response o f the 

lithosphere  to  s im ple shear (V oorhoeve  and Housem an, 1988, B uck et al, 1988, 

W h ite , 1988, 1989, L a tin  and W h ite , 1990, L a tin  e t al, 1990) have p rov ided  

quan tita tive  pred ictions ( fo r  a given am ount o f horizon ta l extension) o f the 

d is tr ib u tio n  and extent o f  asthenospheric upw elling  and the d is tribu tion  and 

thickness o f  the fau lt co n tro lle d  and the rm a l subsidence through tim e.

A n  exam ple o f  one o f these m odels is shown in  figure  6.3 (fro m  W h ite , 1988). 

T he  lithosphere  is d iv ided  in to  seven d is tinc t sections (s im ila r to  the 5 zones o f  

W ern icke , 1985). I f  loca l A iry  isostasy is assumed each vertica l colum n w ith in  the 

seven sections can be trea ted  independently  in  the calculations. F o r a given 

am oun t o f ho rizon ta l extension the  am oun t o f crustal th inn ing  and m antle  th inn ing  

can be calculated. T he  isostatic and the rm a l response to stretching in
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A B C  D E  F G H

X5 Ver t i ca l  Exaggera t i on

F IG U R E  6 3  (a) Cross-section o f  lithosphe re  w ith  inc ip ien t p lanar
detachm ent fault, (b ) Same section a fte r extension by simple shear before 
isostatic compensation. A f te r  W h ite  (1988).
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each co lum n are calculated using equations s im ila r to  those o f M cK enzie  (1978). 

T he  results o f this m odelling  show three im p o rta n t d ifferences between the effects 

o f extension by pure shear and s im ple shear (L a tin  1990):

1) In  pure shear models sedim ent sequences are sym m etrica lly  d is tribu ted  abou t 

the  r i f t  whereas in sim ple shear m odels the sequences p inch o u t tow ard  the  

detachm ent giving rise to a m arked asym m etry o f  sedim entary in f i l l  w ith in  the  

basin.

2) In  pure shear models the thickness o f  the sediments associated w ith  the  

the rm a l subsidence is g reater than the thickness o f  those associated w ith  in it ia l 

subsidence. The converse is true  in  sim ple shear m odels where syn -rift sedim ents 

should be approxim ate ly three tim es m ore  abundan t than the sediments associated 

w ith  the rm al subsidence.

3) U n lik e  pure shear models, in s im ple shear extension m axim um  th inn ing  o f the 

m antle  occurs away from  the r if t  axis. Th is means tha t any m e lt generated du ring  

extension should also be located in  o ff-axis regions (L a tin  and W h ite , 1990).

6 3  E X TEN SIO N  IN TH E N O R T H  SEA BA SIN : A SU M M A R Y  O F PR E V IO U S  
W ORK

6.3.1 Introduction

Theories regarding the extensional h is to ry  o f  the N o rth  Sea Basin have been 

ve ry  w e ll docum ented over the past 10 - 15 years. Th is section is by no means a 

com plete  review, ra the r it  concentrates on those studies w hich have a ttem pted  to  

quan tify  values o f crustal a ttenua tion  and extension. These values are com pared 

and contrasted w ith  s im ila r estimates m ade by p o ten tia l fie ld  m ode lling  in  this 

study in  section 6.4.
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T he  fo llow ing  sum m ary is d iv ided  in to  three  sub-sections each o f  which deals 

w ith  extension estimates made by a p a rticu la r m ethod, namely: the m easurem ent 

o f extension on faults, measurements o f crustal th inn ing  and subsidence analysis.

6.3.2 M easu ring  Extension on Fau lts

T h is  was one o f the firs t m ethods o f  estim ating extension in  r ifte d  regions. 

Z ie g le r (1983) presented pa linspa tic  reconstructions o f faults on p ro files  across the 

N o rth  Sea Basin which produced a to ta l ‘heave’ o f 25 km. across his p ro file . Th is  

is app rox im a te ly  equ iva lent to  a crustal extension fac to r o f 1.2. S im ila r results 

w ere obta ined  by Sclater and Shorey (1989) and Z ieg le r and V an  H o o rn  (1990).

Estim ates o f stretching using pa linspa tic  m ethods are inva riab ly  sm aller than  

those obta ined  fro m  o the r m ethods such as crustal th inn ing  o r subsidence analysis. 

T he  m ethod  is prone to  very large errors. I t  assumes tha t a ll the im p o rta n t fau lts  

in the basin toge ther w ith  th e ir associated stra tig raph ic  displacements can be 

id e n tifie d  and measured accurately. A n o th e r approach which applies s im ple 

tr ig o no m e try  to  the geom etries o f  fa u lt blocks, approx im ating  them  to  rig id  

ro ta tin g  ‘dom inoes’ has been shown by W h ite  (1988, 1990) to  produce m in im um  

estimates o f  extension since the d ip  o f the fau lts and the am ount o f  ro ta tio n  needs 

to be know n very accurate ly be fo re  estimates o f extension can be made, even 

assuming the sim plest possible m odel.

6.3.3 M easuring C rustal T hinn ing

D e te rm in in g  levels o f crustal th inn ing  is a very com m only used m ethod  o f  

estim ating  extension in  the N o rth  Sea basin. The m ethod involves com paring  

m easurem ents o f crustal thicknesses w ith in  the rifte d  area w ith  those m ade in  

areas unaffected by the r if t in g  process, in  o rde r to  estim ate the am ount o f  

th inn ing  in  the r if t .  Th is provides a tim e-in tegra ted  estim ate o f  the crustal
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stretching fac to r w hich is g iven by the  ra tio  o f unstretched crustal thickness 

outside the r if t  to the stretched thickness under the rifte d  area. The method relies 

on an assum ption o f  crustal conserva tion  w ith in  the rifte d  area, thus no account 

is taken o f any m a te ria l added to  the  crustal section due to m agm atic 

underp lating .

There  are three p rin c ip a l m ethods o f  measuring crustal thicknesses: 

in te rp re ta tion  o f seismic re fra c tion  lines, id e n tifica tion  o f the M oho  on deep 

seismic re flec tion  p ro files  and, as in  th is study, de te rm in ing  the depth to the M o h o  

by m ode lling  the reg iona l g rav ity  fie ld .

The firs t estimates o f  crusta l th in n in g  in  the N o rth  Sea were made by Solli 

(1976). This was based on a seism ic re fra c tio n  line  runn ing  orthogonal to the 

V ik in g  G raben at app rox im a te ly  60° N . A t  its m ost th inned p o in t Solli in te rp re ted  

the crustal thickness to  be 14 km . T h e  crust at e ithe r end o f the line was 

measured to  be app rox im a te ly  35 km . th ic k  g iving a m axim um  tim e-in tegra ted  

stretching fac to r o f  app rox im a te ly  2.5 fo r  th is region.

C hris tie  and Sclater (1980) pub lished  th e ir  estimates o f crustal th inn ing  based 

on studying a seismic re fra c tion  line  across the W itch  G round  and Buchan 

Grabens (figures 6.4 and 6.5). T hey assumed tha t stretching had stopped by the 

base o f the U pper-C re taceous and th a t crusta l m a teria l had been conserved. In  

the most stretched p a rt the dep th  fro m  the Base Upper-C retaceous to  the 

re frac tion  M o h o  was found  to  be a pp rox im a te ly  20 km . Th is gives a tim e- 

in tegra ted stre tching fa c to r o f  1.6 p ro v ide d  the unstretched crust had a thickness 

o f  32 km. (as seen be low  the East Shetland P la tfo rm ). I f  an unstretched thickness 

o f  35 km . is used (as seen beneath the  Shetland Islands) the crustal stretching 

fac to r is increased to  1.7 -1 .8 . Scla ter and C hris tie  (1980) pe rfo rm ed  a subsidence 

analysis fro m  several wells in  this area, th e ir  results are discussed in  6.3.4.
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FIGURE 6.4 The Seismic refraction lines of Christie and Sclater (1980) 
across the Witch Ground and Buchan Grabens. Numbers refer to those on 
the section shown in figure 6.5. After Christie and Sclater (1980).

5 - 5 2

FIGURE 6.5 Velocity and depth section obtained from the refraction line 
shown in figure 6.4. After Christie and Sclater (19S0).

FIGURE 6.6 Map of the refraction experiment of Barton and Wood 
(19S4). The study area used in this research is outlined. Modified from 
Barton and Wood (1984).
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B arton  and W ood (1984) also used a seismic re frac tion  line to  measure crusta l 

thicknesses. Th is line  runs approx im ate ly  o rthogona l to the northe rn  part o f the  

C en tra l G raben (figu re  6.6). T h e ir  results show a m axim um  th inn ing  o f  

approx im ate ly  2.46 in the r if t  axis. They also perfo rm ed  a subsidence study fro m  

wells around the re frac tion  line  and found  a considerable discrepancy betw een 

th e ir  estimates o f crustal extension using th is m ethod and those obta ined fro m  the  

seismic experim ent. The results o f  th e ir subsidence study are discussed in m ore  

de ta il in 6.3.4.

A  num ber o f  studies have been m ade in which crustal th inn ing  has been 

m easured using grav ity  m odelling. D o n a to  and T u lle y  (1981), make use o f ve ry  

w ide ly  spaced 2D  pro files  across the U K  sector o f the N o rth  Sea in  o rde r to  

de te rm ine  crustal th inn ing  over the w ho le  o f the basin. T h e ir m ethod invo lved 

m ode lling  the depth  o f the M o h o  along 9 w ide ly  spaced p ro files  between 53° and 

62° N . F ro m  these m odels they re-ca lcu la te  a regional anom aly which would have 

been caused by the im p lied  M oho  topography o f the 2D  pro files. Th is is then re ­

m ode lled  in  3D  to  produce a ‘M o h o  m a p ’ fo r the whole region. T h e ir results, 

w h ich  are som ewhat d iffic u lt to  in te rp re t, show tim e-in tegra ted  Beta factors o f  

u p to  1.9 in  the centre o f the basin at approx im ate ly  56.5° N . and som ething like

1.8 in  the centre o f the V ik in g  G raben. These results are very approxim ate  and 

are made fro m  the m ap shown in  figu re  6.7. In  this case the crustal thickness is 

taken as the distance between M o h o  and Base-Tertiary and an un-stretched 

crustal thickness o f 32 km. The m ethodo logy behind this m ode lling  must be p rone  

to  very large errors ch ie fly due to  the large am ount o f in te rpo la tion  which is 

necessary to  lin k  up the 2D  pro files . T he  M o h o  map shown in  figu re  6.7 is also 

the  p roduc t o f  tw o m ode lling  stages (one in  2D  and one in 3 D ) w h ich  w ill also 

in troduce  large e rrors in to  the result. A p a r t  fro m  this, no account is taken o f  

va ria tions  in  the gravity  fie ld  east o f  the  M ed ian  line  and ye t the fin a l m ode l 

covers the w ho le  o f  the basin.

H ospers et al (1985) used a s im ila r m ethod  to  tha t o f  D ona to  and T u lle y  

(1981) to  analyse g ravity  data fro m  the U K . and Norw egian sectors o f  the N o rth
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Sea between 56° and 62° N . U n fo r tu n a te ly  they d id  not produce a map o f im p lied  

M oho  topography however, one o f  th e ir p ro files  runn ing  across the V ik in g  G raben 

at 50°50’ N. shows an apparen t crusta l th inn in g  o f  approxim ate ly 1.8 where the 

thickness o f the crust is taken as the  base Jurassic and the unstretched thickness 

is taken as 30 km. A ga in  this is a gross approx im ation .

Zervos (1986 and 1987) m ade use o f  2D  and 3D  m odelling  o f the filte re d  

reg iona l Bouguer anom aly fie ld  to  de te rm ine  crustal thicknesses in the no rthe rn  

N o rth  Sea. H is  m odel shows a m axim um  crusta l stretching fac to r o f approx im ate ly

2.5 located at rough ly 2° E., 60° N . T h is  was calculated using a M oho  depth  o f  

approx im ate ly  21 km . and a basin f i l l  o f  approx im ate ly  8 km. and an o rig ina l 

crustal thickness o f  32 km .

In  a study over a s im ila r area F ich le r and Hospers (1990) make use o f 2D  and 

3D  gravity  m ode lling  toge the r w ith  in te rp re ta tion s  o f  the deep seismic re fle c tion  

p ro files  o f the B IR PS  N S D P  84 data set. In  this case th e ir calculated crustal 

extension factors reach a m axim um  o f  g rea te r than 3.5 at approxim ate ly 60°40’ N . 

and 2°30’ E. (figu re  6.8). T he  unstre tched crustal thickness is taken to  be 31 km . 

and the base o f the sediments is at least as deep as the base Triassic bu t may also 

include some Perm ian and D evon ian  sedim ents in  places.

In  a s im ila r study to  tha t o f  F ich le r and Hospers (1990), H o llig e r and 

K le m p e re r (1989) have m ode lled  the  g rav ity  data along the deep seismic 

re flec tion  p ro files  NSDP85 1-4 w h ich  w ere  previously in te rp re ted  by K le m p e re r 

(1988) (figu re  6.9). F igure  6.10 shows K le m p e re r’s (1988) in te rp re ta tion  o f  crustal 

thicknesses taken fro m  the  re fle c tio n  lines across the V ik in g  G raben. H e  suggests 

a to ta l crustal th inn ing  fac to r o f  a t least 2.0. The  gravity models o f H o llig e r and 

K le m p e re r (1989) genera lly show good agreem ent w ith  the seismic in te rp re ta tions  

o f K le m p e re r (1988). H ow ever, in  the  deeper parts o f the V ik in g  G raben the  

M o h o  derived using re fle c tion  data is approx im ate ly  5 km . deeper than tha t 

derived using gravity. T o  exp la in  th is d iscrepancy they m en tion  the possib ility  o f  

m agm atic in trap la ting  o r u nd e rp la ting  occurring  where the crust
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F IG U R E  6.7 Base T e rtia ry  contours (km ) and three-d im ensiona l m odel 
showing im p lied  crustal s tructure beneath the V ik in g  and C entra l G rabens. 
F rom  D onato  and T u lley  (1981).
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F IG U R E  6.8 M ap  o f crustal stre tch ing  factors fo r  the  N o rth e rn  N o rth  
Sea, estim ated fro m  measuring crustal th inn ing  using 2D  and 3D  gravity  
m ode lling  and in terpre ta tions o f  deep seismic re fle c tion  p ro files . F ro m  
F ich le r and Hospers (1990).
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is m ost a ttenuated. In  the la tte r case the base o f a layered upper-m ost m an tle  

w ou ld  appear as the re flec tion  M o h o . P rovided the underp la ted m ateria l was 

nearly  o f  m antle  density this w ou ld  appear below  the large density contrast w h ich  

m arks the gravity M oho . T he  m axim um  tim e-in tegra ted  crustal extension fa c to r 

derived by H o llig e r and K le m p e re r (1989) is given as approx im ate ly  3.2 w ith  an 

unce rta in ty  o f  + / — 0.5.

H o llig e r and K lem p ere r (1990) studied a series o f deep seismic re fle c tion  lines 

and produced regional-scale g rav ity  m odels along them . In  this case the seism ic 

lines inc luded the B IR PS  NSDP85 lines across the C en tra l N o rth  Sea toge the r 

w ith  the  S A L T  1 and S A L T  2 re fra c tio n  lines across the  C en tra l G raben and the 

SNST83-7 line  across the southern  N o rth  Sea. They derive a m axim um  extension 

fac to r o f  1.3 in  the southern N o rth  Sea and 2.0 in the C entra l N o rth  Sea. A ga in  

they quote e rrors o f between 0.5 and -0 .3  fo r a typ ica l extension fac to r o f 2.0. As 

w ith  the study o f the no rthe rn  N o rth  Sea (H o llig e r and K lem pere r, 1989) the 

g rav ity  M o h o  and the re fle c tion  M o h o  are in good agreem ent.

A l l  o f  the  w orkers m en tioned  so fa r explain th e ir estimates o f crusta l 

a ttenua tion  in  term s o f  coaxial lithosphe ric  extension. D iam e trica lly  opposed to  

these ideas Beach (1986), G ibbs (1987) and Beach et al (1987) have proposed a 

non-coaxia l W ern icke-type  o rig in  fo r  the V ik in g  G raben. T h e ij argue tha t 

unm igra ted  deep seismic re fle c tion  data fro m  the V ik in g  G raben area can be 

in te rp re te d  to  show strong evidence o f  low-angle detachm ents pene tra ting  the 

m antle . Th is  evidence is based on the  presence o f some strong shallow  angle 

re flec to rs  seen penetra ting  the m antle  and also zones o f  la te ra lly  d iffe r in g  

re fle c tiv ity  (figures 6.11 and 6.12). Beach et al (1987) a ttr ibu te  the T riassic to  

early  Jurassic extensional deve lopm ent o f  the V ik in g  G raben to  a W ern icke -type  

m ode l w ith  a gently eastward d ipp ing  detachm ent shear zone passing eastward 

th rough  the crust and ram p ing  dow n beneath the M oho . E a rly  M esozoic basin 

deve lopm ent thus occurred in  the  hanging w a ll above the shear zone in a s im ila r 

way to  tha t proposed by W ern icke  (1981, 1985) fo r  the deve lopm ent o f  the Basin 

and Range Province.
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F IG U R E  6.9 M a p  o f the northe rn  N o rth  Sea show ing the locations o f the 
N SD P-84 deep seismic re flection  p ro files (solid lines). Previous surveys are 
shown as dotted  lines. A fte r K lem pere r (1988).

/ d e pt h  to the r e fle c tio n  t. 
I MOHOI i**»SV»VAV«V.

I ixx.xxwxs < 21 *

I 26 k
. • • • >31 k

F IG U R E  6.10 C ontoured map o f the depth to  the re fle c tion  M o h o  in  the 
n o rth e rn  N o rth  Sea. In te rp re ted  fro m  seismic re fle c tion  data. A f te r  
K le m p e re r (1988).
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M axim um  syn-rift subsidence occurred above the zone o f m axim um  crustal 

th inn ing , thus creating the V ik in g  G raben. T h inn ing  o f the m antle caused u p lif t  

du ring  the extension pe riod  o f the region east and south-east o f  the V ik in g  

G raben, H o rd a  P la tfo rm  hinge line. T h e rm a l subsidence was superim posed on the 

tecton ic subsidence o f the V ik in g  G raben as the upw elled m antle  lithosphere  

cooled. In the late-Jurassic to  early-Cretaceous Beach et al (1987) propose a 

change in the mechanism  o f m ovem ent fro m  one a ffecting  the w hole o f the crust 

to  a m ore discrete s trike -s lip  m ovem ent occurring  on the p rim ary  shear zones tha t 

cut th rough  the crust and offset the M oho . They propose a dom inoe s truc tu re  

being im parted  to  the crust by these fa u lt zones. C rusta l extension in  the la te- 

Jurassic occurs by d ip -s lip  m ovem ents on this fa u lt set and the ro ta tio n  o f  m a jo r 

crustal blocks bounded by these faults.

F rom  th e ir in te rp re ta tio n  o f the seismic data Beach et al (1987) propose a 

th inn ing  o f the crust to  a m in im um  o f 14 km . beneath the r if t ,  equ iva len t to  a 

tim e-in tegra ted  crustal extension fac to r o f 2.3 in  the centre o f the V ik in g  G raben.

K le m p e re r (1988) has argued tha t the seismic data, when dep th-m igra ted , are 

qu ite  consistent w ith  a coaxial s tre tching m odel since the crust appears to  be 

th inned  sym m etrica lly  and because b o th  syn-rift and p os t-r ift sediments are 

superim posed d irec tly  on top  o f  th inned  crust. W h ite  (1988) however, has shown 

tha t th rough num erica l m ode lling  o f  the sim ple-shear m odel it  is in  fact possible 

to produce both  crustal th inn ing  tha t is sym m etric about the basin and having the  

locus o f in it ia l and the rm a l subsidence sediments co incid ing spatia lly  w ith in  the  

r if t .  A rgum ents against the s im ple shear m odel on the basis o f  m e lt generated 

during  lithosphe ric  extension are presented in  6.4

There  are tw o p rin c ip a l p roblem s associated w ith  estim ating crustal extension 

factors fro m  measurements o f crustal th inn ing . The firs t o f  these has a lready been 

m entioned. Th is is tha t the values ob ta ined  are always tim e-in tegra ted  i.e. 

d iffe re n t phases o f extension cannot be recognised, delineated and quan tified . T he  

o the r p rob lem  is tha t e rro rs  m ade in  the  in it ia l estim ate o f crustal th inn ing
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N O R TH  V IK IN G G R A D E N  D E E P  S E IS M IC  PROf ILE

F IG U R E  6.11 L in e  draw ing o f  p r in c ip a l re flec to rs  on a deep seismic 
re flection  p ro file  across the V ik in g  G raben . A f te r  Beach et al (1987).
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F IG U R E  6.12 S im ple geological m ode l fo r  the p ro file  shown in  figure  
6.11. A fte r  Beach et al (1987).
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are com pounded when the conversion to a stretching facto r is made. T h a t is, the 

la rger the am ount o f  th inn ing , the la rge r is the e rro r in the Beta factor. F o r 

exam ple, H o llig e r and K le m p e re r (1989) quote an accuracy o f + / -  2km. fo r th e ir 

estimates o f the dep th  to  the g rav ity  M o h o . F o r an in itia l crustal thickness o f 32 

km  the fo llow ing  estimates o f B eta  can be made:

C rusta l thickness =  16 km  + / — 2 km  B eta  fac to r =  2.0 w ith  e rro r bars at 1.78 

and 2.29.

C rusta l thickness =  12 km  + / — 2 km  B eta  fac to r =  2.67 w ith  e rro r bars at 2.29 

and 3.20

C rusta l thickness =  10 km  + / — 2 km  B eta  fac to r =  3.2 w ith  e rro r bars at 2.67 

and 4.0.

6.3.4 Subsidence A na lys is

Subsidence analysis is a com m on ly  used m ethod to estimate the am ount o f 

extension in  an extensional sed im entary basin. I t  has an advantage over o th e r 

m ethods such as m easuring crusta l th inn in g  in  tha t in  areas w hich have undergone 

a num ber o f  d iscrete r if t in g  episodes the am oun t o f  extension during  each r if t in g  

event can be evaluated.

In  p rin c ip a l the m ethod  is s im ple; using e ithe r seismic o r w ell data the basin 

s tra tig raphy is decom pacted and is used to  progressively unload the crysta lline  

basement. This allows curves to  be generated which show the w ater-loaded 

basem ent subsidence o f  the basin as a fun c tio n  o f tim e. These curves can then be 

com pared w ith  theo re tica l curves generated fo r d iffe ren t amounts o f stre tch ing  

and fo r  various stre tch ing  m odels (e.g. u n ifo rm  o r heterogeneous stre tching). In  

o rd e r to  fu lly  apprecia te  the relevance and accuracy o f extension fac to r estimates 

m ade using subsidence analysis, i t  is im p o rta n t to  understand how  these estimates 

are obta ined. The m ethod  is described be low  bu t fo r m ore deta il re fe r to  S teckler 

and W atts  (1978) and Sclater and C hris tie  (1980).
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6.3.4.1 M odelling Subsidence

E stim ating  extension factors fro m  subsidence analysis involves seven p rin c ip a l 

stages, each is described below.

1) A  large num ber o f wells are selected fro m  the area o f interest. Idea lly  the 

wells need to  be evenly d is tribu ted  over the area since the extension factors 

calculated fro m  any one w e ll can on ly be tru ly  app lied  to  tha t loca tion  and the 

am ount o f  extension may vary fro m  area to  area. L a tin  (1990) po in ts ou t tha t it  

is also im p o rta n t tha t the wells pene tra te  the basin as deeply as possible and tha t 

each w e ll samples at least the com ple te  p os t-r ift sequence. I t  is also desirable tha t 

they are no t located on the tips o f  fa u lt blocks since it  is like ly  tha t in  these areas 

the syn -rift sequence w ill be incom ple te  due to  u p lif t  and subsequent erosion.

2) F rom  each w e ll the thickness and average sedim ent-type deposited over 

d iffe re n t s tra tigraph ic in tervals th rough  tim e  are noted. The  sediments are d iv ided 

in to  several layers each o f which is assumed to  be a hom ogeneous litho logy  (eg. 

Shale, Sandy-Shale, Sand o r C ha lk). Each layer is bound above and be low  by 

points o f  know n stra tig raph ica l age (de rived  fro m  m icropa laeon to log ica l studies). 

These s tra tigraph ica l ages are then converted in to  absolute ages using a tim e-scale 

such as tha t o f  H arland  et al (1982). Since errors in  s tra tig raph ica l ages are like ly  

to  be sm all (less than + / -  5 M a, L a tin  (1990) ) in  com parison w ith  the tim e  

in tervals chosen to  display the fin a l subsidence curves it  is usually assumed tha t 

they w ill not adversely a ffect the fin a l shape o f the curve.

3) As m entioned in  3.4.1 the density o f  sedim entary layer w ill increase w ith  

dep th  due to  the effects o f  com paction  and de-watering. I t  is necessary to  correct 

fo r  these effects in  o rde r to  de te rm ine  the  subsidence h is to ry  o f  a basin (figu re  

6.13). Th is process, know n as decom paction , was ou tlined  by Sclater and C hris tie  

(1980) w ho noted tha t the decay o f  po ros ity  w ith  dep th  o f  b u r ia l fo r  litho log ies 

such as: sand, shaley-sand, sand and cha lk  was exponentia l and could be 

approx im ated  by the re la tionsh ip :
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W here:

<X>
(Z) = < V

<I>. =  Porositv at deDth zw * A
0 O =  In it ia l poros ity  

z =  depth  o f b u ria l

X =  C haracte ris tic  decay length  (lith o lo g ica lly  dependant).

The e ffect o f  decom paction is to  increase the depth to  the basement. H ow ever, 

the m ethod assumes tha t the sedim ents lie  on a com plete ly com pacted basem ent 

w h ich  in  the C en tra l N o rth  Sea is taken  as e ithe r the Top-T riassic (approx. 213 

M a ) o r the Top-P erm ian  (approx. 250 M a ). I t  also assumes tha t each s tra tig raph ic  

sequence is no t over-pressured (i.e. w hen the pore  flu ids support some o f the 

w e ight o f  the over-burden). These tw o assum ptions tend to maxim ise the estim ate 

o f  decom paction  since: a) it  is like ly  tha t the  basem ent w ill no t be fu lly  com pacted 

at the tim e  o f deposition  o f  the earliest sediments and b) in  over-pressured 

sections a layer at a given depth  w ill appear th icke r than it w ou ld  at norm a l pore - 

f lu id  pressures.

4) A f te r  ca lcu lating the e ffect o f  decom paction  the to ta l load o f  the sedim entary 

p ile  can be calculated toge ther w ith  its e ffect on basement subsidence. Th is is 

actua lly done layer by layer in  con junction  w ith  the decom paction ca lcu la tion  in  

a process know n as ‘back-s tripp ing ’. As each layer is rem oved and the underly ing  

sequences are decom pacted the dep th  to  the basement is recalculated (figu re  

6.13).
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A SEA FiOOR

F IG U R E  6.13 Decom paction o f  sed im ent layers (Z 2 and Z 3) as a layer o f 
sedim ent (Z ,) is removed. A f te r  S cla ter and C hris tie  (1980).
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Sclater and C hris tie  (1980) shows tha t the density o f  the rem ain ing co lum n is 

given by:

P, = S [® jPw + ( l - ® t) p „ ] ^

W here: =  M ean poros ity  o f  the Ith layer

Psgj =  Sedim ent g ra in  density o f the Ith layer 

Zj. =  R ecom puted dep th  to  the  top  o f  the i lh u n it 

S =  R ecom puted to ta l sed im ent thickness 

Pv =  D ensity  o f w a te r

The decom pacted thickness o f  the  sedim ent co lum n (less any layers previously 

stripped o ff)  can then be ‘un loaded ’ and the  space le ft f ille d  by water. Th is leaves 

the water-loaded depth to  the basem ent (D )  w h ich  is given by:

D  = 5 ( P m - P s ) / ( P „ - P j

W here: S =  T o ta l Sedim ent Thickness

Pm =  Average M a n tle  D ens ity  

Pw=  Average W a te r D ensity

The degree to  w hich the lithosphere  responds to  loads no t only at one p o in t 

bu t also to  loads fro m  a surround ing  area is a fu n c tio n  o f  the effective elastic 

thickness (T e) o f the lithosphe ric  p la te  (T u rc o tte  and Schubert, 1982). In  the  

ca lcu lation above an assum ption o f  to ta l A ir y  isostasy has to  be made in  w h ich  the  

lithosphere is assumed to  have zero la te ra l strength and responds only to  the size 

o f the load d irectly  above the p o in t o f  ca lcu la tion . B a rto n  and W ood  (1984) show 

tha t the effective value o f  T e fo r  the N o rth  Sea was less than 5 km . fo r  the w ho le  

o f the p o s t-r ift phase. Thus m any w orke rs  (eg. B a rto n  and W ood, 1984, L a tin ,

1990) conclude tha t the assum ption o f A iry  isostasy is va lid . Isostasy in  the N o rth  

Sea is discussed in  m ore de ta il in  chap ter 7.

175



5) T he  depth o f w a te r at the tim e  o f sedim ent deposition  (pa laeobathym etry) has 

an im p o rta n t e ffect on the ca lcu la tion  o f  subsidence. I t  is the re fo re  necessary to 

correct fo r  this e ffect at each stage in  the back-s tripp ing  process. Estim ates o f 

pa laeobathym etry are d iffic u lt to  m ake and re ly on the id e n tifica tio n  o f  e ithe r 

sedim entary facies ind icators to  m ake d istinctions between d iffe re n t depositiona l 

environm ents o r assemblages o f  fossils know n to have lived at ce rta in  dep th  

ranges. A n  ind ica tion  o f the e rro rs  in troduced  during  this process is shown in 

figu re  6.14 w h ich  is taken fro m  L a tin  (1990).

6) R e la ted  to  the  co rrection  fo r  pa laeobathym etry a fu r th e r co rrection  can be 

m ade to  take in to  account g loba l changes in  sea-level. Estim ates o f  such g loba l 

sea-level changes are extrem ely d if f ic u lt  to  quan tify  and separate fro m  loca l 

tecton ic  events (W atts  and T horne , 1984). The overa ll uncerta in ty  invo lved in 

m aking  corrections due to  g lobal sea-level changes causes extrem e irregu la ritie s  

to  appear in  o therw ise sm ooth subsidence curves (W ood , 1982 and L a tin , 1990). 

Th is co rrec tion  is there fo re , o ften  ignored.

7) The  F ina l stage o f  subsidence analysis is the in te rp re ta tion  o f  the w a te r loaded 

basement subsidence curves produced fo r  each w ell. Each curve consists o f  a 

series o f  e rro r bars re flec ting  uncerta in ties in  the palaeobathym etry co rrec tion  

(figu re  6.14). U s ing  the equations developed to  describe fin ite  extension (Jarvis 

and M cK enzie , 1980) a series o f  theo re tica l subsidence curves fo r va rious 

extension factors can be generated. F o r u n ifo rm  extension where the crust and 

m antle  are stretched by equal am ounts (6.2.2.1) the param eters needed to  

generate a series o f  such curves are, the s ta rting  age and du ra tion  o f  the extension 

event toge ther w ith  various physical p rope rtie s  o f the lithosphere  and U p p e r- 

M a n tle  such as: thickness, density, tem pe ra tu re  etc. A  set o f  such curves toge the r 

w ith  the param eters used to  generate them  are shown in  figu re  6.15.

Once the theo re tica l curves are generated an a ttem p t is m ade to  f i t  them  to  

the observed subsidence curves fo r  each w e ll. The  end resu lt is an estim ate o f
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F IG U R E  6.14 Subsidence curves fro m  a w ell in the Egursund Basin. 
U p p e r d iagram  (A )  shows uncorrected (circles) and decom pacted 
(triang les) basement subsidence. L o w e r diagram  (B ) shows w ater-loaded 
basem ent subsidence (e rro r bars); i.e. subsidence a fte r the effects o f 
sedim ent loading have been rem oved and a palaeowater depth co rrection  
has been applied. A f te r  L a tin  (1990).
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Time (W a)

: Model Parameters

a l i t h o s p h e r i c  t h i c k n e s s 1 2 5  k m
lc c r u s t a l  t h i c k n e s s 3 0  k m
P w s e a  w a t e r  d e n s i t y 1.0 g  c m ' 3
P s s e d i m e n t  d e n s i t y 2 . 0  g  c m ' 3
P c c r u s t a l  d e n s i t y  ( a t  0 * C ) 2 . 8  g  e n r 3
P m m a n t l e  d e n s i t y  ( a t  O ’C ) 3 . 3 3  g  c m ' 3
P a a s t h e n o s p h e r e  d e n s i t y  ( a t  1 3 3 3 ' C ) 3 . 2  g  c m ' 3
T a a s t h e n o s p h e r e  t e m p e r a t u r e  ( a t  1 2 5  k m ) 1 3 3 3 * C
a t h e r m a l  e x p a n s i o n  c o e f f i c i e n t 3 . 2 8 x l 0 ' 5 ‘ C ' 1
K t h e r m a l  d i f f u s i v i t y 8 x l 0 - 7 i r P  s '  ^
T d e c a y  t i m e 6 2 . 8  M a

F IG U R E  6.15 T heo re tica l subsidence curves fo r  a range o f  Beta values. 
Homogeneous stre tching is assumed to  have started at 160 M a  and to  have 
continued w ith  a constant s tra in  ra te  fo r  60 M a. T he  table shows the m odel 
param eters used to  generate these curves. A f te r  L a tin  (1990).
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the stre tching fac to r made fro m  the bes t-fit theore tica l curve. I f  the observed 

curve cannot be easily m atched to  a theore tica l curve a new set can be generated 

using a d iffe re n t s tre tching m odel (eg. heterogeneous stre tching).

63.4 .2  Previous W o rk

In  the previous section the basic theory  beh ind subsidence analysis was 

ou tlined . Th is section summarises the research o f  various w orkers  w ho have 

app lied  this m ethod to  the N o rth  Sea. P a rticu la r emphasis is p laced on the  w o rk  

o f  L a tin  (1990) w ho has pe rfo rm ed  the m ost up-to -da te  analysis in  the  ‘ t r ip le ­

ju n c tio n ’ area o f the N o rth  Sea.

The firs t study o f basin subsidence in  the  N o rth  Sea was carried  ou t by Scla ter 

and C hris tie  (1980). They exam ined a to ta l o f  e ight wells w ith in  the  C en tra l 

G raben and its flanks. B y app ly ing  a s im ple instantaneous, u n ifo rm  stre tch ing  

m odel (M cK enz ie , 1978) to  the area they estim ated stre tch ing  factors o f  betw een

1.5 and 2 in the graben and less than 1.5 on the flanks. H ow ever, th e ir approach  

to  the subsidence analysis was, perhaps ra th e r s im plistic. They e ffective ly  ignored  

the e ffect o f  syn-rift subsidence since th e ir analysis on ly  included subsidence over 

the past 100 M y  and r if t in g  p robab ly  started between 180 and 160 M a  (Z ie g le r,

1982). L a tin  (1990) however, po in ts ou t tha t this approach is p robab ly  the best 

one to  take in  this area (see la te r in  th is  section). O th e r errors m ay also have 

been in troduced  in to  th e ir  w o rk  since the only m odel they consider is the  

instantaneous, un ifo rm  stre tching m odel (M cK enzie , 1978) I t  is know n tha t r if t in g  

was o f f in ite  dura tion  (60 M a  according to  W ood, 1982) also L a tin  (1990) and 

W h ite  and M cK enz ie  (1988) p o in t ou t tha t a m odel o f  heterogeneous s tre tch ing  

is m ore  like ly  in  the some parts o f the r i f t  (see la te r in  this section).

In  add ition  to  th e ir study o f crustal th inn ing  using a re fra c tion  line  across the  

W itch  G round  and Buchan Grabens, C hris tie  and Sclater (1980) also analysed the
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the rm a l subsidence o f  five wells a long the p ro file  using a s im ila r m ethod to Sclater 

and C hris tie  (1980). They p roduced  estim ates o f stretching factors which reached 

a m axim um  o f app rox im a te ly  2.0. These values com pared very favourably w ith  

th e ir estimates derived fro m  th e ir  study o f crustal th inn ing  in  w hich m axim um  

stre tch ing  fac to r o f  app rox im a te ly  1.8 was estim ated at the th innest po in t.

The  next m a jo r study o f subsidence in  the C en tra l N o rth  Sea was made by 

W ood  (1982). She studied 19 w e lls  in  the  C en tra l G raben and O u te r M o ra y  F ir th  

Basin. Th is w o rk  was an im p ro ve m e n t over the w o rk  o f Sclater and C hris tie  

(1980) since she assumed a m ode l o f  u n ifo rm  extension over a fin ite  period . She 

assumed tha t the Jurassic r if t in g  phase began at approxim ate ly 180 M a  in the  

B a joc ian  and continued fo r  60 M a , fin a lly  ending in  the early-Cretaceous (approx. 

120 M a ). H e r w o rk  also inc luded  an extensive study o f m icro-fauna in  o rd e r to  

m in im ise  errors due to  inaccura te  estim ates o f  palaeobathym etry. In  m ode lling  

subsidence she a ttem pted  to  m atch the o re tica l curves to  bo th  the syn -rift and 

p o s t-r ift the rm al stages o f  extension. L a tin  (1990) points out tha t she e ffective ly  

ignored the fact tha t the syn -rift sequence is extrem ely sensitive to  the loca tion  o f  

the w e ll. F o r instance i f  the w e ll is loca ted on the t ip  o f  a fa u lt b lock  a 

considerable am ount o f syn -rift sed im ent m ay have been up lifted  and and lost due 

to  subsequent erosion (Y ie ld in g , 1990).

T he  m axim um  estim ation  o f  extension factors fro m  her study was fo r  a w e ll 

approx im ate ly  in the centre o f  the basin w here  a value o f  approxim ate ly 1.55 was 

obta ined.

B arton  and W ood (1984) com pared these results w ith  measurements o f crustal 

th inn ing  m ade fro m  a re fra c tio n  p ro file  across the  C entra l G raben (6.3.3). and 

noted large discrepancies between the tw o estimates. They a ttr ibu te d  this 

d iscrepancy to  the effect o f  pre-Jurassic r if t in g  on crustal thickness. The  m ism atch 

at each w e ll was used to  re fine  the  estim ate  o f in it ia l crustal thickness down fro m

31.2 km . to  w hatever va lue e lim ina ted  th is  discrepancy.
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H e lling e r et al (1989) used the re fra c tion  data o f  B arton  and W ood  (1984) and 

recalculated extension factors at 25 km  in terva ls along it. In  th e ir study they 

a ttem p t to separate the subsidence data in to  tha t w h ich  w ou ld  be caused by tw o 

m a jo r r ift in g  events. The  firs t event is actua lly  considered to  be the sum o f tw o 

sm alle r events occurring  in  the P erm ian and the Triassic. The  second event is tha t 

occurring  in the M id-Jurassic to  Early-C retaceous. By assuming tha t the firs t event

lasted 95 M y  they approx im ated  the extension due to  this event (equa tion  5 o f
l

H e llin g e r et al 1989). The  to ta l extension is estim ated is estim ated using the same 

m ethod  as B arton  and W ood  (1984). Then , by assuming tha t the to ta l extension 

fac to r is the p roduct o f the extension facto rs due to  the firs t and second events 

they calculate the extension due to  the la te  M id-Jurassic to  early  C retaceous 

event. U n lik e  every o th e r w orkers  in  th is  fie ld  H e llin g e r et al (1989) estim ate 

m uch m ore extension occurring  in  the pre-Jurassic events than in  the  la te r Jurassic 

- Cretaceous episode. T h e ir  m axim um  es tim a tion  o f to ta l extension is a B eta  

fac to r o f  2.27 assuming an elastic p la te  thickness o f  5 km . T h is  is the  p roduc t o f  

an extension fac to r o f 2.04 fo r  the firs t event and 1.11 fo r  the second. In  contrast 

to  this, L a tin  (1990) po in ts ou t tha t in  genera l subsidence data fits  ve ry  w e ll w ith  

a p re -m id  Jurassic r if t in g  event w ith  extension factors no t exceeding 1.2.

In  the northe rn  N o rth  Sea W h ite  (1988, 1990) com pared extension estimates 

m ade in the Shetland T errace  reg ion by considering bo th  com plex fa u lt b lock  

ro ta tions and subsidence analysis. H e  fou n d  tha t b o th  m ethods p roduced s im ila r 

results w ith  a m axim um  m id-Jurassic to  early-Cretaceous extension fac to r o f  

between 1.5 and 2.2 . H e  also noted a considerable  discrepancy betw een these 

results and those obta ined fro m  crustal th inn in g  estimates m ade a long the deep 

seismic re flec tion  p ro file  NSDP-84-1. T h is  he found  could  be corrected by 

assuming a Triassic extension fac to r o f between 1.05 and 1.2 depending on 

location.

The  most recent analysis o f  subsidence data fro m  the C en tra l N o rth  Sea is th a t 

o f  L a tin  (1990). H e  analysed 19 wells fro m  the C en tra l N o rth  Sea area (figu re  

6.16) m any o f w hich (u n like  the studies o f  W ood, 1982 and B a rto n  and W ood,
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1984) where fro m  the deepest parts o f  the basin. L a tin  noticed tha t in m any cases 

the subsidence p ro files  were characterised by a re la tive ly  condensed syn -rift 

sequence (m id-Jurassic to  early-C retaceous) in  com parison to the large thicknesses 

o f  p o s t-r ift sediments associated w ith  the the rm al subsidence. This phenom enon 

has been a ttr ibu te d  to  the loca tion  o f wells on basement highs and the tips o f  fa u lt 

b locks w here an incom ple te  syn -rift sequence m igh t be expected. H ow ever, figu re  

6.16 shows tha t m any o f the wells in  L a t in ’s study came fro m  deep parts o f  the  

basin where the syn -rift sequences should be com plete. The re la tive ly  th in  syn -rift 

sequences are actua lly  a characteris tic  o f the C entra l N o rth  Sea. Z ie g le r (1982) 

shows tha t in  re la tion  to  the n o rth  C en tra l G raben the V ik in g  G raben conta ins 

m uch m ore  s ign ificant thicknesses o f  m id-Jurassic to  early Cretaceous sedim ents 

w h ils t the thickness o f  T e rtia ry  sediments is s im ila r in  bo th  regions suggesting th a t 

the tw o rifts  may have d iffe re n t extensional histories.

L a tin  (1990) found  tha t the subsidence curves derived fro m  wells con ta in ing  

a re la tive ly  th in  syn -rift sedim ent thickness could  no t read ily  be m atched to  

theo re tica l curves generated using a u n ifo rm  stretching m odel, suggesting tha t th is 

is n o t the co rrect mechanism  fo r  this p a rt o f  the basin. W ith o u t resorting  to  loca l 

tecton ic  effects the m ost obvious m ethod  o f reducing the am ount o f syn -rift 

subsidence re la tive  to  p o s t-r ift subsidence is to  invoke the heterogeneous 

stre tch ing  m odel o f  H e llin g e r and Scla ter (1983) in  w hich the crust is extended by 

a sm a lle r am ount than  the m antle  in  the  centre  o f the r if t .

L a tin  considered tw o types o f  heterogeneous stre tching models. In  the f irs t type 

he considered a coupled stra in  ra te  m odel in  w hich the rates o f  s tra in  in  the crust 

and m antle  m ay be d iffe re n t and va riab le  bu t are coupled such tha t if, fo r  

instance, the stra in  ra te  increases in  the  crust a t any p o in t and at any tim e  then  

it  w il l also do so in  the m antle  by p ro p o rtio n a lly  the same am ount. Th is means
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F IG U R E  6.16 M a p  show ing the locations o f wells used in  the subsidence 
analysis o f L a tin  (1990) (f ille d  circles) and tha t o f W ood  (1982) (open 

circles). A fte r  L a tin  (1990).
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tha t i f  at the start o f riftin g , the crusta l extension is less than the m antle extension 

in  any vertica l lithospheric  co lum n then  it w ill rem a in  less than the m antle  

extension th roughou t the r if t in g  pe riod  (fig u re  6.17). In  the second type o f m odel 

he considered a de-coupled stra in  ra te. In  this case the stra in rates w ith in  the 

crust and m antle may be d iffe re n t and m ay vary d isp ropo rtiona te ly  during  the 

r if t in g  period. Thus, the re la tive  values o f crust and m an tle  extension may be 

varied w ith in  a single lithospheric  co lum n during  r if t in g  (see 6.5.4 and figure 6.30). 

L a tin  notes, "In  this type o f  m ode l w h ile  stre tch ing  at any stage during  r ift in g  may 

be heterogeneous the tim e-in teg ra ted  to ta l stre tch ing  need not be".

U sing a p rogram  developed by C ondon  (1988) L a tin  produced theore tica l 

curves fo r a coupled stra in  ra te  m ode l and obta ined  good fits  to  subsidence curves 

fro m  wells showing the characteris tic  re la tive ly  sm all syn -rift subsidence associated 

w ith  the deep parts o f the C en tra l N o rth  Sea. In  these models the crustal 

extension is always less than tha t o f  the m antle . C rusta l and m antle  stra in rates 

were constant th roughou t the 60 M y  r if t in g  event w ith  the crustal stra in rate being 

the sm aller o f  the two.

eC
oc Pc

60
OC K

60

W here: e c =  crustal s tra in  ra te  

e =  m antle  stra in  ra te
TTl

Pc =  crustal extension fa c to r 

Pm =  m antle  extension fa c to r

In  one w e ll fro m  the ‘tr ip le - ju n c tio n ’ area L a tin  estim ated crustal extension 

factors o f between 1.55 and 1.7 and m a n tle  extension factors o f  between 2.8 and

3.2. The pressure d rop  due to  th inn ing  the  m antle  and crust by these amounts
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S T A R T

D I S T A N C E  FINISH

F IG U R E  6.17 Coupled stra in ra te  heterogeneous stretching. T he  d iagram  
shows that crustal stretching and m an tle  stretching must balance at any 
tim e  across the region. In  this m odel the am ount o f  crustal s tre tch ing  is 
always greater than tha t o f the m antle  in  the r if t  centre w h ils t the converse 
is true at the r if t  flanks. A fte r  L a tin  (1990).
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can be calculated and the hom ogeneous stretching fac to r which results in 

app rox im a te ly  the same am ount o f  decompression is then determ ined. A n  

equ iva lent hom ogeneous s tre tch ing  fa c to r o f 2.4 to  2.75 was calculated fo r this 

w ell. H e  notes tha t i f  hom ogeneous curves are fitted  only to the therm al parts o f 

the subsidence curves where the re  is a re la tive ly  th in  syn-rift sequence, the results 

are very s im ila r to  those obta ined  fo r  the equivalent homogeneous s tre tch ing  

factors calculated fo r  the heterogenous stretching m odel (figu re  6.18).

The  m ain  p rob lem  associated w ith  coupled stra in  rate models is tha t i f  the  

crusta l extension in  the centre  o f  the  r i f t  is always less than tha t o f the m an tle  at 

the same po in t, there  m ust exist o ff-axis areas where the converse is true. In  these 

areas there  w ill be a large am oun t o f  crustal th inn ing  and a re la tive ly  sm all 

am ount o f the rm a l subsidence. Such areas are not observed in the N o rth  Sea. 

Studies o f  crustal th inn ing  (in c lud ing  this study) inva riab ly  show tha t the crust is 

th innest in  r i f t  areas w h ils t o ff-axis areas are re la tive ly  unaffected by the extension.

The de-coupled stra in  ra te  m odel is fa r  m ore flex ib le  and may be used to  

explain m any o f the features o f the  C en tra l N o rth  Sea. Such features include the 

presence o f  re la tive ly  th in  syn -rift sequences in  the axis areas, low  off-axis crusta l 

th inn ing  and the em placem ent o f igneous bodies (eg. the P iper-Forties  V o lcan ic  

P rovince) very early in the r if t in g  process. The m odel has never been quan tified  

however, it  is discussed in a qua lita tive  m anner in  section 6.5.4 o f  this chapter.

L a tin ’s results are shown in  figu re  6.19. These were obta ined by f it t in g  

theo re tica l curves fo r  a hom ogeneous stre tching m odel to  the the rm a l p a rt o f  the 

observed subsidence curves. F igu re  6.19 also shows his re -in te rp re ta tio n  o f  the 

wells o rig ina lly  analysed by W ood  (1982). Extension factors are as large as 2.5 in  

the centre o f  the tr ip le  ju n c tio n  area w h ils t off-axis values are o ften  less than 1.2. 

These values are fo r  the m id-Jurassic to  early-Cretaceous on ly and w ill the re fo re  

be sligh tly  less than the to ta l extension fo r  the basin w hich w ou ld  inc lude the  

effects o f  pre-Jurassic riftin g . L a tin  (1990) points out, however, tha t
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T I ME  ( M a )

F IG U R E  6.18 U p p e r d iagram  (a) F itt in g  curves fo r heterogeneous 
stretching to  w ater-loaded subsidence data fro m  a w ell in the Forties 
region. R ift in g  is assumed to  s tart at 160 M a  and to fin ish at 100 M a. Beta 
factors fo r crustal and m an tle  th inn in g  are shown together w ith  an effective 
equivalent homogeneous stre tch ing  fa c to r which represents an equivalent 
am ount o f decompression. L o w e r d iagram  (b) shows the results o f f itt in g  
homogeneous stre tching curves to  the  the rm al part o f the subsidence 
curves only. B o th  diagrams fro m  L a tin  (1990).
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F IG U R E  6.19 M a p  showing estimates o f  Beta factors fo r  the m id-Jurassic 
as obta ined by L a tin  (1990) by f it t in g  hom ogeneous stretching curves to  the  
the rm a l p a rt o f the w ater-loaded subsidence data. A f te r  L a tin  (1990).
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this e ffect is like ly  to be very small (a m axim um  o f 1.2). T he  to ta l extension fac to r 

is the p roduct o f the factors from  a ll r if t in g  episodes.

6.4 E S T IM A T IN G  C R U S T A L  E X T E N S IO N  F R O M  3D  G R A V IT Y  M O D E L L IN G

6.4.1 In tro d u c tio n

In  this section the 3D  models o f  the M o h o  topography derived in  chapters 3 

and 5 are used to estim ate crustal th inn ing  and crustal extension factors. T h e  

e rro rs invo lved in these calculations are discussed in  6.4.3. These estim ates are 

com pared and contrasted w ith  those obta ined by o th e r w orkers  in  6.4.4.

6.4.2 C ru s ta l T h in n in g  and E xtension

The  ca lcu lation o f crustal extension factors fro m  the M o h o  m odels shown in  

chapters 3 and 5 is very sim ple. The  firs t stage is to  de te rm ine  the thickness o f  the 

‘basem ent’ at every po in t in  the study area. In  the gravity  m ode lling  the basem ent 

was taken as everyth ing between the Base-Cretaceous and the M o h o . Thus by 

subtracting  the grid representing the dep th  to  the Base-Cretaceous fro m  tha t 

representing the depth to  the M o h o  fo r  any m odel it  is possible to  ob ta in  a g rid  

representing the thickness o f the basement. F igure  6.20 shows the dep th  to  the  

Base-Cretaceous fo r the study area w h ils t figu re  6.21 is a grey-scale co n to u r m ap 

showing the  depth  to  the M o h o  fo r  the f in a l so lu tion  obta ined  by g rav ity  and 

m agnetic m ode lling  (see chapter 5). The  thickness o f the basem ent associated w ith  

this m ode l is shown in  figu re  6.22.

A  g rid  o f extension factors fro m  the w ho le  area is derived b y  d iv id in g  the 

basem ent thickness in to  the thickness o f un-stretched crust. T o  fa c ilita te  d ire c t 

com parisons between these estim ations and those obta ined by o th e r w orke rs
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F IG U R E  6.20 D e p th  to  the  Base Cretaceous. (F rom  D ay et al, 1981). 
U n its  are in  k ilom etres. 190
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such as L a tin  (1990) an un-stretched crustal thickness o f  32 km  was chosen. A s 

can be seen fro m  figure  6.21 the M o h o  reaches depths o f approx im ate ly  34 km  

in  some very localised areas (e.g. the extrem e south-western co rner o f the study 

area). W herever this is the case such tha t the resu lting  calculated extension fa c to r 

is less than un ity  then it  has been rounded up to equal one. T h e  results are shown 

in  figu re  6.23.

T h e  m axim um  extension fac to r is approx im ate ly  2.8 and occurs in  the centre  

o f  the  ‘ tr ip le - ju n c tio n ’ area. A  second centre  o f extension trends along the C en tra l 

G raben  where again, the m axim um  stre tch ing  fac to r is approx im ate ly  2.8. M o re  

m in o r centres o f extension are found  in  the  W itch  G round  and Buchan G rabens 

and the  South V ik in g  G raben.

6.4.3 P ossib le  Errors

T he  extension factors shown in  figu re  6.23 do n o t represent the tru e  to ta l 

extension. Th is is because the top  o f the basement has been taken as the Base- 

Cretaceous in  the ca lcu lation ou tlined  in  6.4.2. T here fo re , no account is taken o f  

the e ffect o f  pre-Cretaceous sediments. L a tin  (1990) reports  tha t syn -rift 

sediments o f the Jurassic-Cretaceous r if t in g  event are re la tive ly  th in  in  the  deeper 

parts o f  the basin however, lit t le  is know n o f  T riassic and Perm ian sedim ent 

thicknesses. The  seismic s tructure  maps o f  D ay et al (1981) show depths to  the  

Base-Zechstein fo r p a rt o f  the study area. Coverage is on ly com plete  in  the south ­

east sector o f the study area however, it  shows the base Zechste in  occurring  at 

depths o f g reater than 7 km  loca lly  in  the C en tra l G raben area. I t  should also be 

noted  tha t the o rig ina l g ravity m ode lling  on ly  invo lved low  density near-surface 

layers younger than the Base-Cretaceous. H ad m ore  sediments been taken  in to  

account then the resu lting residual g rav ity  w ou ld  have been la rger and m ore  

positive. The  fin a l m odel o f  M o h o  topography obta ined by m ode lling  this res idua l 

g rav ity  w ou ld  the re fo re  be m ore  shallow  in  areas where pre-C retaceous sedim ents 

are re la tive ly  th ick. H ow ever, the re la tive ly  low  density
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contrasts associated w ith  very deep sedim ents should result in this e ffect being 

ra the r small. The extension factors shown in  figu re  6.23 there fo re  represent 

m in im um  estimates o f the true  crustal extension.

As m entioned in  6.3.3 the e rro rs  invo lved  in  estim ating  crustal extension factors 

fro m  measuring crustal th inn ing  are always ra th e r large and increase w ith  

increased values o f Beta. In  3.5.4 the m ax im um  estim ation  in  the depth to the 

M o h o  was pu t at + / — 1.6 km . T ab le  6.1 be low  shows how  this e rro r affects the 

ca lcu la tion  o f various extension factors using an un-stretched crustal thickness o f 

32 km.

T able 6.1 Errors in E stim ated  stretch ing  F actors

C rustal Thickness (km .) M in. B eta F actor Av. Beta Factor M ax. Beta Factor
21.33 + /-  1.6 1.40 1.50 1.62

18.29 + /-  1.6 1.61 1.75 1.92

16.00 + /-  1.6 1.82 2.00 2.22

14.22 + /-  1.6 2.02 2.25 2.54

12.80 + /-  1.6 2.22 2.50 2.86.

11.64 + /-  1.6 2.42 2.75 3.19

10.67 + /-  1.6 2.61 3.00 3.53

Thus the calculated extension factors can be in  e rro r by greater than 0.5 fo r 

the h igher values.

In  chapter 5 it  was noted tha t due to  the e rro rs  inheren t in  the m agnetic 

m ode lling  o f  the P iper-Forties  V o lcan ic  P rovince and the East Forties Basin 

in trus ion  the fina l m odel o f  the M o h o  as shown in  figu re  6.21 is like ly  to be in  

considerable e rro r in  these regions. I t  was shown tha t the  m odel presented in  

figu re  6.21 is like ly  to  show too  lit t le  crusta l a ttenua tion  in  the East Forties Basin 

and the W itch  G round G raben areas, since it  seems like ly  tha t m agm atism  is m ore 

like ly  to  occur in  locations w here  the  crust is h igh ly  attenuated. I f  th is is
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the case then the extension factors ca lcu lated in these areas w ill also be in e rro r. 

C onsider the East Forties Basin as an exam ple. F igure 6.23 shows tha t a typ ica l 

Beta fac to r fo r  this area is 2.0 representing  a crustal thickness o f  16 km . I f  th is 

was in e rro r by say, 5 km  and the crustal thickness was m ore like  11 km  then the  

resu lting  Beta  fac to r w ou ld  be app rox im a te ly  2.9.

F igu re  6.24 shows the depth to  the M o h o  fo r a m odel in  which none o f the  

m agm atic bodies have been accounted fo r  (see C hapte r 3). T he  crustal thickness 

associated w ith  this m odel are shown in  figu re  6.25. The  crustal extension facto rs 

calculated fo r  this m odel are shown in  figure  6.26. The m ost like ly  m ode l o f  

crustal extension factors p robab ly  lies som ewhere between the tw o end m em bers 

shown in figures 6.23 and 6.26.

6.44 C om parison  W ith Previous W ork

Subsidence O verlay 1 shows the results o f the subsidence analysis o f L a tin

(1990). In  the C en tra l G raben area L a tin ’s results agree very favourab ly  w ith  those 

obta ined in this study. In  most cases they are w ith in  the large e rro r lim its  

associated w ith  the results obta ined using crustal th inn ing. H ow ever it  is appa ren t 

tha t the Beta factors calculated using crusta l th inn ing  are genera lly la rger than 

those obta ined  v ia  subsidence analysis. I f  the  estimates o f crustal extension m ade 

in  this study are reasonably accurate (i.e. w ith in  the e rro r lim its  ou tlined  in  6.4.3) 

then this phenom enon could be expla ined i f  there  was m ore pre-Jurassic extension 

than in fe rre d  fro m  subsidence analysis. L a t in ’s Beta factors re fe r on ly  to  the m id - 

Jurassic to  early-Cretaceous event and the re fo re  represent a m in im um  value fo r  

the to ta l extension. H ow ever, as m en tioned  in  6.4.3 the crustal th inn ing  m odels 

are also like ly  to  be m in im um  estimates o f  extension as no account is taken  o f  

pre-C retaceous sediments.

T he  large values o f extension associated w ith  crustal th inn ing  m odels suggest 

tha t the  re la tive ly  th in  syn-rift sed im entary sequences found in  the centre  o f  the
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basin (see 6.3.4.2 and L a tin  1990) cannot be explained by invok ing  a coup led 

s tra in  ra te  heterogeneous stre tching m odel in which crustal th inn ing  is always 

m uch lass than m antle  th inn ing  along the rift-axes. The coupled stra in  ra te  m ode l 

also im p lies tha t in  off-axis areas crusta l extension w ill be m uch g reate r than 

m an tle  extension. The  crustal th inn ing  models show tha t this is ev iden tly  not the 

case since in  off-axis areas the crustal Beta factors are generally close to  un ity. I f  

a decoupled stra in  rate m odel is invoked the large values associated w ith  crusta l 

th inn in g  are m ore  read ily  explained (6.5.4).

As m igh t be expected the crustal extension factors obta ined in  this study are 

always m uch g reater than those obta ined  using Palinspatic reconstructions o f  

m a jo r fau lts  in  the area. As ou tlined  in  6.3.2 this m ethod relies on every fa u lt 

be ing  recognised and the associated heaves being accurate ly m easurable. 

Estim ates o f  crustal extension made using this m ethod are the re fo re  always ve ry  

conservative.

In  the n o rth  o f the study area the B eta  factors calculated in  this study m atch 

w e ll w ith  those ob ta ined  in a s im ila r study fo r the northern  N o rth  Sea made by 

F ich le r and Hospers (1989) (6.2.3 and figu re  6.8). They show a m axim um  crusta l 

B eta  fac to r o f  between 2 and 2.5 in  the South V ik in g  G raben at 59° N . F o r the  

same p o in t in  this study the  crustal Beta  fac to r is estim ated at between 2 and 2.22.

A s noted in  chap ter 1 the re  is very l it t le  deep seismic re flec tion  data associated 

w ith  it. Th is is due to  the very th ick  sedim entary sequences in  areas such as the  

East Fo rties  Basin. The  seismic re fle c tion  technique cannot easily penetra te  these 

sequences m aking deep crustal in te rp re ta tions  impossible (pers. com m . M .R . 

W arne r, Im p eria l C ollege). The on ly  seismic line(s) crossing the study area is the  

B IR P S  NSDP-85-5 lin e  w h ich  cuts across the  C entra l G raben in  the  south-eastern 

co rn e r o f  the study area. Th is line  has been analysed and m odelled  using g rav ity  

data  by H o llig e r and K le m p e re r (1990). T h e ir  results show less crustal th inn ing  

in  the C en tra l G raben area than obta ined  in this study and p roduce m axim um  

crusta l Beta factors o f  2.0 centred on the  r if t  axis. How ever, they have on ly
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considered perfectly  tw o-d im ens iona l models. R e la tive ly  h igh-frequency la te ra l 

va ria tions in the deep crustal s truc tu re  o f the  basin may considerably a ffect the 

end result. Th is w ill be taken in to  account in the three-d im ensional technique used 

in  this study. T h e ir p ro files  are also on a m uch la rger reg ional scale. The  N S D P - 

85-5 p ro file  is g reater than 550 km  long whereas the study area in this study is 

only 124 km  east-west. T h e ir  m odels are the re fo re  not so deta iled and the q ua lity  

o f f it  is not so high.

T he  re frac tion  line o f B a rton  and W ood  (1984) lies ju s t to the south and east 

o f the study area. T h e ir m axim um  crusta l B eta  fac to r o f  2.46 (6.3.3) is very s im ila r 

to  those obta ined fo r  the C en tra l G raben  in  the south-east o f  the study area.

In  the west the re frac tion  line  o f  C h ris tie  and Sclater (1980) which crosses the 

W itch  G round  and Buchan G rabens p roduced m axim um  crustal Beta factors o f 

2.0. These are w ell in line w ith  those estimates obta ined in  this study fo r  the 

extrem e west o f the study area.

Tab le  6.2 below  is a sum m ary o f  the  Beta factors obta ined fro m  various 

studies and fro m  various regions in  o r near the study area.

T able 6.2 Sum m ary o f E xtension  E stim a tes from  V aroius Sources

C.G raben F orties S.V iking Graben O uter M oray F irth
G ravity Beta > 2 .5 > 2 .7 5 2.0 > 2 .0
S eism ic  Beta > 2 .0 - - 1.8
M ax. Subs. Beta 2.1 - 2.3 2.5 - 2.0
M in. Subs. Beta 1.3 - 1.4 2.0

So fa r comparisons have on ly  been m ade w ith  estimates o f  crustal extension 

m ade by workers w ho favou r coaxial s tre tch ing  models. T o  the au tho r’s know ledge 

no estimates o f extension have been m ade fo r  the C entra l N o rth  sea by w orke rs  

w ho favou r the non-coaxial W ern icke -type  m odels discussed in  6.2.3. T he  m odels
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o f  M oho  topography presented in chapters 3 and 5 show m any regions where the 

large topograph ica l g rad ien t m ight suggest large-scale fau lts pene tra ting  the 

m antle  and o ff-se tting  the M oho. This is rem in iscent o f  the m odels o f  the V ik in g  

G raben presented by Beach et al (1987) (6.3.3 and figure  6.12). How ever, as 

ou tlined  in 6.2.3 s im ple shear m odels resu lt in  a m arked asym m etry o f  

sedim entary sequences about the r if t ,  th is is not the case in  the C en tra l N o rth  Sea. 

S im ple  shear models also resu lt in  th ickened syn -rift sequences. S yn-rift sedim ents 

should be approx im ate ly  three  tim e  th ic k e r than those associated w ith  the p o s t-r ift 

stage. As noted in 6.3.4.2 the converse is tru e  in  the C en tra l N o rth  Sea. L a tin  and 

W h ite  (1990) have also presented convincing  argum ents against the  sim ple shear 

m ode l based on the loca tion  and vo lum e o f  m e lt generated du ring  r iftin g . U s ing  

the  M cK enz ie  and B ick le  (1988) techn ique  (o u tlined  la te r in  6.5) w h ich  relates 

m e lt volum es and com position  w ith  B eta  factors they show tha t i t  is necessary to  

invoke very large Beta factors (w e ll in  excess o f  3.0) in  o rd e r to  generate any 

m e lting  at a ll using a sim ple-shear m ode l fo r  the C en tra l N o rth  Sea. Such ve ry  

large Beta factors are no t ind icated even fro m  crustal th inn ing  measurem ents. 

L a tin  and W h ite  (1990) also show tha t the  loca tion  o f m agm atism  p red ic ted  using 

s im ple shear models is considerably o ffse t from  the r i f t  axis. In  the C en tra l N o rth  

Sea the p rinc ipa l m agm atic bodies (ie . the  P iper-Forties  V o lcan ic  P rovince and 

the East Forties Basin in trus ion ) are a ll loca ted in  axis areas.

6.5 T H E  R E L A T IO N S H IP  B E T W E E N  E X T E N S IO N  A N D  M A G M A T IS M  IN  

T H E  N O R T H  SEA.

6.5.1 In tro d u c tio n

I t  is beyond the scope o f this research to  present the  com plex re la tionsh ip  

betw een magm atism  and extension in  any great deta il. T h is  has been dea lt w ith  

in  theo re tica l fo rm  by M cK enz ie  and B ick le  (1988) and has been app lied  

specifica lly to  the N o rth  Sea by L a tin  (1990), L a tin  et al (1990a) and L a tin  et al 

(1990b). I t  is useful however, to  ou tline  the  m ethod  and app lica tio n  in  o rd e r to
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show how the m e lting  observed in  the C entra l N o rth  Sea relates to the crustal 

th inn in g  measured in the previous chapters. F o r a m ore  deta iled  study see L a tin  

(1990). Th is section is made in re ference to  this w ork .

6.5.2 S u m m a iy  o f M ethod

M cK e nz ie  and B ick le  (1988) expla in  how  the vo lum e and average com pos ition  

o f  m e lt generated by adiabatic decom pression o f the asthenosphere m ay be 

p red ic ted  fo r  a given am ount o f  extension. Before  any pred ictions can be m ade 

fo r  any area the fo llow ing  param eters need to  be quan tified :

1) P o ten tia l T em pera tu re  o f the Asthenosphere.

Th is  is s im ply defined as the tem pera tu re  the asthenosphere w ou ld  have i f  i t  was 

a llow ed to  rise adiabatica lly  to  the  surface w ithou t m elting.

2) Thickness o f  the M echan ica l B oundary  Layer.

Th is re fers to  the uppe r p a rt o f  the lithosphe ric  p la te  w h ich  is characterised by a 

m ore-or-less linea r tem pera tu re  g rad ien t w hich is governed by conductive heat 

loss.

3) L itho sp he ric  S tretch ing  Factors and S tra in  Rate.

6.5.2.1 P oten tia l Tem perature

T he  p o te n tia l tem pera tu re  o f  the  asthenosphere during  r if t in g  is an extrem ely  

im p o rta n t fac to r in  governing the vo lum e and com position  o f  m e lt generated in  

the event (M cK enz ie  and B ick le , 1988). T h e  h igher the p o ten tia l tem pera tu re  the  

la rge r is the vo lum e o f  m e lt fo r  any given am ount o f  extension. S im ila rly , less 

extension is needed to  induce m e lting  i f  the po ten tia l tem pera tu re  is re la tive ly  

high.
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T he  average asthenospheric p o te n tia l tem pera ture  is given by M cK enzie  and 

B ick le  (1988) as 1280 + / -  40° C  Z ie g le r (1982) and Z ieg le r and V an H o o rn  

(1990) have pu t fo rw a rd  several argum ents fo r the presence o f a m antle  p lum e 

in the  C en tra l N o rth  Sea du ring  the Jurassic. Such a p lum e w ou ld  resu lt in  an 

increased asthenospheric p o te n tia l tem pera tu re  o f up to 1480° C. I t  is the re fo re  

im p o rta n t to  decide w he the r o r n o t a m an tle  p lum e was involved in the r if t in g  

process. L a tin  (1990) po in ts o u t th a t there  w ou ld  be three p red ic tab le  

consequences o f p lum e invo lvem ent.

1) R eg iona l D om ing . Th is  w ou ld  cause axi-sym m etrica l u p lif t  o f 1 - 2 km  over a 

reg ion  o f up to  2000 km  in  d iam eter.

2) P lum e T ra il. M ig ra tio n  o f  the E u ropean  p la te  over a convective p lum e should 

lead to  the tem pora l m ig ra tio n  o f  the u p l if t  and magmatism w hich  w ou ld  be 

associated w ith  the p lum e.

3) C onvective Th inn ing . A  h o t asthenospheric p lum e should cause a d ram atica lly  

increased am ount o f m antle  th inn ing  w ith  respect to  crustal th inn ing.

Evidence in  support o f  reg iona l dom ing  is m a in ly  based on the fact tha t syn -rift 

sequences are so th in  in  the C en tra l N o rth  Sea. How ever, it  has been 

dem onstra ted tha t this phenom enon need no t be solely due to u p lif t  and erosion 

b u t cou ld  be explained by a heterogeneous stre tching model.

A  p rin c ip a l argum ent against the presence o f  a Jurassic p lum e is the paucity 

o f any evidence o f  a p lum e tra il. F igu re  6.27 shows the path  o f the  E uropean 

p la te  across a s ta tionary p lum e centred on the Forties region at 160 M a. U sing 

the palaeogeographic reconstructions o f  Z ie g le r and V an H o o rn  (1990), L a tin
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F IG U R E  6.27 M o tio n  o f  the E u ropean  p la te  fro m  200 M a  to  80 M a. 
F illed  circles derived fro m  M organ  (1981), open circles derived from  
L ive rm ore  and Sm ith (1985). Points m a rk  the pos ition  o f a stationary h o t­
spot, assumed to  be centred on the Fo rties  reg ion  at 160 M a, at d iffe re n t 
times. The large circle (1000 km  in  d ia m e te r) represents the m in im um  
region o f p lum e-re la ted u p lif t  p red ic ted  by W h ite  and M cK enzie  (1988). 
A f te r  L a tin  (1990).
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(1990) has shown tha t the p lum e was apparen tly  absent im m edia te ly p r io r to the 

r if t in g  event but may have been e ffec tive  in  causing u p lif t  fo r a period  o f less than 

30 M y  fo llow ing  the onset o f r if t in g  in  the  m id-Jurassic. A fte r  this period  there  is 

no evidence o f a southw ard  m ig ra tio n  o f p lum e-induced regional u p lif t  o r 

m agm atism .

There  is no d irec t evidence o f  convective th inn ing  due to  a p lum e w h ich  could  

be in te rp re te d  fro m  e ithe r basem ent subsidence o r studies o f crustal th inn ing . 

Extension factors derived fro m  subsidence analysis by fitt in g  the the rm a l p a rt o f  

the subsidence curves re fe r to  w ho le  lithosphe ric  th inn ing. There  is no great 

m ism atch between these values and those obta ined from  studies o f  crustal 

th inn ing . Assum ing tha t the re  was on ly  a re la tive ly  small am ount o f  pre-Jurassic 

extension, this suggests tha t the  m an tle  th inn ing  is no t hugely in excess o f  crustal 

th inn ing . T he  converse w ou ld  be tru e  had a p lum e been involved in  the extension.

U sing these argum ents against the presence o f  a M esozoic m antle  p lum e L a tin  

(1990) concluded tha t the m ost like ly  p o te n tia l tem pera ture  fo r the asthenosphere 

is the ‘n o rm a l’ va lue o f 1280 + / — 40° C.

6.S.2.2 In itia l M echanical B o u n d a iy  L ayer T hickness

T here  is no way o f  d irec tly  m easuring the  thickness o f the m echanical boundary 

layer in  the N o rth  Sea as i t  w o u ld  have been im m ed ia te ly  p r io r to  the m id-Jurassic 

r if t in g  event. I t  is im p o rta n t to  qua n tify  th is  thickness as it  contro ls the m in im um  

pressure obta ined by upw e lled  asthenosphere a fte r stretching. G enera lly  speaking, 

a th in n e r m echanical bounda ry  layer w ill resu lt in  a greater vo lum e o f  m e lt fo r  

any given am ount o f  lith o sph e ric  extension. L a tin  (1990) has estim ated the 

thickness at between 90 and 100 km . T h is  estim ate is based on a deta iled  study 

o f  the the rm a l re -e q u ilib ra tio n  o f  the  lithosphere  fo llow ing  the Triassic extensional 

event.
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6.5 .23  Lithospheric Extension

Beta values fo r the lithosphe re  can e ithe r be taken fro m  the values obta ined 

fro m  crustal th inn ing  o r subsidence analysis. As seen in the previous section (6.4) 

these values can be a lm ost 3.0 in  the  F o rties  region. I t  was also m entioned tha t 

it  is like ly  tha t these are m in im um  estimates.

Since it  seems like ly  tha t a p lum e  was no t invo lved in the Jurassic r ift in g  it  is 

necessary to  have very h igh stra in  rates early  on in  the r if t in g  to explain the very 

early em placem ent o f  the P ipe r-F o rties  basalts. T he  m axim um  decompression is 

assumed to  take place in  the  firs t 10 - 20 M y  o f r if t in g  which, fo r  the  purposes o f 

m ode lling  means tha t extension can be approx im ated  to  an instantaneous r if t in g  

m odel.

6.5.3 Results

F igure 6.28 (a fte r L a tin , 1990) shows the re la tionsh ip  between Beta factor, 

po ten tia l tem pera ture  and m echan ica l boundary layer thickness using the 

M cK enz ie  and B ick le  (1988) m ethod. E ach  diagonal line  represents the values o f 

Beta and po ten tia l tem pe ra tu re  re q u ired  to  induce m e lting  fo r  a given m echanical 

boundary layer thickness. I t  appears th a t a t the p re fe rred  po te n tia l tem pera ture  

o f 1280° C and a m echanical boundary laye r thickness o f between 90 and 100 km , 

m e lting  w ill be induced at a ll po in ts w here  extension is g reate r than 2.5. Th is is 

e n tire ly  com patib le  w ith  the  results ob ta ined  fo r  crustal th inn ing  in  the Forties  

region. M o re  d iffic u lt to  exp la in  is the fact tha t no m e lt is observed in  the C entra l 

G raben area where Beta factors are also in  excess o f  2.5 in  places.(see 7.2J2).
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F IG U R E  6.28 T h e  re la tio n sh ip  b e tw e e n  B eta  factor, P o ten tia l 
tem p era tu re  and initial m ech a n ica l b o u n d ary  layer th ickness. T h e  reg ion  
o f  p a ram eter  sp a ce  to th e  le ft o f  th e  d o tte d  line and b e tw een  the sq u ares  
an d  th e circles is co n sid ered  to  b e  th e  m o st likely in the F orties area o f  the  
N o rth  S ea . A fter  Latin (1 9 9 0 ) .

TP *C
1 2 8 0  1 3 0 0  1 3 2 0

(k m )

MBL km

9 0  ©

ioo IM

F IG U R E  6.29 T h e  p red ic ted  th ick n ess o f  m e lt  (k m ) in th e  F orties  reg io n  
as a fu n ction  o f  B eta  factor, p o ten tia l tem p era tu re  and initial th ick n ess o f  
th e  m ech an ica l bou n d ary  layer. A fter  L atin  (1 9 9 0 ).
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F ig u re  6 .2 9  sh o w s th e  re la tio n sh ip  b e tw e e n  stretch in g  factor, p o te n tia l  
tem p e r a tu r e  and m elt th ick n ess  for  a g iv en  m ech an ica l bou n d ary  layer th ick n ess  
o f  90  - 100 km . A t p o ten tia l tem p e r a tu r e  o f  ap p rox im ately  1280° C  th e  p r e d ic te d  
m elt th ick n ess  for stre tch in g  factors o f  o v e r  2.75 (su ch  as are se e n  in th e  F o r tie s  
r e g io n ) are an yth in g  b e tw e e n  0  an d  0 .7  km . T h e  m a g n etic  m o d e llin g  o f  th e  P ip e r -  
F o rtie s  V o lc a n ic  P ro v in ce  (ch a p ter  4 ) sh o w e d  an avera g e  th ick n ess o f  less  th a n
1.2 km  tak en  o v er  th e  w h o le  a rea . G iv en  th e  am b igu ities in h eren t in m a g n e tic  
m o d e llin g  and th e  errors in v o lv ed  w ith  th e  M cK en z ie  and B ick le  m eth o d , th e  
p red ic ted  th ick n ess an d  th e  th ick n ess  o b ta in e d  from  m o d e llin g  are in rea so n a b ly  
g o o d  a g r e e m e n t. If (a s  su g g ested  in 6 .4 .3 )  th e  e s tim a tes  o f  B e ta  are m in im u m  
v a lu e s  th en  th e  larger v o lu m e s  o f  m e lt  su g g e ste d  by th e m a g n etic  m o d e llin g  m a y  
b e  ju stified . It sh o u ld  b e  n o te d  th at th e  la rg e  ig n eo u s in trusion  in th e  E a st F o r tie s  
B a sin  has n o t b e e n  ta k en  in to  a cco u n t in th e  estim a tio n s o f  m e lt th ick n ess. T h is  
is prim arily  b e c a u se  its a g e  is u n k n ow n  (it  m ay b e  to ta lly  u n co n n ec ted  w ith  th e  
Ju rassic  rifting e v e n t) . Its to ta l v o lu m e  is a lso  ex trem ely  d ifficu lt to  quantify  w ith  
any d e g r e e  o f  accu racy  u sin g  th e  m a g n e tic  tech n iq u e . F o r  a d e ta iled  study o f  th e  
m elt c o m p o s itio n  p red ic ted  u sin g  th e  M c K e n z ie  and B ick le  tech n iq u e  s e e  L atin  
(1 9 9 0 ).

6.5.4 M agm atism  and D ecoupled Strain R ate Extension

In se c tio n  6 .3 .4 .2  it w as m e n tio n e d  that a d ec o u p le d  strain rate h e te r o g e n e o u s  
stre tch in g  m o d e l m igh t b e  u sed  to  ex p la in  a  variety  o f  fea tu res a p p a ren t from  th e  
su b s id en c e  d a ta  ^6rtn d e e p e r  parts o f  th e study area . In  th is se c tio n  th e  
a rg u m en t for a d e c o u p le d  strain  ra te  m o d e l is co n tin u ed  th is t im e  sh o w in g  h o w  
th e  early  e m p la c e m e n t  o f  th e  P ip er -F o r tie s  b asa lts m ight b e  ex p la in ed .

T h e  F o r tie s  reg ion  is ch a ra cter ised  by fo u r  im p ortan t o b serv a tio n s w h ich  h a v e  
y e t to  b e  exp la in ed :

1) T h e r e  is e v id e n c e  o f  u p lift in th e  C en tra l N orth  S e a  occu rrin g  at 180 - 160 M a.
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T h is is prior to  th e  e m p la c e m e n t  o f  th e  b a sa lts  in th e  P ip er -F o rties  V o lc a n ic  
P rov in ce  (1 6 0  - 150 M a ) and  th e  m ain  p h a se  o f  fau ltin g  ( < 1 5 0  M a ).

2) T h e  b asa lts are e m p la c e d  p rior  to  syn-rift sed im en ta tio n .

3) T h e  syn-rift sed im en ts  are  co n s id era b ly  th in n er  than  th e  p ost-r ift th erm a l 
se q u e n c e .

4) T h e  p ost-r ift th erm al su b s id e n c e  is v ery  rapid .

T h e  d e c o u p le d  strain  rate  m o d e l p r o p o se d  by L atin  (1 9 9 0 )  can  b e  u sed  to  
exp la in  th e se  o b serv a tio n s. F ig u re  6 .3 0  (a fte r  L atin  1990) sh ow s a  q u a lita tiv e  
m o d e l o f  th e  varia tion  o f  cru sta l an d  m a n tle  ex te n s io n  w ith  tim e for th e  ‘tr ip le -  
ju n c tio n ’ area  o f  th e  C en tra l N o r th  S e a . T h e  u p p er  d iagram  sh ow s th e  situ a tio n  
ju st a fter  th e  o n se t  o f  rifting. In  th e  c e n tr e  o f  th e  rift th e  m a n tle  strain  ra te  is  
m u ch  g rea ter  than  that o f  th e  cru st r e su ltin g  in in crea sed  m an tle  ex ten sio n  o v er  
crustal ex ten sio n . T h is w o u ld  c a u se  an  ea r ly  p h a se  o f  uplift in axis a reas. T h e  
m a n tle  has th in n ed  by its m a x im u m  a m o u n t (M ) an d  th e  resu ltin g  a d ia b a tic  
d e c o m p r e ss io n  will ca u se  th e  a s th e n o sp h e r e  an d  lo w er  lith o sp h ere  to  m elt. L atin  
(1 9 9 0 )  has in terp reted  this p e r io d  as b e in g  e q u iv a len t to  th e  B a th o n ia n  - C a llo v ia n  
o f  th e  C en tra l N orth  S ea . T h e  c e n tr e  d ia g ra m  is ch a ra cter ised  by a rapid  in c r e a se  
in crusta l strain  rate  su ch  th at th e  cru sta l e x te n s io n  e x c e e d s  that o f  th e  m a n tle  in  
th e  rift cen tre  cau sin g  su b s id e n c e  in th e  rift axis. In o ff-ax is areas th e  m a n tle  
th in n in g  e x c e e d s  that o f  th e  cru st ca u sin g  up lift. T h is  s ta g e  co rresp o n d s w ith  th e  
m ain  p h a se  o f  fau ltin g  in th e  U p p er -J u ra ss ic . T h e  lo w er  d iagram  sh o w s th e  
s itu a tio n  tow ards th e  en d  o f  th e  r iftin g  e v e n t. In th e  rift c en tre  crustal th in n in g  h as  
r e a ch ed  a m axim u m  (C ). S u b s id e n c e  w ill co n tin u e  in th e  rift axis b o th  b e c a u se  
crustal th in n in g  e x c e e d s  th at o f  m a n tle  th in n in g  an d  co n d u ctiv e  c o o lin g  w ill b e  
tak in g  p la ce . T h e  flanks o f  th e  rift w ill c o n tin u e  to  un til th e  rifting is c o m p le te  
w h en  th e  w h o le  area  w ill u n d e r g o  th erm a l su b sid en ce .
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F IG U R E  6.30 T h e  d e c o u p le d  stra in -ra te  h e te r o g e n e o u s  stretch in g  m o d e l. 
C artoon s sh ow in g  th e p o ss ib le  v a r ia tio n  o f  crustal and m an tle  strain  
(cu rv es) w ith tim e and a cco rd in g  to  lo c a tio n  during rifting across th e  
‘tr ip le-ju n ction ’ area  o f  th e  N o rth  S ea . S e e  tex t for  exp lan ation . A fter  L atin  
(1 9 9 0 ).
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6 .6  SUM M AR Y

T h is  se c t io n  is a su m m ary  o f  th e  m o st im p ortan t o b serv a tio n s and  co n c lu s io n s  
m a d e  in th is ch ap ter .

1) L ith o sp h er ic  ex te n s io n  m o d e ls  ca n  be broadly d iv id ed  in to  tw o types, co a x ia l 
or p u re  sh ea r  m o d e ls  an d  n o n -co a x ia l s im p le  sh ear  m o d els .

2 ) P rev io u s w ork  o n  e stim a tin g  e x te n s io n  in th e  N o rth  S ea  B asin  is b a sed  o n  
e ith e r  P a lin sp a tic  r eco n stru ctio n  o f  fau lts , m easu rin g  crustal th innin g or su b s id en c e  
an alysis.

3 ) F ro m  th e  p o ten tia l fie ld  m o d e llin g  sh o w n  in ch a p ter  3, 4 and 5 tim e-in teg ra ted  
e s t im a te s  can  b e  m a d e  o f  e x te n s io n  fa cto rs (B e ta  fa cto rs) in th e stu d y area . T h is  
is d o n e  by  co m p a r in g  th e  th ick n ess  o f  th e  b a sem en t in rifted  areas w ith  that o f  
u n stre tch ed  crust. T h e s e  B e ta  fa c to rs  (w h ich  are co n s id ered  to  b e  m in im u m  
e s t im a te s  s in ce  n o  a cco u n t is ta k e n  o f  p re -C re ta ceo u s  sed im en ts)  reach  v a lu e s  o f  
a p p ro x im a te ly  2 .81 in th e  c e n tr e  o f  th e  ‘tr ip le -ju n ction ’ area .

4 ) E x te n s io n  factors e s t im a te d  b y  m easu rin g  crustal th in n in g  are in g o o d  
a g r e e m e n t w ith  th o se  e s t im a te d  fro m  su b sid en ce  analysis. H o w ev er , th ey  a re  
p ersisten tly  larger th an  e s t im a te s  m a d e  from  P alin sp atic  recon stru ction s o f  m a jo r  
fau lts.

5 ) In o rd er  to  exp la in  m an y  fe a tu r e s  o f  th e  su b sid en ce  h istory o f  th e  C en tra l 
N o rth  S ea , th e  b e s t  m o d e l a p p e a r s  to  b e  o n e  o f  coaxia l, h e te r o g e n e o u s  stre tch in g  
in v o lv in g  d e c o u p le d  stra in  ra tes b e tw e e n  th e  crust an d  th e  m an tle .

6 )  T h e  M c K e n z ie  and  B ick le  (1 9 8 8 )  m o d e llin g  tech n iq u e  p red icts that m e ltin g  
w ill o ccu r  in th e  C en tra l N o r th  S e a  p ro v id ed  th e stre tch in g  factors are in  e x c e ss  
o f  2 .5 . T h is  is co n sisten t w ith  th e  s tre tch in g  factors o b serv ed  in th e  reg io n  o f  th e  
P ip e r -F o r tie s  V o lc a n ic  P ro v in ce .
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7) T h e  v o lu m e  o f  m e lt  p red ic ted  by th e  M cK e n z ie  and B ick le  tech n iq u e  is 
rea so n a b ly  co n sisten t w ith  that in d ica ted  by m a g n etic  m o d e llin g  o f  th e  P ip er-  
F o rtie s  V o lca n ic  P ro v in ce .
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C H A PT E R  7

C O N C L U S IO N S  A N D  D IS C U S S IO N .

7.1 C O N C L U S IO N S

T h e  N orth  S e a  b asin  o w e s  its c o m p le x  g eo lo g ica l h istory  prim arily  to  a se r ie s  
o f  ex ten sio n a l e p iso d e s  th e  last p h a s e  o f  w h ich  occu rred  in th e  m id -Ju rassic  to  
ea r ly -C reta ceo u s. T h e  m ain  p u r p o se  o f  th is research  has b e e n  to  e s tim a te  th e  
a m o u n t o f  crusta l ex te n s io n  w h ich  h a s  o ccu rred  in th e  C en tra l N o rth  S ea . T h is  
w a s a ch iev ed  by m ea su r in g  th e  a m o u n t o f  crustal th inn in g  w h ich  h as o ccu rred  in  
th e  r ifted  a reas an d  co m p a r in g  it w ith  th e  th ick n ess o f  th e  crust w h ich  h as b e e n  
u n a ffec ted  by ex ten s io n . E st im a te s  o f  cru sta l th innin g w ere  m a d e  by m o d e llin g  th e  
reg io n a l gravity fie ld . T h is  se c t io n  su m m a rises  th e m ain  co n c lu sio n s an d  
o b serv a tio n s m a d e  during  th is r e sea rch .

T h e  B o u g u er  a n o m a ly  m a p  for  th e  C en tra l N o rth  S ea  sh ow s a re la tiv e ly  
sm o o th  fie ld  o f  lo w  a m p litu d e  (b e tw e e n  —28  and 35 m G a l). T h e  thick se d im e n ts  
a sso c ia te d  w ith  th e  a rea  sh o u ld  p r o d u c e  large n eg a tiv e  gravity a n o m a lies  w h ich  
are c learly  n o t o b se r v e d  in th e  stu d y  a rea . It fo llow s that th ere  m u st b e  a  
c o m p en sa tin g  m a ss at d ep th . T h is  m a ss  w a s a ssu m ed  to  b e  h igh  d en sity  m a n tle  
m ateria l. B y d e term in in g  th e  d istr ib u tio n  o f  this m ass it w as p o ss ib le  to  m e a su r e  
crustal th in n in g  in th e  a rea . T h e  to ta l gravitation al e ffe c t  o f  sed im en ta ry  
se q u e n c e s  d ow n  to  th e  B a se -C r e ta c e o u s  w a s ca lcu la ted  in th ree  d im en sio n s a n d  
su b tra cted  from  th e  B o u g u e r  a n o m a ly  d a ta  to  ob ta in  a resid u al gravity fie ld . T h e  
b a se m e n t (ev ery th in g  b e tw e e n  th e  B a se -C r e ta c e o u s  and th e  M o h o ) w as a ssu m e d  
to  b e  h o m o g e n e o u s  an d  th e  res id u a l f ie ld  w as a ssu m ed  to  b e  ca u sed  by  th e  h igh  
d en sity  c o m p en sa tin g  m ass. A fte r  lo w -p a ss  filterin g  th e  fie ld  w as m o d e lle d  in th r e e  
d im en sio n s to  d e te r m in e  th e  d ep th s  to  th e  gravity M o h o  in  th e  study area . T h e  
b e st  so lu tio n s sh o w  an  u p p e r -m a n tle  b o d y  varying in d ep th  to  its u p p er  su rfa ce
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from  ap p rox im ately  34  km  to  a p p ro x im a te ly  16 km . A rea s  w h ere  th e  M o h o  is 
rela tive ly  sh a llow  are g o v e r n e d  b y  th e  m ajor  structural e le m e n ts  o f  th e  a rea , i.e . 
th e  C en tra l G rab en , th e  B u ch a n  an d  W itch  G ro u n d  G ra b en s, th e  S o u th  V ik in g  
G ra b en  and th e ‘tr ip le -ju n ctio n ’ a rea . T h e  sh a llo w est parts w e r e  fou n d  in th e E a st  
F o rtie s  B asin  in th e  ‘tr ip le -ju n c tio n ’ a rea  an d  in th e  rift axis o f  th e  C en tra l 
G rab en . By q uantify in g th e  errors in tro d u ced  at ea ch  sta g e  in th e  m o d e llin g  
p ro cess, a total error w as o b ta in e d  fo r  th e  d e p th s  to  th e  M o h o . T his error w a s  
fou n d  n ot to  be in ex cess  o f  + / -  1 .6  km .

It w as n o ted  that in s o m e  a rea s  (e .g . th e  E a st  F o r tie s  B a sin ) th e  m o d e lle d  
M o h o  a p p ea rs to b e  p articu larly  sh a llo w . A  p o ss ib le  ca u se  w as id en tified  as b e in g  
th e  p r e se n c e  o f  h igh d en sity  b o d ie s  n o t  a c c o u n te d  for  in th e  m o d e llin g  p ro cess .  
It w as a lso  n o ted  during a q u a lita tiv e  in terp re ta tio n  o f  th e  a ero m a g n etic  d a ta  for  
th e  stu d y area, that tw o o f  th e se  a rea s  o f  a n o m a lo u s ly  sh a llo w  M o h o  (th e  E a st  
F o rtie s  B asin  and P ip er -F o r ties  V o lc a n ic  P r o v in c e )  are  a lso  a sso c ia ted  w ith  la rg e  
m a g n etic  a n o m a lies . T h e  ca u sa tiv e  b o d ie s  a sso c ia te d  w ith  th e se  m a g n e tic  
a n o m a lie s  w ere  id en tified  as b e in g  a la rg e , d e e p -s e a te d  ig n eo u s  in tru sion  in th e  
E a st F o rties  B asin  an d  th e  P ip e r -F o r tie s  a lk a li b a sa lts . U s in g  a 2 .5 D  co m b in e d  
forw ard  and in verse  m a g n etic  m o d e llin g  te c h n iq u e  b o th  o f  th e se  m a g n e tic  b o d ie s  
w ere  m o d e lled . In con trast w ith  so m e  ea r lie r  w o rk ers  (e .g . P low itt e t  al, 1975) w h o  
h a v e  co n c lu d ed  that th e  P ip er -F o r tie s  V o lc a n ic  P ro v in ce  co n sists  o f  a m ax im u m  
th ick n ess o f  1.5 km  o f  b asa lt, th e s e  m o d e ls  sh o w  large  th ick n ess o f  b a sa lt o f  
b e tw e e n  6  and 8 km  occu rrin g  in  a n d  a ro u n d  a  p o ss ib le  v e n t s ite  in th e  W itch  
G ro u n d  G rab en . O ver  th e  w h o le  a rea  h o w ev er , th e  a v era g e  th ick n ess  is 
a p p rox im ate ly  1.2 km .

U sin g  th ese  m a g n etic  m o d e ls  th e  to ta l g ra v ita tio n a l e ffe c t  o f  th e  E a st F o r tie s  
B a sin  in tru sion  and th e  P ip er -F o r tie s  b a sa lts  w as e s t im a te d  and  w as r e m o v ed  from  
th e  gravity fie ld  in th e  sa m e  w ay  as th e  n e t  e f fe c t  o f  th e  n ea r-su rfa ce  layers. T h e  
n ew  fie ld  w as th en  re -filtered  an d  r e -m o d e lle d . T h e  rev ised  m o d e l sh o w s a  
co n sid era b ly  d e e p e r  M o h o  in  th e  F o r tie s  and  W itch  G ro u n d  G ra b en  a reas. 
H o w ev er , th e  am b igu ities in h eren t in  th e  m a g n e tic  m o d e llin g  p ro cess  ca u se  large
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u n certa in tie s  in th e  final m o d e l o f  gravity M o h o  to p o g ra p h y  in th e  reg ion s w h e r e  
it has b e e n  m ost a ltered . T h e  errors c a n n o t b e  accu rate ly  q u a n tified  b u t w e r e  
estim a ted  to  b e  ap p ro x im a te ly  5 km  in th e  E a st  F o r tie s  B a sin  and  p erh a p s 2 k m  
in th e  W itch  G rou n d  G ra b en . S in ce  it s e e m s  lik ely  th at m a g m a tism  w ill o ccu r  in  
a rea s w h ere  th e  crust is th in n est a m o r e  a ccu ra te  so lu tio n  w ill lie  so m e w h e r e
b e tw e e n  th e  rev ised  m o d e l an d  th e  or ig in a l in  w h ich  n o  a cco u n t w as m a d e  o f  th e
m a g m a tic  b o d ies.

U s in g  th e  m o d e ls  o f  M o h o  to p o g ra p h y  cru sta l ex ten s io n  fa cto rs (B e ta  fa c to rs)  
w e r e  e stim a ted  for ev ery  p o in t in  th e  stu d y  a rea  by fin d in g  th e  ratio  o f  
u n stre tch ed  crustal th ick n ess (h e r e  ta k e n  to  b e  3 2  k m ) to  th e  th ick n ess  o f  th e  
b a sem en t. T h e  b a se m e n t is d e f in e d  as b e in g  every th in g  b e tw e e n  th e  B a se -  
C reta ceo u s  and th e  M o h o . T h e  v a lu e s  o b ta in ed  rea ch  a  m axim u m  o f  
a p p ro x im a te ly  2.81 in th e  F o rtie s  an d  C en tra l G ra b en  a reas. E rrors a sso c ia te d  
w ith  th e se  e s tim a tes  in crea se  w ith  an  in c r e a se d  s ize  o f  th e  B e ta  factor . F o r  B e ta  
factors o f  arou n d  2.75 th e  u n certa in ty  is —0.33  or + 0 .4 4  for  a n  error o f  + / -  1.6  
km  in  th e  d ep th  to  th e  gravity M o h o . E rrors w ill b e  larger in  th e  E a st F o r tie s  
B a sin  and W itch  G rou n d  G ra b en  a r e a s  d u e  to  th e  a d d itio n a l u n cer ta in tie s  
in v o lv ed  in ca lcu la tin g  th e  grav ita tion a l e f fe c t  o f  th e  ig n eo u s  b o d ie s  in  th e se  a rea s .

M ea su r in g  crustal th in n in g  p ro v id es  o n ly  tim e-in teg ra ted  e s t im a te s  o f  e x te n s io n ,
i.e . th e  e ffe c ts  o f  in d iv id u al rift p h a se s  c a n n o t b e  sep a ra ted . In th is resea rch  th e  
B e ta  factors o b ta in ed  are  lik ely  to  b e  m in im u m  estim a tes  o f  th e  to ta l e x te n s io n  
s in ce  n o  a cco u n t is ta k en  o f  any p r e -C r e ta ce o u s  sed im en ts . T h e  resu lts o b ta in e d  
a re  in  g o o d  a g reem en t w ith  th o se  e s t im a te d  by  L atin  (1 9 9 0 )  u sin g  su b s id e n c e  
analysis. L atin  rep orts th a t th e  su b s id en c e  d a ta  for  th e  C en tra l N o r th  S e a  is o fte n  
ch a ra cter ised  by a re la tive ly  th in  syn-rift sed im en ta ry  s e q u e n c e  w h en  c o m p a r e d  
w ith  th e  th erm a l p o st-r ift sed im en ts . T h e  la rg e  a m o u n t o f  cru sta l th in n in g  e v id e n t  
fro m  th e  gravity m o d e llin g  su g g est th at th is p h e n o m e n o n  ca n n o t b e  e x p la in e d  b y  
a  m o d e l o f  h e te r o g e n e o u s  stretch in g  by p u re  sh ea r  in  w h ich  th e  crustal stre tch in g  
is alw ays le ss  th an  th a t o f  th e  m a n tle . S u ch  a  m a n tle  w o u ld  a lso  req u ire  m o r e  
cru sta l th in n in g  in th e  off-ax is a rea s th a n  in  th e  rift cen tres, th is is n o t o b se r v e d
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in th e  gravity  m o d e ls . A  b e tte r  m o d e l w o u ld  b e  o n e  involving h e te r o g e n e o u s  
coax ia l s tre tch in g  in w h ich  th e  strain  ra tes in th e  m an tle  and crust are  n o t  
c o u p le d . T h is  w o u ld  a llo w  m a n tle  stre tch in g  to  e x c e e d  crustal th inn in g  in th e  early  
s ta g es  o f  ex te n s io n  an d  th e  c o n v e r se  to  b e  tru e  as th e  rifting ev en t co n tin u es . T h is  
w o u ld  ex p la in  b o th  th e  early  e m p la c e m e n t  o f  th e  P ip er-F o rties  b asa lts an d  th e  
re la tiv e ly  th in  sy n -n ft s e q u e n c e s .

T h e  s te e p  g ra d ien ts o b se r v e d  in th e  m o d e l o f  gravity M o h o  to p o g ra p h y  m igh t  
su g g est a W ern ick e -ty p e  s im p le  sh e a r  m o d e  o f  ex ten sio n  in w hich  la r g e -fa u lts

i  ■,

p e n e tr a te  th e  lith o sp h e r e  an d  o f fs e t  th e  M o h o . H o w ev er , o th er  o b se r v a tio n jn  th e  
C en tra l N o r th  S e a  su g g e st th a t th is is n o t th e  ca se . T h e se  in clu d e: th e  axi- 
sym m etr ica l d istr ib u tion  o f  se d im e n ts , th e  re la tive ly  c o m p ressed  syn-rift s e q u e n c e s  
and th e  p r e se n c e  o f  m a g m a tism  in  axis a reas.

T h e  M c K e n z ie  an d  B ick le  (1 9 8 8 )  m o d e llin g  tech n iq u e  pred icts that m eltin g  w ill 
occu r  in th e  C en tra l N o r th  S e a  p r o v id ed  th e  B e ta  factors are in ex cess  o f  2 .5 . T h is  
is en tire ly  c o n s is te n t w ith  th e  s tre tch in g  factors e s tim a ted  from  crustal th in n in g  in  
th e  P ip er -F o r tie s  V o lc a n ic  P ro v in ce  reg io n . M a g n etic  m o d e llin g  o f  th e se  b a sa lts  
r e v e a le d  an  e s t im a te d  a v era g e  th ick n ess  o f  ap p ro x im a te ly  1.2 km. T h e  M c k e n z ie  
an d  B ick le  tech n iq u e  p red ic ts  a  so m e w h a t sm a ller  th ick n ess o f  a p p ro x im a te ly  0 .7  
km . fo r  B e ta  factors o f  rou gh ly  2 .8 . H o w ev er , w h en  th e  large u n cer ta in tie s  
in v o lv ed  in b o th  m o d e llin g  te c h n iq u e s  are co n sid ered  th e  tw o e s tim a te s  a re  in  
rea so n a b ly  g o o d  a g r e e m e n t.
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7.2 D ISC U SSIO N

7 .2 .1  I so s ta t ic  E q u ilib r iu m .

T h e  assu m p tion  o f  A iry  iso sta sy  is cr itica l to  th e  ca lcu la tio n s in vo lved  in th e  
b a ck -str ip p in g  p ro cess  o f  su b s id en c e  an a lysis. P e r fe c t A iry  iso stasy  req u ires th a t  
th e  e la stic  th ick n ess (T e) (T u r c o tte  an d  S ch u b ert, 1982) o f  th e  lith o sp h ere  is z ero . 
A s o u tlin ed  in 6 .3 .4 .1  W o o d  (1 9 8 2 )  an d  B a r to n  an d  W o o d  (1 9 8 4 ) h ave  sh o w n  th a t  
o n  a reg ion a l sc a le  in th e  N o r th  S e a  th e  v a lu e  o f  T e w as less  than  5 km . T h e  
a ssu m p tio n  o f  A iry  iso sta sy  is th e r e fo r e  u su a lly  co n sid ered  to  b e  valid .

T h e  gravity m o d e ls  o f  M o h o  to p o g r a p h y  d er iv ed  in ch a p ter  3 an d  5 are n o t in  
p e r fe c t  loca l iso sta tic  eq u ilib r iu m . In m a n y  a rea s  (p rin cip a lly  th e rift-axis a rea s)  
th e  m o d e lled  M o h o  a p p ea rs  to  b e  to o  sh a llo w . It w as fou n d  that in reg ion s su ch  
as th e  F o rties  a rea  th e  gravity M o h o  n e e d s  to  b e  u p  to  a p p rox im ate ly  9 k m  
d e e p e r  than th e  m o d e l su g g ests  in o rd er  to  a c h ie v e  A iry-typ e iso sta tic  eq u ilib r iu m  
w ith  co m p en sa tio n  at th e  M o h o . S u ch  a c h a n g e  in th e  m o d e l w o u ld  resu lt in an  
u n a ccep ta b ly  p o o r  quality  o f  fit b e tw e e n  th e  ‘o b se r v e d ’ gravity u sed  in th e  3 D  
m o d e llin g  p ro ced u re  an d  th e  ca lcu la ted  grav ity  for  th e  m o d ified  m o d e l.

It w as d ec id ed  to  so lv e  th is d ilem m a  b y  te stin g  th e  a ssu m p tio n  o f  loca l A iry  
iso sta sy  on  th e re la tive ly  sm all sca le  o f  th e  stu d y  area . T h e  th eory  b eh in d  th e  te s t  
is s im p le . G iven  that th e  th ick n ess a n d  d en s ity  con trasts o f  all sed im en ta ry  
se q u e n c e s  are k now n, it is p o ss ib le  to  d e te r m in e  th e sh a p e  o f  th e c o m p e n sa tin g  
m ass w h ich  w ou ld  g ive  rise to  p e r fe c t  iso s ta t ic  eq u ilib riu m  p ro v id ed  th e  d en sity  
o f  th a t m ass is k now n. T h e  gra v ita tio n a l e f fe c t  o f  this m ass can  th en  b e  ca lcu la ted  
in th ree  d im en sion s. I f  th e  stu d y  a rea  is in  p e r fe c t  A iry-typ e iso sta tic  eq u ilib r iu m  
th en  th e  sum  o f  th is ca lcu la ted  gravity  a n d  th e  k n ow n  grav ita tion a l e ffe c t o f  th e  
n ea r-su rfa ce  layers sh o u ld  b e  c lo se ly  m a tc h e d  to  th e  o b serv ed  B o u g u er  gravity fo r  
th e  area .

U s in g  a d ep th  o f  c o m p e n sa tio n  o f  3 2  k m  fo r  th e  co m p en sa tin g  u p p er -m a n tle
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b o d y  an d  a d en sity  con trast o f  0.5  g  cm  3, th e  d ep th  to  th e  M o h o  w h ich  w o u ld  g iv e  
rise  to  p er fec t iso sta tic  eq u ilib r iu m  is g iv en  by:

D  = 32 + ( E  A p ^ / 0 . 5 )

W h ere:
D  =  D e p th  to  th e  M o h o

A p . =  D en sity  con trast o f  th e  Ith n ea r -su rfa ce  layer (w .r.t. 2 .75  g  cm -3)
£•/=  T h ick n ess o f  th e  ith layer.

A s  in th e  gravity m o d e llin g  fo u r  n ea r-su rfa ce  layers are  co n sid ered : W a ter ,  
T ertiary’, P a la e o c e n e  an d  C r e ta ceo u s . N o  a cco u n t is ta k en  o f  an y  p r e -C r e ta c e o u s  
se d im e n ts  or th e ig n eo u s  rocks in th e  F o r tie s  area .

F ig u re  7.1 sh ow s th e  d ep th  to  th e  M o h o  usin g  th e  a b o v e  ca lcu la tio n . A s  m ig h t  
b e  e x p e c te d  th e  g en era l sh a p e  is a a lm o st  a m irror im a g e  o f  th e  d ep th  to  th e  
B a se -C r e ta c eo u s  (figu re  3 .9 ) an d  it is co n sid era b ly  d e e p e r  th an  th e  M o h o  m o d e ls  
sh o w n  in figures 3 .25 , 3 .2 8  an d  5 .10 .

U s in g  th e  P lo u ff  3 D  m o d e llin g  ro u tin e  o u tlin ed  in 3 .4 .1 .3  th e  g ra v ita tio n a l 
e f fe c t  o f  this b od y  w as ca lcu la ted . T h e  resu lt is sh o w n  in figu re  7 .2. T h is w a s th e n  
a d d ed  to  th e  total grav ita tion a l e f fe c t  o f  th e  n ea r-su rfa ce  layers, th e  resu lt is 
sh o w n  in figure 7.3. F igu re  7.4 sh o w s th e  o b se r v e d  B o u g u e r  a n o m a ly  d a ta  fo r  th e  
stu d y  area . It is c learly  s e e n  that th e  ca lcu la ted  fie ld  an d  th e  o b serv ed  f ie ld  a re  
v ery  d ifferen t, strongly  su g g estin g  th a t th e  a rea  is n ot, in fact, in  p e r fe c t  lo c a l  
iso sta tic  equilibrium . T h e  e stim a te d  v a lu e  o f  up  to  5 k m  fo r  T e (B a r to n  an d  w o o d  
,1 9 8 4 ) w ou ld  ten d  to  su p p o rt th is th eory .
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6318 498

mu A B O V E 3 0 .0H ii 2 9 .5 - 3 0 .0

H I 2 9 .0 - 29.5HH 2 8 .5 - 2 9 .0i n i 2 8 .0 - 28 .5H 2 7 .5 - 2 8 .0

Gj 2 7 .0 - 27.5

i , J 2 6 .5 - 2 7 .0

L J B E L O W 26.5

F IG U R E  7 .1  T h e  ca lcu la ted  d ep th  to  th e  M o h o  (k m ) w h ich  w o u ld  g iv e  
r ise  to  p e r fe c t  iso sta tic  eq u ilib r iu m  in th e  stu d y area .
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6318 558 578 598 618

EM A B O V E 7 0

m i 6 5 - 70
m m i

6 0 - 65

5 5 - 60

5 0 - 55

4 5 - 50

n 4 0 - 45

r ~ i 3 5 - 4 0

L J 3 0 - 35

L J B E L O W 30

F IG U R E  7 .2  C a lcu la ted  grav ita tion a l e f fe c t  (m G a ls)  o f  th e  u p p e r -m a n tle  
b o d y  w h ich  w o u ld  g iv e  r ise  to  p e r fe c t  iso sta tic  eq u ilib riu m .
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6518

6498
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6458

6438

6418

6398

6378

6358

6338

6318498

m ABOVE 0
1 -5- 0
m -10- -5
m -15- -10
JSSSXSSgSJ -20- -15

-25- -20
n n -30- -25
i i -35- -30
I I BELOW -35

F IG U R E  7 3  T h e  su m  o f  th e  to ta l gra v ita tio n a l e f fe c t  o f  th e  n ea r-su rfa ce  
layers an d  th e  ca lcu la ted  e f fe c t  o f  th e  u p p er -m a n tle  b o d y  w h ich  w o u ld  g ive  
r ise  to  p e r fe c t  iso sta tic  eq u ilib r iu m .
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■ 10- 15
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0- 5
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I n t i -10- -5
m _ i -15- -10
1 A -20- -15
i i -25- -20
I I BELOW -25

F IG U R E  7.4 T h e  ‘o b se r v e d ’ B o u g u e r  a n o m a ly  d a ta  for  th e  stu d y a rea  
(m G a ls) .
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The question now arises as to whether or not a lithospheric plate with a value 
for Tc of less than 5 km can support the loads implied by the gravity models. 
Turcotte and Schubert (1982) demonstrate that the degree to which a lithospheric 
plate of finite elastic thickness can support a periodic load by flexure is a function 
of that load’s wavelength. Figure 7.5 (after Turcotte and Schubert, 1982) shows 
the relationship between the degree of compensation, C, and the non-dimensional 
wavelength of the load.

Pm = Density of the mantle (3250 kg m-3)
Pc = Density of the crust (2750 kg m~3) 
g = Acceleration due to gravity (9.78 m s~2)
X = Wavelength of the load
D = Flexural rigidity of the plate which is defined by:

r

FIGURE 7.5

12(1 - v2)

Where:
E = Young’s Modulus (70 GPa) 
h = Elastic Thickness (5000 m) 
v = Poisson’s Ratio (0.25)
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U sin g  th e  a b o v e  p a ra m eters  an d  th e  grap h  sh ow n  in figure 7.5 it can b e  sh o w n  
that for  a lith o sp h er ic  p la te  w ith  a n  e la s t ic  th ick n ess o f  5 km  a p er io d ic  lo a d  is 5 0  
%  c o m p e n sa te d  (C  =  0 .5 ) if  th e  w a v e le n g th  o f  that lo a d  is ap p rox im ately  125 k m . 
L o a d s w ith  a w a v e le n g th  sh o r ter  th a n  th is are  su b stan tia lly  su p p o rted  by th e  
rigidity o f  th e  lith o sp h e r e , larger  w a v e le n g th s  are on ly  w eak ly  su p p orted .

T h e  m o d e ls  d er iv ed  in th is stu d y  sh o w  an  in crea se  in th e  load  across th e  b a sin  
o f  a p p ro x im a te ly  0 .6 8  kbar h o w e v e r , th e  w a v e len g th  a sso c ia ted  w ith  th e  e x c e ss  
lo a d  is ev ery w h ere  le ss  th a n  125 k m . It can  th e r e fo r e  b e  co n c lu d ed  th a t a 
lith o sp h ere  w ith  an  e la s t ic  th ick n ess  o f  5 k m  can  su p p o rt th e  load s im p lied  by th e  
gravity m o d e ls  by  a c o m b in a tio n  o f  fle x u r e  an d  A iry-typ e isostasy .

7.2.2 (Uniform  B asem en t and N ature o f  th e  M oho.

T h e  a ssu m p tio n  o f  a u n ifo rm  b a s e m e n t  is e ssen tia l to  th e  gravity m o d e llin g  
p h ilo so p h y  o u tlin e d  in ch a p ter  3 . In th is research  th e  b a sem en t is tak en  to  b e  
every th in g  b e tw e e n  th e  B a se  C r e ta c e o u s  an d  th e  M o h o . P re -C reta ceo u s s e d im e n ts  
w e r e  n o t in c lu d ed  in th e  m o d e llin g  s in c e  th eir  th ick n esses are  u n k n o w n  
th rou gh ou t th e  stu d y  a rea . A s  o u tlin e d  in 6 .4 .2  th e  e ffe c t  o f  in clu d in g  m o re  lo w  
d en sity  se d im e n ts  in th e  m o d e ls  w o u ld  b e  to  m a k e  th e  gravity M o h o  a p p e a r  
sh a llo w er  th an  it d o e s  in  an y  o f  th e  m o d e ls  p re se n te d  in ch ap ters 3 an d  5. 
H o w ev er , s in ce  th e  d e n s it ie s  o f  su ch  d e e p  sed im en ts  w ill b e  rela tively  h igh  an d  
a p p ro a ch in g  th a t a ssu m e d  fo r  th e  b a s e m e n t  th eir  to ta l gravitation al e ffe c t  w ill b e  
rela tive ly  sm all. O n e  o f  th e  m a in  a ssu m p tio n s  m a d e  in  th e  gravity m o d e llin g  
p ro cess  is that th e  crysta llin e  b a s e m e n t  is b o th  la tera lly  and v ertica lly  
h o m o g e n e o u s . H o llig e r  an d  K le m p e r e r  (1 9 9 0 )  su g g est that th e  on ly  w ay  to  
d eterm in e  w h e th e r  o r  n o t  su ch  la r g e -sc a le  d en sity  con trasts exist w ith in  th e  
b a se m e n t  is to  c o m p a r e  th e  in te r p r e ta tio n s  o f  M o h o  d ep th s from  b o th  gravity  
m o d e llin g  and  se ism ic  d a ta  in th e  sa m e  a rea . T h e  lack  o f  g o o d  d e e p  r e f le c t io n  o r  
refraction  se ism ic  d a ta  fro m  th e  stu d y  a r e a  m a k es  th is im p o ssib le . T h e  on ly  d e e p
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se ism ic  re flec tio n  p ro file  cro ssin g  th e  stu d y  area  is th e  B IR P S  N S D P -8 5 -0 5  lin e  
w h ich  cro sses th e  C en tra l G ra b en  in th e  e x trem e  so u th -ea st o f  th e  study area . 
H o llig e r  and K lem p erer  (1 9 9 0 )  p r e se n t  a 2 D  gravity  in terp reta tio n  a lon g  this lin e  
and d o  not rep ort any sig n ifica n t co n tra sts  b e tw e e n  th e  d ep th s to  their gravity  
M o h o  and th e  in terp reted  r e f le c t io n  M o h o . T h is  w o u ld  su g g est that no sign ifican t  
d en sity  con trasts occu r  w ith in  th e  crysta llin e  b a se m e n t. H o w ev er , th e  gravity  
m o d e llin g  in this study resu lts in a M o h o  w h ich  is loca lly  up to  7 km. sh a llo w er  
than  that o f  H o llig er  an d  K le m p e r e r  (1 9 9 0 ) . A s  o u tlin ed  in 6 .4 .4  th e  3 D  m o d e ls  
u sed  in this study are o n  a m u ch  sm a lle r  sca le  th a n  th e  reg ion a l, b a sin -w id e  
p ro file s  o f  H o llig er  and  K le m p e r e r  (1 9 9 0 )  an d  th e r e fo r e  co n ta in  m o re  d eta il an d  
in v o lv e  a b e tter  quality  o f  fit b e tw e e n  th e  o b serv ed  a n d  ca lcu la ted  fie ld s. If th e se  
m o d e ls  are m o re  a ccu ra te  th a n  th o se  o f  H o llig e r  a n d  K lem p erer  (1 9 9 0 ) th en  th e  
d ifferen ce  b e tw e e n  th e  gravity  an d  r e f le c t io n  M o h o  n e e d s  to  b e  ex p la in ed .

T h e  M o h o  as d er iv ed  in  th e  gravity  m o d e llin g  is d e fin ed  by a sharp  d en sity  
con trast w h ich  is in terp re ted  as b e in g  th e  cru st-m a n tle  bou n d ary . T h e  re fle c tio n  
M o h o  h ow ever , is u su a lly  d e f in e d  as b e in g  th e  b a se  o f  th e  h ighly re flec tiv e  z o n e  
o f  th e  low er  crust. H o llig e r  an d  K le m p e r e r  (1 9 8 9 )  p o in t  ou t th at if  th e  lo w er  crust 
w e r e  to  b e  e ith er  u n d erp la ted  or in tru d ed  by layers o f  b asa lt w h o se  d en sity  
a p p ro a ch es  that o f  th e  u p p e r -m o st  m a n tle  th en  th e  re flec tio n  M o h o  will a p p e a r  
d e e p e r  than  th at o f  th e  gravity  M o h o . It s e e m s  p ro b a b le  that u n d erp la tin g  is m o st  
lik ely  to  occu r w h ere  th e  cru st is m o st th in n ed , th u s it m ay exp la in  th e  d ifferen ce  
b e tw e e n  th e  gravity an d  r e f le c t io n  M o h o  in th e  th in n ed  crust o f  th e  C en tra l 
G ra b en . In su p p ort o f  th is id ea , th e  re su lts  o f  m o d e llin g  in th e  C en tra l N orth  S e a  
u sin g  th e  M cK en z ie  an d  B ick le  (1 9 8 8 )  te c h n iq u e  p r e se n te d  by L atin  (1 9 9 0 )  
sh o w ed  that m eltin g  m igh t b e  e x p e c te d  in ev ery  reg ion  w h ere  th e  crustal 
stretch in g  factor  is g rea ter  th a n  2 .5. M a g m a tism  is n o t o b serv ed  in th e  stu d y  area  
apart from  in th e  F o r tie s  reg io n  h o w ev er , m u ch  o f  th e  rift axis areas are  
ch a racter ised  by  B e ta  fa c to rs  a p p ro a ch in g  or g r e a te r  than  2 .5. It is p o ss ib le  that  
m u ch  o f  th e  m elt p red ic ted  b y  th e  M c k e n z ie  an d  B ic k le  tech n iq u e  n ev er  rea ch ed  
th e  u p p er  crustal lev e ls  an d  is p r e se n t  as d e e p -c r u sta l in tru sion s or u n d erp la tin g .
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T h e  crysta llin e  b a se m e n t o f  th e  C en tra l N o rth  S ea  h as u n d erg o n e  a v ery  
c o m p le x  g e o lo g ic a l history. A s  s e e n  from  th e  m a g n etic  d ata  (ch a p ter  4 ) th e  
C a led o n ia n  o ro g en y  im p arted  a v ery  stron g  structural grain  to  m an y  parts o f  th e  
study area . It se e m s  p o ss ib le  th a t re -activa tion  o f  th e se  a n c ien t stru ctu ra l 
d isco n tin u itie s  m ay have in flu e n c e d  th e  d e v e lo p m e n t o f  th e  y o u n g er  rift sy stem .  
In th e  stu d y a rea  th e  C a led o n ia n  tren d  is d om in an tly  N E  - S W  or E N E  - W S W . 
J o h n so n  an d  D in g w a ll (1 9 8 1 )  rep o r t th at re -a ctiv a ted  C a led o n ia n  fau lts in th e  
W itch  G rou n d  an d  B u ch an  G ra b en s  fa c ilita ted  m u ch  o f  th e  stress r e le a se  
in v o lv ed  in th e  m id-Jurassic  to  e a r ly -C re ta ceo u s  rifting ev en t. T h ey  a lso  p o in t o u t  
that th e  ‘tr ip le -ju n ction ’ area  a lm o st  fo rm s a term in a tio n  for a n o r th -e a st  
ex ten s io n  o f  th e  H igh lan d  B o u n d a ry  F a u lt and that th e  H ig h la n d  B o u n d a ry  F a u lt  
it s e lf  m arks th e  so u th ern  e d g e  o f  th e  C a led o n ia n  sta b ilised  zo n e .

F ro st e t  al (1 9 8 1 )  in a stu d y  o f  th e  a g e s  and lith o lo g ies  o f  crysta llin e  b a se m e n t  
sa m p led  from  d e e p  w ells  n o te  th a t th e r e  is a d istin ct d ifferen ce  b e tw e e n  th e  
b a se m e n t n orth  and  sou th  o f  th e  fau lt. T o  th e  n orth  th ey  rep o rt a th e  b a se m e n t  
as co n sistin g  o f  h igh -grad e m eta m o rp h ic  rock  w h ich  w as orig inally  m e ta m o r p h o se d  
in th e  P re-C am b rian . T o  th e  so u th  th e  b a se m e n t con sists o f  lo w -grad e C a le d o n ia n  
m eta m o rp h ic  rock . T h e  H igh lan d  B o u n d a ry  F au lt lin ea m en t m ay  th ere fo re  co n tro l 
th e  so u th ern  ex ten t o f  ex ten s io n  in th e  B u ch a n  and  W itch  G rou n d  G ra b en s.  
J o h n so n  and  D in g w a ll (1 9 8 1 ), p o in t o u t th a t th e  S ou th  V ik in g  G ra b en  is b o u n d  
to  th e  w e st  by th e  sh a llow  b a se m e n t  o f  th e  F la d en  G rou n d  S p u r w h ich  is la rg e ly  
m a d e  up  o f  D e v o n ia n  strata  w ith  a  th in  M e so z o ic  co v er  an d  th ick er  T ertiary  
sed im en ts . T o  th e  ea st th e  b a se m e n t  is a lso  sh a llo w  b u t w e lls  d rilled  o n  th e  
N o rw eg ia n  sh e lf  rev ea l a P re-C a m b ria n  b a se m e n t m ark in g  th e  w estw a rd  ex ten t  
o f  th e  B a ltic  S h ie ld . T h e  V ik in g  G ra b en  m a y  th ere fo re  h a v e  d e v e lo p e d  a lo n g  th e  
b a se m e n t d iscon tin u ity  m arking th e  ju n c tio n  o f  th e se  z o n e s . F rost (1 9 7 7 )  an d  
F rost e t  al (1 9 8 1 )  b e lie v e  th at in th e  C en tra l and S o u th ern  N o r th  S e a  th e  
C a led o n ia n  has a N W  - S E  grain  ( s e e  fig u re  4  o f  Z ieg ler , 19 8 1 ) w h ich  m a y  h a v e  
stron gly  in flu en ced  th e  d e v e lo p m e n t  o f  th e  C en tra l G rab en .

7.2.3 C ontrol o f  North Sea R ifts by C aledonian B asem ent Structures
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It is n o t w ith in  th e  s c o p e  o f  th is resea rch  to  p rod u ce  a w ork in g  m o d e l for th e  
g e o lo g ic a l h istory  o f  th e  N o rth  S e a  rifts (fo r  d e ta iled  stu d ies s e e  Z ie g le r  and V a n  
H o o r n , 1990  an d  G ib b s (1 9 9 0 )) .  H o w e v e r , it is in terestin g  to sp e c u la te  on  w h e th e r  
th e  z o n e s  o f  m axim u m  cru sta l th in n in g  d e fin e d  in this study are re la ted  to  a n c ien t  
b a se m e n t d isco n tin u itie s . In m a n y  a rea s  o f  th e  m o d els  d efin in g  gravity M o h o  
to p o g ra p h y  th e  to p o g ra p h ica l g ra d ien t is s e e n  to  b e  v e iy  s te e p  (eg . th e  N o r th  
C en tra l G ra b en ). It s e e m s  p o ss ib le  th a t if  a n c ien t crustal d isco n tin u ities  ex isted  
in th e  a rea  prior to  th e  o n s e t  o f  r ifting th en  during an ex ten sio n a l e v e n t  stress w ill  
ten d  to  c o n cen tra te  a lo n g  su ch  w e a k n e sse s  thus in flu en cin g  th e  lo ca tio n  o f  th e  rift 
axes.

7.2.4 Further W ork

T h e  p o ten tia l f ie ld  m o d e llin g  te c h n iq u e s  o u tlin ed  in th is resea rch  h a v e  
p ro v id ed  u sefu l in fo rm a tio n  a b o u t th e  d eep -cru sta l structure o f  th e  C en tra l N o r th  
S e a  in th e  a b se n c e  o f  an y  g o o d  q u a lity  d e e p  se ism ic  data . A  m ajor critiq u e o f  th e  
m e th o d  co u ld  b e  th at n o  p r e -C r e ta c e o u s  sed im en ts  w ere  ta k en  in to  a c c o u n t  
d uring  th e  m o d e llin g . If th e  d a ta  w e r e  av a ila b le  (p erh a p s from  co m m erc ia l  
so u r c e s )  it w o u ld  b e  u sefu l to  r e -m o d e l th e  a rea  to  in c lu d e sed im en ts  d ow n  to  say, 
th e  B a se -Z e c h ste in . A  se c o n d  im p r o v e m e n t w o u ld  b e  to  u se  a tigh ter  grid  sp a c in g  
in  th e  grids d efin in g  th e  d e p th s  to  e a c h  o f  th e  n ear-su rface  layers. T h is w o u ld  
im p ro v e  th e  re so lu tio n  o v e r  m ajor  fau lts  in  th e  area .

T h e  study a rea  u sed  in  th is r e sea rch  is re la tiv e ly  sm all in co m p a r iso n  w ith  th e  
reg io n a l b a sin -w id e  gravity  p ro file s  p r e se n te d  by H o llig er  and K lem p erer  (1 9 8 9 ,  
1990) and  Z erv o s  (1 9 8 7 ) . T h e r e  is n o  r e a so n  w hy, g iven  th e  t im e  an d  data , th a t  
3 D  gravity m o d e ls  su ch  as th o se  p r e se n te d  in th is study cou ld  n o t b e  p ro d u ced  o n  
th e  sa m e  reg io n a l sca le . D e e p  se ism ic  re fra ctio n  and re fle c tio n  lin e s  w o u ld  
p ro v id e  u sefu l co n tro ls  to  co n stra in  th e  m o d e ls  a t severa l p o in ts , so m eth in g  w h ich  
w as n o t rea lly  p o ss ib le  in th is study.
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MAGNETIC INTERPRETATION OVERLAY 1
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STRUCTURAL OVERLAY 2



N O R T H  SE A  L IC E N SE  BLO C K S

6538 -  

6518 -  

6498 

6478 -  

6458 -  

6438 -  

6418 -  

6398 -  

6378 -  

6358 -  

6338 -  

6318

15n 15/8 15/9 15/10 16/6 16/7

15/12 15/13 15/14 15/15 16/11 16/12

15/17 15/18 15/19 15/20 16/16 16/17

15/22 15/23 15/24 15/25 16/21 16/22

15/27 15/28 15/29 15/30 16/26 16/27

21/2 21/3 21/4 21/5 22/1 22/2 22/3 22/4

21/7 21/8 21/9 21/10 22/6 22/7 22/8 22/9

21/12 21/13 21/14 21/15 22/11 22/12 22/13 22/14

21/17 21/18 21/19 21/20 22/16 22/17 22/18 22/19

21/22 21/23 21/24 21/25 22/21 22/22 22/23 22/24

498 518 538 558 578 598 618
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BETA FACTORS (After Latin 1990)


