
______ _______________ -"O-"C.::E:cA:cN"O"L:..:O"G:c'-"C'-A--'A-'-C=-T'-Ac:,,--':..:9.::8-,-' ,-, _N_o-=s,,-P_~I-__ _ 

Interpreting paleoenvironments, Passive margins 
Seismic dam 

Biostratigraphy 
Subsidence 

Palcoenvironment 
Sea Icvcl changes subsidence history 

Marges passives 
Sismique 

Biostratigraphie 
Subsidence 

Pal~ocnv;ronneme nI 
Variat ions du nivcau de la mer 

and sea-Ievel changes 
• • of paSSIve margms 

from 

ABSTRACT 

RÉSUMÉ 

• • seismiC and biostratigraphy 

J . H!lrdenbol ", P. R. Vai! ", J. Ferrer b 

Exxon Production Resea rch Company. P. O. Box 2189. Houston. Texas 77001. USA. 
1> Exxon Production Research-Europea n. 213. Cours Victor Hugo. 33321 Begles, Fnmce. 

Interaction between basement subsidence . eustal;c sea-Ie vcl changes, and varying sediment 
suppl y shapcs the sediment accumulatio ns along passive continental margios . Oetailed 
analysis of the sediments with scismic straligraphy and well data pcrmits quantifiçalion of the 
subs idence history and reconstruction of paleoenvironments and sea-Ievel changes through 
lime . 

The integrated use of seismic stratigraphy and biostratigraphy provides a better geologic age 
history than cou Id bc obtained by either met hod alone. l'aleobathymetry. sediment facies , and 
relative changes of sea level can bc interpreted from seismic data and confirmed or improved 
on by well control. 

Geohis tory analysis provides a quantitat ive analysis of basin subsidence using geologic 
time-depth diagrams to visualize the total basin subsidence. When this subsidence is corrected 
for compact ion and sed iment loading , the thcrmo-tcctonic subsidence is obtained. On passive 
margins, subsidence is predominantly a resu!t of thermal contraction of the crust and mantle. 
Long-term eustatic changes are a significant component of the thermo-tectonic subsidence 
curve. These changes can be quantified by mcasuring depHrture frorn an establishcd set of 
calculated subsidence curves. Short·term , rapid changes of sea level can be dcmonSlrated 
from seismic and weil data. The stratigraphie resol ution of these changes rarcly attows exact 
quantification of their magnitude , but fi minim um rate of change of sea level can often be 
determined . Applications of Ihese procedures are demonstrated with an cxample frorn 
northwest Africa. 

Ot:l!Wwl. Acta. 1981. l'roceedings 26'" International Geological Congress, Gcology of 
continent;ll margins symposium. Paris. July 7-17. 1980. 33-44. 

Reconstitutio n des pa léoenvironnements , de la subsidence et des variations 
du ni vea u de la mer sur les marges contine nta les passives à l'aide de données 
sismiques et de la biostratigraphie, 

La forme du prisme sédimentaire sur une marge passive résulte de l'interac tion entre les 
varia tions du niveau de la mer . la subsidence du substratum et les apports sédimentaires. 
L'analyse détaillée des sédiments à J'aide de la s trat igraphie s ismique et des données de 
forages permet de quantifier l'histoire de la subsidence, la reconsti tution des paléoenvironne­
ments et les variations du niveau de la mer. 
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La combinaison de [a s tratigraphie sismique et de la bios tratigraphie améliore la connaissance 
de l'hiSloire géologique. La paléobathymétrie , les faciè s sédimentaires et les varialions du 
niveau de la mer, interprétés à l'aide de la stratigraphie sismique, sont confirmés ou précisés 
p<lr les données de forages, 

L'analyse géohistorique permet de quantifier la subsidence du bassin à l'aide de diagrammes 
temps· profondeur. Lorsque cette subsidence es t corrigée de r effet de compaction et de charge 
des sédiments, on obtient la subsidence thermo-tectonique. Sur les marges passives, la 
subsidence esl essentiellement le résultat de la contract ion thermique du mflnteau et de [a 
croûte. Les variations eustatiques il long terme représentent une importante composante de la 
courbe de subsidence. Ces variations peu vent ê tre quantifiées en mesurant les écarts par 
rapport il un ensemble de courbes de subs idence préalablemen t établi. Les variations â cOUrt 
terme et rapides du niveau de la mer peuvent être démontrées sur les données sismiques et de 
forages. La résol ution stratigraphique de ces changeme nts en permet rarement une quantifica­
tion, mais un taux minimum de variation du niveau de la mer peut souvent être déterminé, 
Cette procédure de reconstitution géohistorique es! tcslée sur un exemple de la marge 
d'Afrique NW, 

Oceallo/. Acta , 191:11, Actes 26· Congrès Interna tional de Géologie. colloque Géologie des 
marges continentales. Paris. 7·17 juil. 1980. 33·44. 

INTRO DUCTION 

Along pass ive margins, successions of marine depos it s 
separated by unconformities are commonly found a l eleva· 
lions above present se:.! leve l. These sediments were depos i. 
ted on a s lowly subsiding margin wh ile sea level was a t a 
much higher level than al present. In addi tion to longterm 
falls or rises o f sea Jevel, rapid shoT!·lerm changes occur 
Ihat are respons ible for the unconformities bounding the 
marine depositional sequences. 

The magnitude of changes in eus tatic sea level ca n be 
dete rmlOed from the sedimenlary section if the chronostra· 
tigraphic and paleobllthymetric his tory ClIO be reslored in 
sufficient detail. Long-Ierm changes in sea level can be 
estimated from the present elevation of ancient marine 
deposits after the subsidence history for Ihose depo5its is 
reconstructed. Shorl-Ierm sea-Ievel changes a re in general 
more elusive. si nce continuous marine sedimentation during 
Ihe sea-Ievel change is the exception carher than the Tule . 
Rare[y is the entire short-term sea·level cyc le recorded in 
marine sediments laid down in water dcpths fa vorable for a 
high stratigraphic and paleobathymetric resolution. 

Eustatic sea·level changes, basement subsidence. and sedi­
ment suppl y are the principal interacting variables in a 
marine bas in (Fig. 1). The interaction is recorded in the 
sedimcntary seellon depos ited in the basin , The resulting 
depositional sequences. bound by unconformities or their 

Figure 1 
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Schematic cross stctian of a passile mOrJûll i/lustrati,,!,: tht 
l'ariab /ts CO/,I ro/linfi tilt distribuliO/I of pa/toerH·iTO/.ment.f olld rire 
I)'pt of depQsitiolla/ sequenct bOlilldariu. 
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correlative conformities (Fig , 2), can be recognized in 
outcrops and well s and on seismÎC reflec tion profiles 
because of important changes in area! di stribution, litho­
logy, and depositional environment. Retracing the interac­
tion of eUSlatic changes llnd basement subsidence from the 
sedimentary record is efficiently handled by the geohislOry 
analysis technique. This tech nique integrates the stratigra­
phie and paleobathymetric data in a time-depth framework 
and reproduces the subsidence of base ment as a result of 
basement faulting. crustal and mantle cooling, and sediment 
loading. 

This lotal subs idence a[so indudes the apparent vertical 
movement effects of sediment compact ion and eustatic 
sea-Ie vel changes. By quantification of the effects of 
sediment compaction , sediment loadÎng. and thermal subsi· 
dence , the eustatic changes can be determined. An example 
of this a nalysis shows that in the ElUly Cenomanian f rom 
offshore northwestern Afr ica. sca leve! could ha ve becn 
ncarly 300 meters higher than the present sea level. 

Figure 2 
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IlI uTae/iOlI be/ ... een baume'" subsidence a/ld eltStarie sea·le,'el 
,·/range)· is ruorded ill t/re sedimellls filli/iR a basin. The upper 
illustrat;oll sho ... s Il sclrtmuric deplh·dis/(m t't $tru/igrllphk CTIISS 
sec/ion of three sedimellfafy sequtncts a/Ollg a ba!lit, margill. n,e 
lo ... ~r figure shows Il lime·distance or chra.ws/rQligraphic TeCQIlS' 
Irllclioll Qf lire sam~ sed;menrafY j'eque/lt'es. 



The selec tion of northwest Africa to il[us trate the procedure 
was motivated by the amount and quality of seismic and 
paleontologie data available. The absence of the Late 
Cretaceous and Tertiary at the selected weil si te was offset 
by the unusual quality of data for the Early Cretaceous and 
Jurassic section . The older section is much more significant 
in determining the subsidence history of a margin than the 
younger section. although a young tectonic event may 
escape anenlion. 

E USTATIC SEA-LEVEL C HANGES 

Changes in coastal onlap patterns along basin margins are 
mainl y Ihe resull of relative changes of sea tevel (Vail et a/ .. 
1977). These relat ive changes of sea level are in eHect 
produced by the interactÎon between eustatic changes. 
basement subsidence . and sediment suppJy. Without eus ta­
tic fluct uations. coastal onlap would be conlinuous IInd 
regular without the downward shifts commonly observed on 
seismic refl ection profiles. Sed imentat ion would be control­
led only by a vailable space , created by basement subsi­
dence. and sediment suppl y, Quantifying eUSlatic sea-Ievel 
changes (rom measured changes in coastal o nlap does not 
provide an aecurate measure. because of variat io ns in 
subsidence in different bas ins (Vail et ai .• 1977). The 
euslatic sea-Ievel eurves (rom the Tertiary by Vail and 
Hardenbol (1 979) and for the Jurassie through Early Creta­
eeous by Vail and Todd (1981) are hased o n estimates from 
changes in eoastal onlap and from paleontologieal studies. 
Quantified basement subsidence was not considered for 
those estimates. 

Sedimentary sequences can be viewed in a depth-d istance 
or in a lime-distance framework (Fig. 2). Weil control. 
outcrop data , and seismic reflection profiles view the 
sequences and thei r unconformable boundaries in a deplh­
dis tance framework thm does not do justice to the time thal 
is not represented by sediments. If suffieient age data can 
be oblained . a time-distance record or chronoslrat igraphic 
chart can be produced that shows the distribution of the 
depositional sequences and the extent of the unco nformitics 
in space and time. 

STRATIGRAPHie RESOLUTION 

A s tratigraphie framework that integrates seismic stra tigra­
phie and biostratigraphic information produces a stra tigm-

FigLlre) 
Seismic sec fiml fmm /JI/sh,,,/' 'IQflh"'/'SI Afrieu shu..,irlg 
int/''1/rtIl'J seismic stratigraphic sequencts. The sequente 
bout/daries are delemrin ed by cycl/' ICrminUlians indie/lled 
byarro..,l·. The ages are inJicoud il/ milliOll S of years. For 
sequellee desigtWlioll s •. ~ee FiJ.:Il re 11. 
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INTERPRETATION OF CHANGES OF PASSIVE MARGINS 

phic resolution Ihat could not be obtai ned by either met hod 
alone. Seismic stratigraph y delineates depositional sequen­
ces by identifying their boundaries from rellection termina­
tion patterns such as downlap , onlap, lTUncation. and toplap 
of st rata (Mitchum el al ., 1977; Figures 2, 3). Repeating this 
procedure for a n extensive network of rellect ion seismie 
Ilnes defines the sequences and their boundaries over a wide 
area of varying environments of depositio n. T his detailed 
seismic strat igraphie network provides a comprehensive 
record of r.ela ti ve sea-Ievel changes . The rela ti ve magni tu­
des of a succession of relat ive sea-Ievel changes can be used 
to assign tentative ages to the sequences by comparing the 
succession with one obtained from an area where the 
strat igraph y is weil known . Where possible , however, the 
predicted seismic strat igraphic ages need to be confirmed by 
biostratigraphic control. 

Weil control avai lable in the s tudy area needs to be 
correlated in deta il with the seismic stratigraphic network 
before the biostra tigraphic information can be integrated 
with the seismic stratigraphic Cramework. If a number of 
wells are avai lable. the higher resolUl ion biostrat igraphy 
from the deeper water portion of the basins, where more 
age-diagnostic taxa are found , can be corre[a ted with the 
basin margi n with help of the seismic strat igraphic frame­
work. The area chosen to demonstrate the procedure for 
determining the magnitude of eus tatic sea-Ievel changes is 
the same offshore northwest Africa area used to document 
Mesozoic sequences by Todd and Mitchum (1977) and Vail 
and Mitchum (1980). 

PALEOBATHY METRIC RESOLUTION 

Water de pth represents the diSla nce betwee n sea floor !Ind 
sea level and is the portion of the column that is not f illed 
with sediment. T herefore, a t any given time. no record of 
that column is preserved in sediment thickness measure­
me nts. The position of the sea floor relative to sea level cano 
however. be restored from paleontologie and facies records 
for !I ny s ignificant lime horizon in the basin history. 
Paleobathymetrie reconstructio ns need to be sufficiently 
detai led (Fig. 4) 10 give an acceptable accuracy 10 calcula­
lions of the magnitude of euslatic sea-Ievel changes. 

Paleobathymetric estimates are b.1sed on studies by Bandy 
(1953) , Tipsword el al. (1%6) , and Pflum and Frerichs 
(1976). These studies use Ihe modern depth dis tribution of 
mostly foraminiferal taxa as a potential waler deplh key to 
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Weil sec/ion will! li/h%gie, stratigraphie, and paltubUlhymelric 
intaprelalions. Tht tinear paltobmhymtlric scalt Îltdicalts du rea· 
sing !l'sululiUlt will! int:reosill1! "-ottr dtp lh. Tit I' wt ll secllon sho ... s 
/riglt paleobalh ymetric resollliiolt Ihrouglw ul. 

fo ssil oçcurrenees of the same or related ta}tl1. The aceuraey 
of this method seems acceptable for shallow-water deposits 
of up la 200 m. In deeper environments the resolut ion 
deereases rapidly. For a suecessful stud y of eustat ie chan­
ges in sea-Ievel, a weil has ta be a vailable in a por tion of the 
basin that was filled within 200 m of sea level during eustatie 
highs tands. In such sha1Jow-water conditions, the chronos­
tra tigraphic resol ution is often rather poor and halO ta be 
eomplemenled wil h ages oblained with se ismîc s tratigraphy . 

Facies and paleobathymetrîc information can a lso be obtai­
ned from the reftection seismic record by careful analys is of 
the cycle termination a t the sequence boundaries and the 
internai configuration of the sequence (Fig . 5), (Sangree , 
Widmier. 1977 : 1979 ; Bubb. Hatlelid. 1977). 

GEOH ISTORY ANA LY $ I$ 

Geohistory analysis is a quantitative strat igrapl>ic technique 
that combines the s tra tigraphie and paleobathymetric infor­
mation in a time-depth framework . The technique in its 
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Seism;c sUlio" / rom o/fslrore norllr ... ·es/ A/rieu sho ... ·;"8 i"'trpreled 
seismic SIfUligraphic sequellees "';Ih seismie facies inttrpreled /rom 
Ihe IWlu re 0/ Ihe seqllence " olillda ries und lire Inlernal refleC/ioll 
charaettriSlics ... llhin Ihe !l'qllellct . For st quellct desigltUl;ons. lU 

Figllrt 12. 
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modern quantified form was fir st described by van Hinte 
(1978). although rel ati ve age-dept h diagrams were pu blished 
muçh earlier (Lemoine . 1911 : Bandy. 1953). Further impro­
vemen ts. such as corrections for eus tatic sea-Ievel c hanges. 
sed iment compaction. and sediment loading . were added 
more recent!y. 

Quantitati ve s tratigraphy became fea sible wi th the introduc­
tion of reliable time seale models based on a careful 
integra tion of biostratigraphy. magnetos lr<l tigraphy. seismic 
s tratigraph y. and radiometric da ting (van Hinte. 1976 aa nd 
b, Jurassic and Cre taceous : Berggren. 1972 ; HardenboL 
Berggren, 1978. Tertiary). The resulting !inear time scale 
fr om the base of the Jurassic to the recent is incorpora ted in 
the geohistory a nal ysis base fo rm. 

Geohistory diagrams show effecti vely the interac tion 
between sediment supply. eustatic sea-Ievel changes, and 
basement subs idence through time. Corrections for sedi­
ment compaction (Horowitz , 1976) a re necessary to obtain a 
correct to tal subsidence his lory . The to tal subs idence is the 
sum of ail ver tical movement and represents the real 
movement of baseme nt Ihrough time . After the effec ts of 
sediment Joadingare subtrac ted (Horowitz , 1976). <1 thermo­
tectonic subsidence is obtained. which would he the subsi­
dence of basement if no sediment had accumula ted in the 
bas in . Crustal cooling and basement-involved fa ulting a re 
the mai n components of Ihermo-tec tonic subs idence. 
Growth fault s and salt and shale movement s cause a noma­
lies in the thermo-tec tonic subs idence curve but do not 
affect ilS real magni tude. ACter allowances are made for 
anomalies caused by fa ult ing and/or mobile subs tra ta, the 
curve can be compared with one of a number of erustal 
subs idence curves for diffe re nt amounts of lithospheric 
injection modified afler the dike injec tion model (Fig. 6) of 
Royden el ai. (1980). The stretching model of the same 
authors did not match the Early and Middle Jurassic 
subs idence observed a t the weil site. Matc hing the thermo· 
tectonic d<l ta points with one of the dike injection model 
curves a llows quantification of the thermal componen! of 
the observed subs idence his tory, independent of a nomalies 
caused by eusta tic sea· le vel changes and inaccuracies in 
chronos tmtigraphic and paleobathymelric interpretations. 

CON STRUCTION O F GEO HI STORY DIAGRAM 

1'0 eonstruc t a geohis tory diagram (Fig. 7). fir st a paleoba­
thymetric interpretat io n for each stra tigraphie datum is 
ploued below the present sea leve l. The li ne connecting 
these points represents the paleobathymetric history 
through time. T he stra tigraphic informatio n for a given 
location, ga thered t rom ail a va iiable sources . is entered in a 
s tratigraphie column . which shows the subdivis ions and 
thicknesses as they are encountered a t present in a weil or 
on a refleç tion seismic line . This s tratigraphie information is 
also enlered in the diagram and ploued against the linear 
time scale beginning wilh the base of the S inemurian 
(189 Ma). which is the oldest horizon that can be eorrelated 
wit hin the a rea. The underlying Heuangian was at the 
surface just before the rirst marine sed iment was laid down . 
If the fifS! sed iment is nonmarine . an elevation relative to 
sea le vel at that time remains unknown . At eac h subsequent 
datum the base of the S inemuria n is ploued al the depth it 
reached below the sea floor at tha t time as a result of 
basement subsidence amplified by sediment [oad ing. The 
sediment columns above the Hettangia n a re restored to their 
original depositional thickness. The line connecti ng the 
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basal Sillemurian depth plots depicts the tolal subsidence of 
basement that occurred at this location from the earHest 
Jurassic to the present. 

The correction for sediment compactioll with deplh of 
burial is lithology depelldent. Lithologies for the section for 
which the geohistory diagram is made are determined lrom 
weil samples and weil logs. Lithologies fo r the sec tion 
below the lolal weil depth are determined from seismic data. 
The Cenomanian through Hauterivian section is predomi­
nantly clastic. The compaction for shales is determined with 

o Z = 1 + °O~OOt7 (Horowitz. 1976) and for sand with 

o Z = 0.38 e-'~ lO--> (O. H . Horowitz. pers. comm .. 1980) . 
where 0 is porosily and Z is deplh in meters. 

The Berriasian through Sinemurian section co nsisls of 
different types of carbonate rocks. Recf carbonates are 

" 

Figure 7 

_. 'ilI" IIII_ .. .. 

assumed to undergo minimal compaction comparable to the 
porosity reduction of sand . Grain carbonates are assumed 10 

compact like sa nd containing 30% shale. and micrites like 
shale containing 35% sand. 

SEDIMENT LQADI NG CORRECTIONS 

Subsidence resulting from sediment load ing represents an 
importan! portion of the tolal subsidence observed 
anywhere in a sedimentary basin. Since sedime ntation is a 
functioll of sediment suppl Y and available space. sediment 
fill histories can be highly variable depending on the 
position in the basin. For meaningfu l comparisons of 
subsidence histories betwee n different locations within a 
basi n. the effect of differences in sediment fill his tories has 
to be eliminated . 

Geohiswry ona/y.,is diagrum ... illl slratigraphie IInd {Jul/!obatlrym/!Iric llistor;es for Il clnllbined 11'1'11 (J.Ird s/!;smic locotil>ll. The lotal subsidence 
el/rl'e depicts Ille subsidence of fhe Eurly Jurossk buse lllrou!:h limt. 
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An isostatic loading model assuming an Airy type t'rust 
(Horowitz, 1976) see ms to be adequate for a loading 
correc tion in most basins as long as sedime nls are more or 
less uniforml y dis tribUied (Fig. 8). In areas ad jacent 10 
localized depocenlers, such as major deltas building out in 
Jeep waler or alons compressional plaIe boundaries. an 
isoslalic correclion is nOI sufficient and il flexural loading 
mode! should be used (Watts, Ryan. 1976). With a sed iment 
densily of 2.7 glcm' (at zero percent porosity). Ihe mantle 
displacemenl as a resu!! of sedime nt loading is 0.726 limes 
Ihe Ihickness of the solid sediment colum n. 

The subsidence resuhing from sedimenl loading is subtrac· 
led from the total subsidence in the geohistory diagra m. The 
points thus obtained show Ihe subsidence of the basa! 
Sinemurian if no sediment had been deposited and only 
water had filted the basin. This resultant curve is the 
thermo·teclonic subsidence curve (Fig. 9), which shows 
mostly the effect of cooling of the crust and mamie , b UI 
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Figure 9 

effeCIS of eustatics. faulting, and sa lt or shale movement 
should be identified if present. 
Thermo-tectonic subsidence combines the effects of cooli ng 
of the crust and mantle and of tecto nics such as basement­
invulved faulting and mobile sal t and shale. T he tectonic 
effects will. howe ver, vary much more from place to place 
within a basin than the effects of crus tal cooling. Cons truc­
ting a number of IhermO-lectonic clIrves for different 
locations in a basin will facilitale Ihe distinct ion between 
thermal and tectonic subsidence. A detailed familiarity with 
the geologic his tory o f the basin will further help in the 
di stinction . The type of basin is another important fa ctor in 
the inlerprclation. Passive margins with a s ingle crustal 
thi nning evenl. such as the Atlantic margin off northwest 
Africa . are dominated by tectonic subsidence during the 
initial rifting, bUI soon af ter the formation of the firs! 
oceanic crusl. the subsidence becomes entirely contraction 
unless interruptcd by a lectonic event. 

ESTIMATE OF LONG-TERM EUSTATIC SEA~LEVEL 
C HANGES 

The thermo-tcctonic subsidence cu rve fo r the off shore 
northwest Alrica example shows a high subsidence rate 
Juring the Early Jurassic that rapidl y decays to a much 
s lower raIe in the Cretaceous and Tertiary (Fig. 9)_ The 
general shape of the Cllrvc resembles the exponential 
subsidence curves resuJting from crustal and manlle cooJing 
(Royden el al.. 1980). even though the positions of the data 
point s in the example are affe cted by eus tatic changes of sea 
level. 

The initial rifting phase along the norlhweSI African margin 
probably s larted in the Triassic. whereas the age of the 
eatlies t oceanic crust is generally quoled as 180 Ma (Pit ma n. 

Geohiswry diagf(l 1II sho ... ing l/re l/r tmIQ-leClOnk llibsideuce cun'e of lire hase indepeudem of sedi",elll loading. Dt!pi('litrg l/re lllbl-idellC( of lite 
E(lrly ll/rassk h(lse if the bosl/l 'l'IlS "QI fil/ed ..... irh sedilll e/ll. A StUlJ/I ('otUp ,eui(}tr(l1 uplifl is /USI,med fOf lire Lcrre TerIIM). 
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Talwani , 1972; Hayes, Rabinowitz, 1975). The earliest 
magnetic anomaly is M 26 at 153 Ma . but the presence of a 
magnetie quiet zone does not preclude an earlier onsel of 
spreading. Seismic stratigraphie and seismic facies SlUdies 
support an Early Jurassic openin!! beClluse of indications of 
Laie Pliensbachian to Toarci:1O deeper water deposits in the 
area . Although the rapid subsidence in the Early Jurassic 
could have a minor tectonic component. mos t of the 
constructed curve is the result of c ruSlal and mantle cooling. 
albeit with a clear influence from the long-term eustatic 
change in sea leveJ. 

The history of relative changes of coastal onlap sugges ts 
(Vai] ef al .. 1977) that eUSlatic sea level underwent cons ide­
rable changes in the Mesozoic and Cenozoic. Their s tudy 
shows that in the Early and early Middle J urdssic, sea level 
was close to the present sea level . A major rise began in the 
Callovian (156 Ma) and. with short interruptions in the 
Valanginian, Aptian, and Cenomania n. continued into the 
Late Cretaceous. This general rise of i"ea level (rom Late 
Middk Jurassic 10 LaIe Crelaceous has a steepening effeel 
on thermo-tec tonic subsidence c urves that are not corrected 
for euslatic changes. This euslatic effect complicates the 
comparison between reconstrucled thermo-tectonic curves 
and model curves for crustal and mantle thermal subsidence 
(Royden et al .. 1980). 

If sea level in the Early and Middle Jurassic was as close 10 
the present sea level as is sugges ted by the magnilUde of 
rela tive changes of coaslal onlap, the da ta points for that 
portion of the sectio n should match one of the model curves 
for crus tal and mantle cooling . This assumes that the 
observed thermo-tectonic subs idence curve represents only 
thermal subs idence with long-Ierm eustatic depanures that 
s tarted immediately arter the formation of the first oceanic 
crusi . The geohistory diagram (Fig. 10) sugges ls that the 
fint oceanic crust was formed at 177 Ma between the 

.. , 

Figure 10 

INTERPRETATION OF CHANGES OF PASSIVE MARGINS 

179 Ma and 174 Ma sequence boundaries. The model curve 
for a 60% injection of the lithosphere matches the Early and 
Middle Jurassic data points (Fig . 10) . Ali other data points 
besinning in the LaIe Jurassic fa ll signifi cantly below the 
60% model curve, which is cons istent with a general r ise in 
eustat ic sea level in the Late Jurassic and Barly Cretaccous. 
Other model curves. such as Ihose for 50% and 40% 
in;eclion of the lithosphere. do not match the steep initial 
portion of the constructed curve . These two model curves 
indicate an initial thermal subsidence for an opening e venl 
at 177 Ma that is less than the observed total subsidence. 
The present-day data point in the geohislory diagram 
(Fig. 10) falls about 100 m above the 60% model curve. This 
is interpreted as Ihe result of Late Terlia!y uplift, which can 
be substantiated by severallines of evidence. Compressio­
nal teclonics associated with the formation of the High 
Atlas Mountains may ha ve begun in the Late OJigocene and 
continued through the Late Miocene. resulting in s ignifican! 
e rosion of older deposits. Only the clinoform toes o f the 
Middle Miocene sea-Ievel highsland sequences are preser­
ved (Fig. 3). Toplap associaled with the Pliocene highs tand 
sequence seaward of the weil location suggests that the 
Cenomanian at the weil s ite was at or slightly above sea 
level at that lime . The subsidence of the Cenomanian 
surface since the Middle Pliocene can be estimated a t 177 m 
if we add Middle Pliocene eustatic sea level ( + 80 m , Vail, 
Harde nbol. 1979) and prese nt-day water depth (97 ml. This 
subsidence is faster than Ihe thermal contraction from an 
Early Jurllssic openin!! event as is suggested by the 60% 
model curve. By the end of the Miocene the tOlal compres· 
Slonal uplift may have exceeded 200 m (Fig. 10). 

Independent qual itative evidence fo r an uplüt is provided 
by seismic interval velocities that suggest lhat the Early 
Cretaceous sediments are overcompacted for their prese nt 
burial depth. The observed inte r val velocities require a 

G~flllislflry dit/1:rum com/1IIring "/tm w -tectOllic s/lbsidenct ... illl mOilel ('I1fI'es lor tllru i1ilf(r(ml l"'I(lI/IIIS (1/ ;'Ijcdioll olliit lilJwsl,II",.,. A SI/II/II 
com/l rtssiorrul 11/111/1 is aSSllmed fof' Ihe Lille T eniary. 
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bu rial depth between 450 and 750 m some time between the 
Cenomanian and the present. Without an uplifr this burial 
depth eould have been aeeomplished only if the basin at the 
weil s ite was filled to sea level in the Late Cretaeeous and 
subsequently e roded during lowstands in the Tertiary, 
espeeially in the late Oligoeene. Ali Upper Cretaeeous and 
Lower Tertiary deposits encountered in the area are deposi­
ted in bathyal water depths, and the configuration of the 
seisrnie sequences suggests that the basin at the weil site 
was not filled 10 sea level unti lthe Oligocene. Severall ines 
of evidence seem to agree thal at least sorne uplift occurred 
in the Late TertÎary. The amount of uplift cannot he 
detennined with accuraey because the Tertiary stratigraphie 
information i$ very incomplete as a result of the uplift. In 
the caJculat io ns for eustatie sea-Ievel changes a 100 m uplift 
is used. This value is estimaled from the position of the 
present-day data point rela ti ve to the 60 % model subsi­
dence curve in Figure 10. The resulting val ues arc compared 
with Ihose obtained if no uplift is taken into account. 

The distance bctwcen the thermo-tectonie subsidence curve 
and the 60% model subsidence curve În Figure 10 is a 
measure of the long-Ierm eustatic sea-Ievel change in the 
Jurassic and Early Cretaceous . Sea level is ris ing in the la te 
Middle Jurassic and begi ns fa Uing in the lalest Jurassic and 
Berriasian. A new sea-Ievel rise hegins in the Hauterivian or 
mid -Valanginian and continues into the Earl y Cenomanian. 
Measuring eustalic changes directly Ctom Figure 10 produ­
ces values Ihat require correction for the loading effect of 
eustalic sea-Ievel changes as fo llows : 

MD = A Sea level + pw x Il Sea level .. 1.30911 Sea lever 
pm 

or l!. Sea lever .. I~~' where MD is the measured distan­

ce of the dat:t poi ... t ~Iow the model subsidence curv/!! in 
Figure 10. 

The ealculatio n of long-term eustatÎC sea-le vel changes is 
based on an isostatic comparison on an Airy type crust 
(Horowitz. 1976 ; Watts , Ryan , 1976). AI 97 Ma (Early 
Cenomanian) deposi tional Wllter deplh as determined from 
benthonic microfossils is 180 m. Early Cenomanian bcds a re 
st ill (Of again) a t the sea floar covered by 97 m of water. 

The iso~ t :llic comp'jfison i~ gi\len by the equation : 

WDI + Ts "" WDI ... EF ... MC ... Ru (l) 

where WOI is the original waler depth , Ts is the thermal 
subsidence from the 60 % model curve in Figure 10. WOl is 
the present water deplh . EF is the eu:.lalic differe nce, MC is 
the manlle compe nsa t.ion after a eustlltie change. and Ru is 
the present-day expression of the resional uplift in the Late 
TerlÎary (100 ml. The effects of mantle compensation ca n 
be determined by the equation : 

MC a EF pw _ 0.45 EF _ 
pm - pw 

(2) 

where pw is the density of seawater (1.03 gr/cm) and pm is 
the average density of the mantle (J.)) gr/c m]). Equation (1) 
ca n be wrillen as; 

EF _ (WD, WD,) + Ts Ru 
lAS 

(3) 

Subs lilut ing values for the Early Cenomanian and the 
presenl in equation (J) results in an apparent euslalic 
sea-level Cali of 281 m (Fig. 11). Equation (3) calc ulates 
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eusuuic sen level change for waler-filled basins only. For 
other data poi nts in the Early Cretaeeous and Jurass ic 
addit ional corrections arc required for sediments deposited 
durina the respective time intervals. Isostatic comparisons 
can he made by removing the sediment and restoring the 
water depth as Collows: 

EF - WD,- (WO, + WR) + Ts-Ru (4) 
lAS ' 

where WR is Ihe res tored water columo aCIer backstripping 
and taking into account unloading adj ustmeots and porosity 
res toration of the underlying secl ion. The apparent sea-level 
changes tor data poi nts in the Eady Cretaceous. LaIe 
Jur:lssie. and Middle Jurassic delermined in several ditre­
rent ways a re listed in the Table . The eustatic changes were 
ÎnitialJ y calcuJa ted for an assumcd uplifl of 100 m and for 
the case that no uplift occurred. The values measured in 
Figure 10 and corrected for eustatic water loading should 
agree with the calculated values If no uplift occurred. The 
Table shows Ihat the measured values fall bctwee n those 
calcuiated for a 100-m upliet and for no uplift . thus 
confirminw sorne uplirt but not as high as 100 m. If the 
present-dllY data point on the thermo-teetonie curve were 
70 m above the model curve there would be close agreement 
belween caJc ulated and meilsurcd custatic sea-Icvcl 
changes. 

The eusl:llic sea-le vel values th us obtained rcpresenl the 
highest sea-Ievel s ta nd in each seq uence. The changes 
observed are therefore predominantly changes in the 
long-terrn e ustalic sea level. There is close agreemenl with 
prcvious results obtained by different methods by Vaill!/ al . 
(1977), Vilil and Todd (1981). Hays and PÎtman (1973) . and 

Table 

Eus/Otk sta It"tl in m""s (lbo,·t Iht prestn/ sta It',·tll:alcula ltd 
wilh tqua/ion (4) fa' Ihut dillt"nl amoullts of LaIt Ttniary 
comprtuional uplill eampa,td "'i/h tht tus/Olk Sta It,·t l /IIl!asurtd 
Irom Iht gtohislOry di(lg,am in Figurt 10 (eo"tc/td fur ta~·/Otk 
highs/ClI1d loadinR t/leets). Hgufts 10' Iht 70/11 uplill art tht 
pre/trud ,·aluts. 

N, IQOm 70 m From 
Agt uplilr uplilr uplil' Fig. 10 

Earl)' Ctno/llanian 350 '" 302 J02 
LaIt Albi(ln 359 190 JII 31J6 
Top Aplian 159 190 210 '116 
Midd!t Aplion 195 126 147 /J8 
Tap Valansinian /1' 6() 8/ 69 
Top Bt"iasian 179 110 /JO 107 
Mid-K immtridgian '" 178 /99 1" 
Top Cal/o,'la li 11 0 147 162 107 
Top Balhon;an 77 8 19 0 



Pitman (1978). A s ignificant difference exists. however . 
with the values obtained by Watts and Steckler (1979) using 
a similar method based on the sub~idenee his tory of the 
Atlantic margin of the North American ellst COllSI. A 
possible expia nation for their much lower results is that 
their assumption of the thermo-tec tonic ~ub$idencc of the 
Atlantic margin being a single thermal contract ion event is 
not val id. T hermo-tectonic subs idence histories for Georges 
Bank and Bllitimore Canyon COST wells suggest considera­
ble tcc lonic activity in Ihe Enrly Cretilceous and Middle 
Tert iary. 

IDENTIFICATION OF SHORT-TE RM EUSTATIC 
CHANGES 

previous seclions of this paper d iscussed the paleoenviron­
ments. subsidence history , and long-term sea-Ievel changes 
determined (rom a weillocated on seismic linc C. offshore 
northwest Africa. The weil log and seismic seçl ion show 
that Ihere are many abrupt vertical changes in deposilional 
environmenls and lithofades. In order for these abrupt 
çhanges 10 occur. a rapid change is necessary in one or more 
of the three variables: rate of subsidence, rate and type of 
deposition , or rate of eustatic sea-level changes. Figure 10 
shows tha t subsidence in the area of the weil follows li 

normal thermal contraçtion curve from the time of initial 
formation of oçeanic e rust (:!; 177 Ma) 10 the Late Oligo­
cene. when uplift assod<lted with Ihe High Atlas Mountains 
commençed. Ail changes in subsidençe are graduai except 
for the initial subsidence folJow ing the format ion of occanic 
crus t in the Atlantic ( ~ 177 Ma) and the subsidence fol1o­
wing the uplift assodaled wilh the High Atlas ( :!; 3.8 Ma). 
The type and rate of deposit ion of the sediments in the 
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northwest Arrican margin also change through lime. These 
changes a re, however, graduai when the lotal bas in is 
Sludied. In any one location, abrupt changes in sediment 
type and sedimentation rate are common occurrences. 
Global sludies of the Jurassic and Tertiary (Vail e/ al" 
1977; part 4, fig. 6; Vail, Todd , 1981 ; Vair. Hardenbol. 
1979) show that rapid euslatic sea-Ievel changes occur 
periodically (Fig . 12). The timing of these global changes 
coincides with the cha nges observed in northwes t Africa . 
We ç"onçlude that mosl of the abrupt changes observed in 
the weil and on se ismic line C are caused by these rapid 
changes in eustalÎc sea lever. 
Three types of eustalic changes that cause unconformilies 
can be dislinguished : 1) rapid fa ll ~ of eustatie sea le vel 
usually greater than the rate of subsidence ; 2) s lower fall s 
of eustatic sea level commonly less than the rate of 
subsidence in basins with significant subsidence ; and 
3) rapid r ises of eUSlatic sea level. 

Rapid rates of fall of cus tatic sea levçl are charaClerized by 
unçonfOTrllities associaled with subacrial exposurc on the 
shelf , canyon cutting , submarine crosion, lowstand deltas 
and fans, and shifl s in submarine depositional patterns 
whcre fans and lowstand deltas are ab~e n l (Fig. 13). Slow 
rails Jess than the ratc of subsidence are similar except that 
the outer portion of the shelf may nOI be subaerially 
exposed and Jowstand deltas, fans. and canyon cutt ing are 
rare . Marine regressions commonly underlie these types of 
unconformitie~. Rapid r ises arc commonly associated with 
marine tra nsgressions. Basal transgre~sive deposils overlain 
by local submarinc unconformilies may be present (Vail, 
Todd . 1981). 

The fo llowing paragraphs will describe the strtlligraphy and 
facies of the weil and seismic line C (Fig. 5) and discuss 
what may have caused the abrupt changes in dcposi tional 
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environments and lit hofades. Seismic line C is useu le 
iIIuslrale Ihese changes fo r the Mesozoic section. TW0 
seismic Hnes shown on Figure 14 are used for the Tertiary 
and Cretllceous. 

Thc fi rs t major abrupt ven ieal change occurs al an uncon­
formi ty fabeled 189 ? Ma on Figure 5. On Olher seismic 
sections this unconformity can be Iraced across the shcff 
close to a weil drilled on land near the cO,lstline (Vail. 
Mil chum, 1980). where Middle to Late Jurassie clasties 
overlie the unconformÎty and Henangian-Triassie continen­
tal rcd beds underlie il. These beds are 10caJJy truncafed. To 
the south the unconformity can be traced below a thiek sal t 
section. Weil data to the south show Ihat an inlerval of 
shallow-water carbonates. anhydrites. and variegated sha­
les, dated by biostraligraphy as probably Early luras.~ic , 
overlie the salt. Seismic correlations indicate that the 
onlnpping refl ectÎons belween sequence boundaries 177 Ma 
and 189 Ma (on line C. Fig. 5) correspond to this interva!. 
The unco nformity is believed to correlate with the bas!!l 
Sinemurian (189 Ma) unconformity. In the area of stud y it 
marks an abrupt change from continental red beds to a 
marine section containing sal ts. ,mh ydrites. and carbonates. 
Tt is interpreted on the basis of global studies to be cilused 
bya rapid fall a nd rise of eustatic sea level that occ urred in 
Ihe Early Sinemurian (between the Arietite.~ buck/mIdi and 
Am;oceras sem;costawm ammonite zones. A. Hallam. 
pers. comm .. 1981). 

T he next abrupt vertical change is best observed on seismic 
data. such as fi ne C. Figures 3 and 5. Il occurs at the 
sequence boundary labeled 179 ? Ma and is marked by 

Figure 14 a 
Seismic line paraI/el fO shell edge. offshore tlOnh"'esI Alrieo. 
s/IO"'inR major erosional pmtuns in the Early CretaCl'Ous alld 
Teniar)·. For sequence dtsignotions. ue Figurt Il. 
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Figure 14 b 
Seismk Jin( perpendiculur 10 Ihe shell edge. offshnre 'l onhwtsl 
A/dco. showing major erosiollul pallerns in the Tutiar)". For 
sequenct designmions su Figure Il. 

downlap over parallel reflect ions. The downlap is interpre­
Icd as the lOes of prograding clinoforms. The rel ief o f these 
cl inoforms indicates upper bathyal paleowater depths. This 
boundary is interpreted as an abrupt change from shaUow­
water carbonates, variegated shales. and evaporites 10 
deep-water carbonate muds. Weil data to the south docu­
me nt a change from the shallow-water carbonates and 
evaporites to massive micritic limestones. but no foss ils 
were identi fied to verify the deep-water Interpretation of 
this interval. The sequence boundary is correlated wilh the 
glObal fall and rise of eustatie sea Icvel that occurred within 
the carly part of the Late Plie nsbach ian at 179 Ma. Paleon­
tologie data from wells within the area were undiagnos tic 
and could only be dated ,IS probably Early Jurassic. The 
rapid deepening and landward shift of the shelf cdge is 
believed to be related 10 Ihe increased rate of subsidence 
followin& the formation of oceanic crus t to the west. 

The next major abrupt vertical change is weil documenled 
by wells as a change from Balhonian shelf carbonates 10 

upper bathyal Callovian shales: Se ismic datil show a conti­
nuous high-amplitude reflection on the shel f wi th evidence 
of truncation al the shelf edge. The sequence boundary 
labeled 156 Ma on Line C (Fig. 5) indicate5 the abrupt 
change from carbonate to shale. Landward. Ihis sequence 
boundary can be traced on seismic da la below a prograuing 
sequence Ihat h verified in a weil 3.!> Culloviun marine ~hale 
(Fig. 15). The relief on the clinoforms. shown on this 
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seCl ion, indicates walerdepths of approlt imately 300 m. The 
rupid change from shallow shelf 10 upper bathyal waler 
depths (~ 50 10300 m) from the Bathonian to the Callovian 
must have taken place early in the Callovian. Si nce the 
seismic patterns indicate mainly progradalion durÎng the 
Callovian. This water-depth change of 250 m probably 
occurred in not more than 2 104 million yeaTS. during which 
time the thermo-teclonic subsidence of 23 miMa (Fig. 6, 10) 
would amount to 45 tO 90 m. Between 160 and 200 m o f the 
water.deplh change must have been caused by a rise of 
eustatic sea level in 2 to 4 million years, which requires rates 
of e ustatic rise from 4 10 10 cm per l ,000 years and could he 
much more rapid. 

The neltl major abrupt vertical change is also weil documen· 
ted b)' weil control and occun belween 8eri'iasian shallow­
water shelf carbonates and upper bathyal (200-250 m) Hau· 
te rivian shale on the shelf. and between 8erriasian deep 
mari ne rnicr itic carbonates and Valanginian reddish brown 
deep marine mudsto nes in the basin. The well on the shelf 
edge encountered a 6.3·meter cavern , the base of which was 
70 m below the top of the Berrias ian carbonate. T he 
sequence boundary labeled 131 Ma on line C (Fig.3,S) 
marks this change. The Vatangi nia n sequence is shown as a 
slopefront-fill seismic facie s pattern seaward o( the shelf 
edge red encountered in the weIl. The Valanginian unit 
(126-131 Ma) is interpreted as the edge o f a lowsland delta 
diagrammatically i11ustraled in Figure 13 . Jt indicates that 
sea levet fell betow Ihe shelf edge at the beginning of 
Valanginian lime . The kant cavern drilled in the well is also 
evidence for a sea-level fall al this time. Since the thermo­
tectonic subs idence in the Valanginian was 0.99 cm per 
1,000 years (Figs. 6, 10), sea level must have dropped at a 
greater rate to fall below the shelf edge. The lowest marine 
shates overlying the Berriasilln carbonates are dated as 
HautcrivÎan. The :lbove observ:ltÎons a re interpreted as 
indicating a rapid rise of sen level during Ihe Vatanginian of 
a l least a few cm per 1.000 yellrs rollowing a rail that 
exceeded 1 cm per 1.000 years. The magnitude of the fall 
can not be t!stimatcd from these data, but slUdies from other 
areas indicate il may IIpproxiOla te 100 m. The water--depth 
increase over the shelf is approlt imately 200 m. The subsi­
dence curves (Fig . 6, l a) indicate 47 m wcre due to thermo· 
tectonic subsidence and thus 153 m must be due to eustatics 
ris ing a t a raie of 3 to K cm/ l ,000 yell rs. T he amount of rise 
over the upper slope muSI be added to this to obtain the total 
rise , but it cannOI be delermined from the IIvnilable data. 

The Hauterivian-Aplian inlerval consists of a large upward­
coarsening, prograding delta. A rapid fa11 a nd rise of sea 
level within this delta is indicated by a large canyon cut , 
shown on Figure 14 a. which is daled as accurring within 
the Mid-Aplian (112. Ma). Upper bathyal Middle Albian 
shales overl ying the delta indicli le a rise in sea level a l this 
time . 

REFERENCES 

Dandy O. 1..., 19$3. Ecology and paleoccology of sorne California 
Forarninifera. Part Il . Forarninileral evidence of subsidence rates 
in the Ventura basin. J. Pa/eon/ol .. 27, 200-203. 
8erlUtren W. A., 1972 . A Cel1O:(Oic tirne·scale : sorne applications 
for regiolllli geo1oi)' and prlleobiogeography. Le/hala. 5. 19$·2t$ . 
Bubb J . N., lIaUel1d W. G., 1977. Seismic $Inligraphy and glob .. ] 
changes of sea level . Part 10 : Seismic recognition of carbonate 
buildups. in : Stismic slrUliK'llphy _ /1/I/lUCa/ion 10 hydrocarbon 
uplormillll. edited by C. E. " .. y ton ......... PO Mem., 26, HI$·2Q4. 

43 

INTERPRET .... TION OF CH .... NGES OF P .... SSIVE MARGINS 

Evidence of many other rapid cha nges of sea Ie:vel is shown 
in Figure 14. Slope-fronl-(iIl facie s of Late Oligocene-Early 
Miocene (29·16.5 Ma), LaIe Miocene (9.8 Ma), and Late 
Pliocene (3.8 Ma), toaelher with their underlying unconfor· 
milies showing erosional truncation. indicate lowslands. 
Progradi ng units and their equivalent deep marine draping 
shale , such as the Middle Miocene (16.5-9.8 Ma) and 
E.'\ rly. Middle Pliocene (6.6.3.8 Ma), indicate highstands. 

The present flooded shetf is bel ieved 10 be due to subs i· 
dence foJlowing the Miocene uplift ilssociated with the High 
Atlas Mountains. A widespread truncaled surface: marks Ihe 
erosions of titted beds fo llowing that uplif\. 

DISCUSSION 

The magnitude of long-term sea·level changes between the 
Early Crelaceous and the present, as determined from Ihe 
subsidence history of a basin offshore northwest Arrica. Îs 
in ri ne: wilh previously published estimates. VlI lues obtained 
by Hays and Pitman (1973) and Pitman (1978) for Ihe 
mid·Cretaceous (rom rates of ocean spreading and by Va il 
and Todd (1981) for the J urassic and earliest Cretaceous a re 
very close to the estimales in this paper. They eltceed , 
however , the values obtained by Watts and Steckler (1979). 
using a s imilar method based on margin subsidence. 

The models and assumptions used in this study are tentative 
and requi re further evaluation and improvements. Howe· 
ver, repeating this method for a number of passive margins 
wilh adequate s tra tigraphic and paleobathymetric control 
should demonstrate trends in the magnitude of long-term 
eustat ic sea-tevel changes. Short·term changes in sea level 
can be determined from detailed SludÎes within a quantified 
framework of subsidence and long-term euslatic sea-Ievel 
changes. Raies of change of the short- term sea·leveJ fluc­
lua tio ns may he relldily determined in areas with detaiJed 
age and paleobathymetric control. The magnitude of short· 
term sea·level changes is much more d ifficult 10 eSlimate . 
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