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Abstract Passive continental margins have been
shown to subside with a 50-m.y. exponentially decay-
ing rate which cannot be explained by isostatic com-
pensation for sediment loading. This suggests that the
subsidence is dominated by geodynamic processes
similar to those in the deep ocean. Two simple geo-
logic models for continental breakup are developed:
(1) attenuation of continental lithosphere and (2) intru-
sion of mantle diapirs.

These models for rifting give a direct relation be-
tween subsidence of passive margins and their surface
heat flow through time. On this basis we develop a
method of reconstructing the thermal history of sedi-
mentary strata from regional subsidence and sedimen-
tation history. Because generation of petroleum hydro-
carbons depends on the integrated time/temperature
history of buried organic material, this reconstruction
technique can be used to determine the depth to the
oil range of the “‘hydrocarbon generation window'' in
advance of drilling. By way of example, we reconstruct
time/temperature/depth plots and estimate hydrocar-
bon maturity for one site in the Falkland Plateau and
three sites in the North Atlantic near Cape Hatteras. In
addition to providing a method for evaluating hydrocar-

bon potential in frontier regions where there is little or

no well control, this approach suggests that there may
be significant potential for oil and gas generation on
the outer part of the continental rise and in deep-sea
sedimentary basins.

INTRODUCTION

Variations of heat flow and topography in the
“ocean floor can be adequately explained as the
thermal contraction of a cooling lithosphere
(Langseth et al, 1966; Parker and Oldenburg,
1973; Parsons and Sclater, 1977). Parsons and
Sclater (1977) considered a simple plate model in
which the lithosphere is assumed to be a slab of
uniform thickness. Material is intruded at con-
stant temperature along mid-ocean ridges and
subsequently spreads away from the ridge axis.
The lithosphere is allowed to cool conductively
while the lower slab boundary is maintained at
the temperature of intrusion, and the ocean floor
subsides owing to thermal contraction. Initially,
depth increases as the square root of time (\/t;
symbols used in text are defined in Table 1) but
for older ocean floor (t=80 m.y.) appears to
increase at an exponentially decaying rate toward
a constant asymptotic value. From observation of
seafloor bathymetry Parsons and Sclater (1977)
concluded that between 0 and 70 m.y. after intru-
sion, depth is given by d(t)=2,500+ 350 t/?m.
For older lithosphere the relation becomes
.d(t)=16,400—3,200 exp (—1/62.8). An analogous
age relation holds for surface heat flow. Surface

measurements in impermeable sedimentary ba-
sins, where the heat transfer is entirely by con-
duction, give average values in agreement with
this theoretical model. For oceanic crust younger
than about 120 m.y., the heat flow (Q) may be
expressed as Q(t)=11.3 t2cal cm2sec”!, and
for older crust Q(t)=0.9+ 1.6 exp (—1/62.8) cal
cm~2sec— 1. »

There is considerable evidence in the sedimen-
tary record from passive continental margins that
a significant fraction of margin subsidence can-
not be explained entirely by isostatic compensa-
tion for sediment loading. Sleep (1971) has shown
that subsidence follows an exponential decay
with time constant ~50 m.y. across large regions
of the continental shelf (Fig. 1). Similar results
were obtained by Watts and Ryan (1976) for the
Hatteras region and the Gulf of Lyon. The simi-
larity between these subsidence histories and the
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Table 1. Symbols and Values Usec_i

AN

Symbol : Value Definition

a 3.3x 10%°C? Coefficient of thermal expansion

d Depth below sea level

74 Fraction (by volume) of lithosphere
composed of dikes and intrusive bodies

7 Fraction of lithosphere replaced
from below by aesthenosphere

¥ Oceanization or thermal parameter;

8 x 10%cm? sec’!

~ oo

T K.
K 7.5x 1073 cal em™ sec!'® C?
Keed 4 x 1072 calcm™ sec’!°C?
! 125km
1% kfn? 62.8 m.y.
Q
P 3.33gmcem™
1.0 gmcem™
w _
2.8gmcem™
c .
i AY
¢
’f (-]
T 1,350° C
"

=0 is continental lithosphere, y=1
is oceanic lithosphere:
Thermal diffusivity of lithosphere
Thermal conductivity of lithosphere
Thermal conductivity of sediment
-Equilibrium thickness of lithosphere
Time constant of thermal decay
Heat flow
Density of mantle
Density of water
Density of crustal rock
Initial subsidence due to stretching
Time measured in millions of years
Crustal thickness
Temperature
Temperature of upper mantle
Height above equilibrium elevation

depth-age relation for older ocean floor strongly
suggests that the subsidence of passive continen-

tal margins results from thermal contraction of’
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FIG. 1-—Depth normalized to base of Woodbine is plot-
ted as function of age for wells on East Coast of United
States. Dashed smooth curve is 50-m.y. exponential
constrained to fit data at base of Woodbine and at pres-
ent (after Sleep, 1971). :

the lithosphere, and that there may be a simple
thermal model to explain the geologic history of
some margins. Most recently, Steckler and Watts
(1978) have used a thermal model to explain the
subsidence observed at the COST. B-2 well.
Early attempts to model passive continental
margins (Sleep, 1971) simply considered the con-
tinental lithosphere to be heated from below. This
produced doming of the lithosphere along the
plane of incipient rifting (Fig. 2A), and ade-
quately described the subsidence history of the
margin. Two more sophisticated models have
been suggested: the first entails rapid stretching
and attenuation of the continental lithosphere at
the time of continental breakup (Fig. 2B; Mc-
Kenzie, 1978); the second, a modification of
Burke’s aulacogen theory (Burke and Whiteman,
1973), involves cracking of the continental litho-
sphere and large-scale intrusion of diapirs across
the incipient margin (Fig. 2C). At present it is not
clear which of these mechanisms dominates mar-
gin formation; both produce the same subsidence
history, but differ radically in estimates of initial

“heat flow. It seems probable that both mecha-

nisms may be active during continental breakup.

- If marginal evolution can be explained by a

combination of these mechanisms, the paleoheat
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flow must lie within a range bounded by the two
extreme models. Thus by correlating subsidence
with thermal evolution of sedimentary basins, we
can predict a range for paleoheat flow. To recon-
struct paleoheat flow for individual basins, the
following .parameters must be known: regional
subsidence,- depth to basement, sedimentation
history, and sediment density. In addition, if ther-
mal conductivities are known or if they can be
estimated from sediment lithology, the thermal
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FIG. 2—A, In simple rifting model, continental litho-
sphere is heated along plane of incipient rifting, produc-
ing thermal expansion of lithosphere, and doming of
surrounding region. B, More sophisticated extension
model stretches lithosphere across plane of rifting. Hot
material rises from asthenosphere to replace thinnéd
continental lithosphere. There is initial subsidence in
continental crust as isostatic equilibrium is maintained.
C, Continental margin is formed by series of ultrabasic
dikes intruded across incipient margin. Percentage of
dike material increases seaward across margin, with
100% dike material corresponding to pure oceanic litho-
sphere. ‘ :

history of any sedimentary unit can be traced
from the time of its deposition.

SIMPLE RIFTING MODELS )

Passive margins may be subdivided into two
distinct regions: that part of the margin underlain
by oceanic basement, and the region landward
from there. For normal ocean floor, the subsi-
dence and heat flow are well determined as a
f\unction of age (Fig. 3; Parsons and Sclater,
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FIG. 3—A, Diagram presenting relation between mean
depth and age for North Atlantic and North Pacific.
Area between short dashed lines represents estimate of
scatter in original points used to determine mean data.
Solid line beyond 60 m.y. is theoretical elevation from
plate model where d(t)=6,400—3,200 e~ (v/62.8), Line of
longer dashes is elevation calculated assuming that
lithosphere is simple boundary layer and continues to
thicken with time. B, Plot of mean heat flow against
age. Only values in areas covered by thick layer of sedi-
ments are shown. Except for one point in central Pacific
there is strong corfelation between heat flow and age.
Dashed line represents relation between heat flow and
age predicted by simple thermal boundary layer model.
Heavy  continuous line  represents  relation
¢ Q(t)=0.9+ 1.6e (-v628) predicted by plate model.
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1977). Landward of oceanic basement, the situa-
tion becomes more complex. We have assumed
that margin subsidence can be explained by sim-
ple thermal contraction of the lithosphere rather
than phase changes in the earth, a process about
which little is known. Subsidence and heat flow
can then be expressed as the decay of initial ther-
mal conditions toward an equilibrium state, and
may be determined by the specific dynamics of
margin formation.

Sleep (1971) assumed that the “transit‘i'onal”;.

part of the margin was continental lithosphere,
heated at the time of rifting, and subsequently
allowed to cool conductively in the vertical direc-
tion, producing subsidence:
U(t)= Uo(x)exp(— at)

where Uy(x) is initial uplift and 1/7a ~50 m.y.
This approach was successful in explaining the
general subsidence observed on the East Coast of
the United States but encounters substantial
quantitative difficulties in some regions. Any re-
gion which is uplifted by thermal expansion of
the lithosphere will subside to its initial elevation
as the lithosphere cools. Consequently, to trans-
form a surface initially at or above sea level into a
sedimentary basin (or sedimented margin), the
average density of the lithosphere must be in-
creased, either by subaerial erosion, subcrustal
thinning, or some other mechanism. Sleep esti-
mated that for an initial uplift of 1.5 km (from sea
level), 3.0 km of crust is removed by subaerial
erosion and 2.0 km of sediment accumulates in
the resulting basin. This result has difficulty in
accounting for regions of the East Coast of the
United States where thick sediment accumula-
tions of up to 10 km or more overlie continental
basement. Sleep’s calculations imply removal of
~15 km of crust and an initial uplift of ~7.5 km.
There are two problems. (1) Thermal expansion
of the lithosphere by 7.5 km is equivalent to rais-
ing the temperature to 2,000°C throughout; this is
an unlikely supposition, for the base of the litho-
sphere is generally accepted to remain at about
1,300°C. (2) This model generates huge volumes
of terrigenous sediment fairly soon after rifting,
but it is difficult to determine where such a large
volume of sediment could have been deposited.
There is no evidence that it was deposited inland
and there does not seem t0 be enough early sedi-
ment accumulation on the continental rise and
farther out in the deep ocean to account for an
erosional event of this magnitude (E. Uchupi,
personal commun.).

Another objection to this simple thermal ex-
pansion/contraction mechanism for producing
marginal basins is the existence of subsiding sedi-
mentary basins which appear to have had neither

uplift nor erosion. Sleep (1971) has shown that
several of these basins in North America are sub-
siding with an exponential decay rate similar to
that observed along the East Coast margin. If the
mechanism of subsidence in these basins is simi-
lar to that along passive margins, uplift and ero-
sion apparently are not an integral part of their
evolution. Yet despite these difficulties with this
simple thermal model, its success in producing
the general subsidence on the East Coast margin
strongly indicates that the subsidence for this re-
gion 1s primarily a cooling effect in the litho-
sphere.

The general problem of excessive uplift can be
avoided if there is crustal extension and thinning
at the time of rifting (Fig. 4). Such a model was
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FIG. 4—A, Schematic diagram of continental litho-
sphere prior to initiation of rifting. Temperature profile
at right shows lithospheric slab to be at thermal equilib-
rium with Tyy= 1,300°C at base of lithosphere. B, As
rifting proceeds, continental lithosphere stretches across

* plane of rifting, thinning both lithosphere and continen-

tal crust. Temperature remains fixed at base of litho-
sphere, thus steepening thermal gradient. C, Long after
margin formation, temperature has cooled to equilib-
rium (Fig. 5A). Margin itself consists of wedge of for-
merly continental lithosphere which thins seaward
(shown by dashed line). Ocean-continent boundary in
lithosphere is descriptive only, having no structural sig-
nificance in old (i.e., cool) margin.
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first proposed . by Artemyev and Artyushkov
(1969) to explain seismic and gravimetric data
from Baikal basin. Shallow-angle listric normal
faults observed in the Great Basin provide a pos-
sible mechanism for stretching and :thinning of
rigid crustal material (Wright, 1976). These faults,
which dip at angles of less than 45°, are associat-
ed with steeply tilted blocks. Palinspastic restora-
tion of southern Death Valley indicates that the
faulted rock units have been extended by 30 to
50% (Wright and Troxel, 1967). Thinned crust has
also been observed under other sedimentary ba-
~sins (Stegena, 1964; Artemyev and Artyushkov,
1969).

The thermal effects of stretching the litho-
sphere during margin and basin formation have
been explored in detail by McKenzie (1978),
where attenuated lithosphere is replaced by pas-
sive upwelling of hot asthenosphere.. For regions
with initial crustal thickness greater than ~20
km, crustal attenuation results in immediate sub-
sidence to maintain isostatic equllxbrlum Al-
though there is evidence for some uplift and ero-
sion along passive continental miargins, this
phenomenon may .be due to the introduction of
additional heat into the lithosphere which is not
directly associated with the thermal effects of
lithospheric attenuation. This model is compat-
ible with the observational work doné by Sleep
and others on margin subsidence. For time great-
er than ~30 m.y., the subsidence rate is approxi-
mately an exponential decay, similar to the expo-
nential subsidence in the deep ocean. The total
amount of subsidence is determined by the degree
of lithospheric attenuation.

Another model which provides an exponent1a1
subsidence compatible with observational data
consists of cracking of the continental lithosphere
and intrusion of dikes or diapirs from the mantle
(Fig. 5). Replacement of light crustal rocks by
denser ultrabasic or basaltic material results. in
initial subsidence and avoids the general problem
of uplift. The primary evidence for intrusional ac-
tivity during margin formation is. the extensive
dike swarms in east Greenland (Wager, 1947).
Other evidence of intrusional activity associated
with continental breakup is present in the Lebom-
bo monocline (Cox, 1972) and the Panvel flexure,
south of Bombay (Auden, 1972). Whether this in-
trusional activity is a primary mechanism of mar-
gin formation or only an incidental by-product of
some other process is unclear. It seems unlikely
that this mechanism can be operant at depths
where the lithosphere may behave as a viscous
fluid rather than a rigid, brittle slab. Nevertlieless,
the lithosphere possibly extends by ductile flow
near its lower boundary and by extensional
cracking and dike intrusion in its upper part.
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FIG. 5—A, Continental lithosphere prior to rifting, as
in Figure 4A. B, As rifting proceeds, lithosphere cracks
and ultrabasic dikes are intruded along plane of rifting,
Dikes increase in volume and/or frequency toward axis
of rifting. Transition to pure oceanic crust occurs when
intruded ultrabasic material becomes 100% of total
Temperature gradient through lithosphere becomes less
steep, but surface temperature is raised considerably. C,
Long after rifting, temperature gradient has returned to
equilibrium. Margin consists of continental crust inter-
rupted by series of dikes which may not all reach sur-
face.

DISCUSSION

The theoretical subsidence and heat flow re-
sulting from these models have been calculated
mathematically (Appendix) and the results are
plotted in Figure 6. The degree of “oceanization”
is indicated by a thermal parameter, y. For both
models of rifting, y = 1 represents pure oceanic
crust and y = O represents undisturbed continent.
Corresponding values of y reflect the addition of
equal amounts of heat to the continental litho-
sphere at time t=0. Because the system returns to
equilibrium at t — oo, the total subsidence and
net heat loss from the lithosphere are a function
only of y, and independent of the model. For
equal values of v, there are slight differences in
subsidence versus time for the two models but
they do not appear large enough to be distin-
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gulshed from observational data. L1kewrse, for
equal values of v, the heat flow curves are virtual-
ly identical after about 20 m.y., but for y <.0.6
there are significant differences in heat flow at
times <20 m.y. This is to be expected considering
the different initial temperature distribution, par-
ticularly in the near-surface region (Figs. 4B, 5B).
Because initial elevation was taken to be at or
below sea level, Figures 6A and 6C show both the
effect of thermal contraction of the lithosphere
and the related effect of isostatic compensation
for water loading. Most subsiding sedimentary

4- SUBSIDENCE
EXTENSION MODEL.

SUBSIDENCE IN KM

basins, and margms contam large thicknesses of
sediment, and regional -subsidenice must be de:
termined indirectly by examining the time stratig-
raphy in the sediments and compensating for the
effect of sédiment loading, .

This gives a simple method for calculatrng a
range of paleoheat flow along margins and in ba-
sins where the sedimentation history is known.

_Because theoretical subsidence depends primarily

on y and not on the specific thérmal model (Fig.
6A, C), calculation of empirical subsidence yields
a unique value for y. Because we do not know the
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FIG. 6—A, Theoretlcal surface elevatlon calculated from equatlon 7a for extenernal margin. Curve given by y =
1 corresponds to pure oceanic hthosphere and is identical to Figure 4A: For all values of y,. depth approaches

--constant value. B, Theoretical heat flow. caliilated from equauon 6a. Again, y = | corrésponds to pure ocean floor.

After about 100 m.y., heat flow becomes 1.0-heat flow unit (HFU) for all values 'of y. For y < 0.6, initial heat flow
is qu1te low, which results from great depth at which heat is added to lithosphere; the greater the depth, the longer
the time until effects are felt at surface.- C, Theotetical surface élevation calculated from equation 1la; y = 1

corresponds to pure oceanic lxthbspherc, and is identical to curve for y =

lin A: For all values of v in this frgure,

rate of subsidence is equal to that in deep ocean multiplied by factor of y, that is U(t) = y:AE(t) where E(t) is surface
elevation of oceanic lithosphere. D, Theofetical heat flow calculated from equation 10a. High values of initial heat

flow reflect addition of heat close to surface.
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specific mechanism for margin formation, we
cannot reconstruct the heat flow exactly. How-
ever, the two models developed previously may
be taken as limiting examples and hence we can
reasonably expect the paleoheat flow to lie within
the bounds set by these two extremes. Because
temperature at depth is directly related to heat
flow, our thermal models may be used to de-
termine paleotemperatures in specific sedimen-
tary strata and to estimate the thermal potential
for petroleum . genesis. In near-surface regions
heat flux can be considered invariant with depth,
and within the sedimentary layer temperature at
2, is given by:

FoQ(t)dz

. 1
' KG) {1

T= T.mr]ace +

Equation 1 is a good approximation provided
that an equilibrium situation prevails throughout
the sedimentary layer, that no heat is derived
from radioactive isotopes in the sediment or un-
derlying crust, and that convection of interstitial
water provides a negligible contribution to total
heat transport. The sedimentary layer should be
in thermal equilibrium when the sedimentation
rate does not exceed 1 km in a million years. In
general, the contribution from radiogenic heat
sources is not negligible, and for precise tempera-
ture calculations this equation should contain a
third term for this. We expect that the two models
will produce similar thermal histories for y = 1.0
and y = 0 but for intermediate values of y we
expect higher temperatures in the dike intrusion
model for very early times, and hence more ma-
ture hydrocarbons in the early sedimentary series.

Paleoheat flow cannot be measured directly,
but there are at least two other tests of these
models. We can compare calculated values for
heat flux with present-day heat flux in very young
sedimentary basins (< 10 m.y.), or we can com-
pare them with the extent of thermal alteration of
organic material in older sediments as an indica-
tion of prior thermal gradients. It would be more
straightforward to measure heat flow directly in a
young basin, but the subsidence history in such a
basin may not be well enough defined to calcu-
late any meaningful value of y. In the second test,
most passive margins are older than about 70
m.y. and may be buried by up to 15 km of sedi-
ment. Thermal alteration in the sediments depos-
ited shortly after rifting and during the period of
variable heat flow (<30 m.y. after rifting) is gen-
erally obliterated by the subsequent burial and
high-temperature environment. Exceptions are
present in regions where considerable thicknesses
of pre- and syn-rift sediments have gone through
the peak thermal event and been highly altered
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during the high heat flow phase. Thermal altera-
tion in sediment deposited after this period of
variable heat flow is less conclusive, for the heat
flow curves become very flat and often indistin-
guishable. Nevertheless, it is possible to make
some gross generalizations about temperature his-
tory in older, well-sedimented basins and conti-
nental shelves.

For a sedimentary basin filling to sea level, the
temperature at the sediment-basement interface is
a function of two variables: sedimentary thick-
ness and heat flow. Because the basin fills to sea
level, the sedimentation rate is effectively de-
termined by thermal contraction of the litho-
sphere and hence is directly related to heat flow.
It can be shown from the equations derived in the
appendix that the temperature at the sediment-
basement interface remains relatively constant af-
ter about 70 m.y. The temperature variations
which may occur after 70 m.y. are primarily de-
termined by regional geologic processes and, to a
lesser extent, by the elevation of basement imme-
diately after rifting. These regional processes
include development of horst and graben structures,
nonuniform sedimentation, and progradation
of the margin. )

In basins younger than 70 m.y. it is difficult to
make a similar generalization about the tempera-
ture at the sediment-basement interface because
the basement temperature is also more strongly
dependent on initial elevation, sediment supply,
and other variables. Likewise, in basins which are
sediment starved and do not fill to sea level, the
sedimentary thickness and the heat flow are not
directly related, and the temperature at basement
must be calculated formally. In these regions with
a more complex thermal environment, this tem-
perature reconstruction technique is particularly
useful.

We have applied the technique to (1) the Falk-
land Plateau, a subsiding sediment-starved basin;
(2) the North American continental shelf near
Cape Hatteras, an older sediment-filled basin;
and (3) a sedimented region well off the continen-
tal rise in North America. Using these results in
conjunction with a simple model! describing the
effects of temperature on metamorphism of or-
ganic material, we can estimate the depth of the
“hydrocarbon window” for these regions. We do
not intend to make a realistic assessment of po-
tential for generation of petroleum hydrocarbons
but only to illustrate the possible use of this re-
construction technique. The potential for useful
hydrocarbons depends on the presence of source
rocks and the possibilities for migration and accu-
mulation, factors which are outside of this discus-
sion. One major source of error lies in our as-
sumption of an arbitrary, uniform thermal
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conductivity in the sediment. Because tempera-
ture at depth varies inversely with conductivity,
accurate determination of thermal conductivity is
essential to a rigorous application of this method.
Furthermore, this method is clearly inappropriate
for regions where there is significant transfer of
heat by horizontal or vertical migration of fluids.

THERMAL METAMORPHISM OF ORGANIC
SEDIMENTS

Petroleum hydrocarbons are formed by ther-
- mal alteration of organic-rich sediments during
burial. Although many factors contribute to or-
ganic metamorphism, the process is primarily de-
pendent on the integrated time/temperature his-
tory of the buried organic material (Tissot et al,
1974). Generally, first-order organic reaction
rates approximately double for every 10 to 15°C
rise in temperature. In particular, Lopatin (1971)
and others have concluded experimentally that
the reaction rate for thermal alteration of organic
sediments doubles for each 10°C increase in tem-
perature. Hood et al (1975) have shown that this
elementary approach gives results in excellent
agreement with a more theoretical model which
assumes that the reaction is first order in temper-
ature and obeys the Arrhenius equation.

On the basis of these observations, we shall use
the following relation for calculating the state of
thermal alteration where the parameter C increas-
es as the level of thermal alteration increases.

t
C = In [ 27reenogy @

where t = time measured in millions of years and
T = temperature in degrees Centigrade. Figure 7
shows how C is related to the level of organic
metamorphism (LOM; Hood et al, 1975) and to
vitrinite reflectance R,, which is the most univer-
sally accepted measure of the level of thermal al-
teration of organic matter. As noted on this fig-
ure, the oil generation process has barely started
at C = 10, and is essentially complete at C = 16.
The gas generation process is essentially complete
at C = 20. The initiation of gas generation is
strongly dependent on the type of organic matter
and thus has not been shown on the figure.

APPLICATION

Four major steps in calculating degree of ther-
mal alteration from regional subsidence are: (1)
compensation for subsidence due to sediment
loading; (2) calculation of y from thermal subsi-
dence of the region, that is, subsidence not due to
sediment loading; (3) from y, determination of
heat flux versus time and thus temperature versus
time for specific sedimentary strata; and (4) sub-
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stitution of T(t) into equation 2 yields thermal po-
tential for hydrocarbon maturation.

As mentioned, it is necessary to subtract the
component of subsidence due to sediment load-
ing from the total subsidence so that the remain-
ing or “thermal” subsidence can be compared to
theoretical subsidence curves (Fig. 6A, C). In this
paper we have chosen to consider only the Airy
model for regional isostasy partly because the nu-
merical calculations for this model are less com-
plex than those entailed in a flexural model. It
may also be argued that the Airy model gives a
better approximation of the loading effect for
sediments deposited shortly after rifting (less than
about 50 m.y.) when the lithosphere is thinner,
hotter, and less rigid than older lithosphere which
is near thermal equilibrium. Thus we assume that
the subsidence of a sediment-loaded plate (Us) is
related to the subsidence of a water-loaded plate
(Uy) by:

TPy =, ®)
Pm— Pw

Once a thermal subsidence curve has been plot-

ted, an appropriate value of y can be chosen by
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FIG. 7—Plot showing relation of random vitrinite re-
flectance, LOM, and C. LOM is from Hood et al (1975).
Major zones of oil and gas generation are indicated.
Start of gas generation is strongly dependent on type of
organic material and thus is not shown.
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comparison with Figures 6A and 6C. This value
of y can be used to calculate heat flow mathemat-
ically, or heat flow may be read directly from Fig-
ure 6. This correlation between subsidence his-
tory and heat flow is the fundamental step in this
reconstruction procedure. Although the mathe-
matical derivation of this may be somewhat com-
plex, the concept is straightforward. This recon-
struction technique shows that once heat flow
and subsidence have been plotted for a sufficient
range of v, it is unnecessary to recalculate each
time the technique is used.

Together with equation 1, this correlation pro-
cedure enables us to trace the temperature history

of any sedimentary unit where z, is the depth be-
low the sediment/water interface at any time.
Thermal conductivity (K) can be estimated for
each lithologic unit in the overlying sediment.
Major factors which affect thermal conductivity
include sediment composition, porosity, type of
interstitial fluid (or gas), and ‘temperature. To
avoid the more complex situation of K increasing
with compaction and depth of burial, we chose an
average value of K and assumed that K remains
constant through time. However, it should be
strongly emphasized that temperature at depth is
directly related to variations in thermal conduc-
tivity, and that accurate assessments of conduc-
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-FIG. 8—Location of site I on Falkland Plateau (contours show water depth in meters) and seismic reflection/

refraction line (after Ludwig et al, 1979). Reflector a is interpreted as pre-Albian depositional hiatus. Figures
between dotted lines on section are interval velocities in kilometers/second.
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tivity throughout the evolution of the basin are
crucial in the application of this technique.
After the temperature history has been calcu-
lated for an individual sedimentary package, the
stage of thermal alteration (C) can be determined
from equation 2 or by any other method which

estimates thermal alteration from temperature--

history. Following are examples in the use of this
technique for estimating hydrocarbon potential.

Falkland Plateau

The Falkland Plateau is a sediment-filled basin
containing 4 to 5 km of south-dipping sediment.
DSDP drilling in the eastern end of the Falkland
Plateau has revealed a fairly detailed reconstruc-
tion of the post-Paleozoic geologic history, and
seismic reflectors can be traced downslope into
the major part of the basin (Barker, 1976). Sedi-
mentary records from DSDP Site 330 indicate a
marine transgression or minor subsidence event
during the Oxfordian. Following this was a depo-
sitional hiatus and period of restricted circulation
until the end of the Aptian when rapid subsidence
established open-marine conditions by early Al-
bian time (Barker et-al, 1976). Rapid subsidence
during the early Albian can be correlated with the
rifting of South America from Africa (van Andel

et al, 1977), which strongly suggests that subsi-

dence of the Falkland Plateau is due to thermal
effects resulting from continental breakup about
125 m.y. ago. If this is the reason, paleoheat flow
and paloetemperature can be reconstructed from
the subsidence history of the region.

Figure 8 shows a seismic profile from the cen-
tral part of the Falkland basin. We have inter-
preted reflector a as the pre-Albian depositional
hiatus and have calculated subsidence history
from this horizon. Using density estimates from
seismic velocity (Nafe and Drake, 1963), a water-
loaded subsidence of 3.5 km (i.e., 3.5 km of subsi-
dence would have occurred without sediment
loading) was calculated for basement at site I,
roughly corresponding to subsidence of oceanic
lithosphere, and suggesting that site I overlies
either oceanic basement or transitional basement
which is primarily oceanic in character. Assuming
a thermal conductivity of K = 4.0 X 10-3 cal
cm -1 sec ~1°C-! thoughout the sedimentary lay-
er (King and Simmons, 1972), paleotemperature
can be calculated from equation 1. Present-day
conductivity for this region is probably closer to 5
X 10-3, but conductivities in the past must have
been considerably lower, for the deeper sediments
were initially less compact than at present. Paleo-
temperature has been superimposed on the sedi-
mentation history of the region and the results are
plotted in Figure 9.
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Figure 9 shows that the temperature at reflector
a has remained relatively constant for the past 80
m.y., whereas temperatures in the overlying sedi-
ments have increased somewhat during this time.
At no time in the past did these sediments experi-
ence temperatures significantly higher than their
present temperature. Substitution of temperature
versus time into equation 2 for Site I yields the
results shown in Table 2. Calculated values of C
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FIG. 9—Time/temperature/depth (TTD) reconstruc-
tion for Falkland Plateau at site I. Depth = O represents
sediment-water interface at all times, and depth is de-
fined as kilometers subbottom. Temperature isotherms,
shown by smooth curves, move downward through
time, indicating that thermal gradient is becoming less
steep. Dark lines represent depositional isochrons, and
temperature of specific sedimentary layer can be traced
by following appropriate isochron. For example, sedi-
mentary unit deposited at t = 125 m.y. increased rapid-
ly in temperature to 125°C at t = 80 m.y., by which
time it had subsided to about 3 km subbottom. At pres-
ent, that sedimentary unit lies about 4.3 km subbottom
and has a temperature of 115°C.

Table 2. Predicted Vitrinite Reflectance

Present Thermal Vitrinite
Location Depth  Alteration Reflectance
(Figs. 8, 10) (km) © (Predicted R )
Site I 1.9 59 X (immature)
3.1 9.2 0.5
4.35 12.3 0.9
Site Ila 3.9 9.1 0.5
5.4 11.9 0.8
6.9 19.3 x (overly
mature)
Site IIb 3.8 7.5- 9.4 04-0.5
6.1 11.8-13.0 09-1.0
Site Ilc 3.5 8.2- 94 0:4-0.5
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indicate a.thermal history compatible with oil
generation and possﬁ)ly gas condensate at depths
between 3 and 4.3 km in this part of the Falkland
Plateau. However, the presence of oil or gas in
this region depends not only upon the thermal
history of the area, but also upon sediment com-
position and structures.

Cai)e Hattei"aS' Shelf Region and Abysshl Plain

Flgure 10 shows a cross section of the conti-
nental shelf near Cape Hatteras and extending
across the Hatteras Abyssal Plain. We have cho-
sen_three sites, one in the deep ocean (Ifa) and
two on the shelf (IIb Ilc). Site Ila is almost cer-
tainly normal oceanic floor despite the thick sedi-
mentary layer; a significant fraction of this sec-
tion (layer with interval velocity of 4.7 km/sec)
was deposited with 10 m.y. of rifting (Klitgord
and Grow, in prep.).

The temperature h1story of site Ila can be de-
termined by superimposing depositional iso-
chrons -onto isotherms calculated from oceanic
heat flow. Conductivity of the sedimentary layer
has been taken as 4 X 10-3 cal cm—lIsec—1°C-1,
and creation of oceanic basement estimated at
185 m.y. ago.

-Figure 11 shows a tlme/temperature/depth
(TTD) plot for site Ila. Early sedimentation
caused the temperature at the sediment basement
interface to rise to about 250°C. This sediment
then cooled to 100°C at 50 m.y.B.P., when an
increase in the sedimentation rate again caused a
rise in the temperature to its present value of
160°C. Substitution of this temperature history
into equation 2 yields the results shown in Table 2
for site 11a. Thermal conditions suitable for oil
generation occur at ~4 km depth. This example
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FIG. 11—Time/temperature/depth plot for site Ila on
Hatteras Abyssal Plain. Isotherms are calculated from
oceanic heat-flow curves and formulae indicated on fig-
ure.
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suggests that there may be oil and .gas in other
sedimentary basins in the deep sea as well as on
the continental rise. On the rise, sediments which
were once deeply buried may lie at shallow. depth
as the result of large-scalé erosion coupled with
landward retreat of the shelf edge (Grow and
Markl, 1977).

Sites ITb and Ilc lie on the shelf Relatively thin
initial sediment accumulation suggests that base-
ment was above sea level for a short time after
rifting. Estimates of total subsidence from the
sedimentation history may be slightly low and
hence affect early thermal gradients. Inspection
of Figures 12 and 13 shows that this has little
effect on the integrated time-temperature history,
as early temperatures and sediment accumulation
were extremely low.

Subsidence for sites IIb and IIc was corrected
to 2.6 and 1.7 km of water-loaded subsidence,
corresponding to y = 0.8 and y = 0.5, respective-
ly. Figures 12 and 13 show TTD plots for both
rifting models discussed previously; there is little-
difference in thermal history produced by each

- model. Calculation of C and of vitrinite reflec-

tance gives the results shown in Table 2.
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FIG. 13—Time/temperature/depth plot for site Ilc
showing isotherms calculated for two rifting models.

Higher values of C and R, are given in each
case by the dike intrusion model. Thermal condi-
tions for oil generation begin at about 4 to 5 km
depth in site ITb, whereas in site Ilc the integrated
time/temperature does not appear sufficient for
petroleum formation, even at basement.

IMPLICATIONS

The thermal reconstruction technique devel-
oped previously is applicable to most passive
margins and sedimentary basins formed by ther-
mal contraction and subsidence of the litho-
sphere, and is a “bare bones” approach to calcu-
‘lating the thermal history of sedimentary sections
 from their subsidence history. This promises to
have immediate application to the evaluation of
hydrocarbon potential in frontier areas because,
under favorable conditions, the depth of the oil
window may be determinable in advance of dril-
ing, or with only sparse well control. More accu-
rate estimates of thermal conductivities in the
sediment and of heat supply from radiogenic
sources are crucial.

Results from sites IIb and Ilc suggest that spe-
cific geologic models for rifting may show little
difference in temperature history of the sediments
unless the sedimentation rate was extremely high
Just after rifting. Even so, there is little difference
in temperature gradient at early times for large
values of y, corresponding to basement which is
primarily oceanic in character. This implies that
the exact nature of continental breakup may not
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be determinable from heat flow and subsidence
alone because many geologic mechanisms for rift-
ing may yield the observed subsidence and heat
flow. Conversely, in most regions hydrocarbon
potential may be determined with a fair degree of
confidence despite uncértainties about rifting
processes.

Perhaps the most interesting application of this
model is to starved sedimentary basins where sed-
iment supply was cut off shortly after the peak
thermal event. In these regions, sediments which
have undergone high thermal gradients associated
with basin formation have not been deeply buried
by later sedimentation. Consequently, favorable
conditions for oil generation are predicted to lie
much higher in the sedimentary column than in
basins which have filled continuously since initia-
tion of subsidence. In some places, sedimentary
sequences on the outer continental rise and just
off ‘the rise coincide with this thermal and dep051-
tion ‘history.

Prior to 50 m.y. ago, site Ila was a sediment-
starved basin comprised of postrifting Jurassic
sediments with little or no subsequent accumula-
tion (Fig. 11). This presents a favorable environ-
ment for oil generation at shallow depth below
the seafloor. If this is a typical deposition pattern
for-deep-sea basins adjacent to continental mar-
gins, many of these basins may also be excellent
candidates for oil generation. Although-a large
pulse of Tertiary sedimentation in the region of
site I1a has greatly increased the depth to the hy-
drocarbon window, this later phase of sedimenta-
tion may be missing in other areas. DSDP drilling
in the North ‘Atlantic has shown the presencé of
black shales with organic content in the range
conducive to hydrocarbon’ generatlon (Lancelot
et al, 1972) and sediments containing crude oil
have been found in the Caribbean in 3,500 m of
water (Davis and Bray, 1969). It seems likely that
oil fields in the deep sea may be the next front1er
in petroleum exploration.

CONCLUSIONS

1. Two geologic models for rifting, attenuation
of continental lithosphere, and injection of man-
tle material into a series of vertical dikes produce
thermal subsidence compatible with observation-
al data for North America. For margins older
than 60 m.y., subsidence rate is approximately an
exponential decay with time constant ~60 m.

2. Heat flux versustime is directly linked with
thermal subsidence, that is, subsidence not due to
sediment loading. If subsidence and sedimenta-
tion history are well known, and estimates of
thermal conductivity can be made throughout the
section, temperature versus time for individual
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sedimentary units can be calculated directly from
the regional subsidence history.

3. Most time/temperature reconstructions are
not strongly dependent on the exact mechanism
of continental breakup, providing that the ther-
mal regime is dominated by simple thermal ex-

pansion/contraction of the lithosphere.  Excep-

tions may occur when there are considerable
thicknesses of pre- and syn-rifting sediments.

4. Both heat-flow and subsidence curves are
fairly flat for margins older than about 70 m.y.,
and, in basins which fill continuously to sea level,
the sediment-basement interface tends toward a
constant temperature. However, for very young
margins and young sedimentary basins, tempera-
ture may vary rapidly with time and cannot be
assumed to have remained constant.

.5. Used in conjunction with a model which re-
lates level of organic metamorphism to tempera-
ture history of organic material, time/tempera-
ture/depth” reconstructions can determine the
thermal potential for organic metamorphism in
individual sedimentary units. These reconstruc-
tions have immediate application to petroleum
exploration because frontier regions could be
evaluated for hydrocarbon potential in advance
of drilling.

6. This approach suggests that sediment-
starved basins, where sediment supply was cut off

shortly after the peak thermal event, are a partic-

ularly favorable environment for oil and gas gen-
eration. In particular, there may be significant po-
tential for - petroleum formation in deep-sea
sedimentary basms adjacent to the contmental
rise.

APPENDIX
Thermal Models

1. Crustal attenugtion and stretchmg of continental
lithosphere — This model, "discussed’ in detail by Mc- .

Kenzie (1978), is illustrated in Figure 4, At t=0, the
time of rifting, the continental lithosphere is stretched
rapidly in the horizontal direction, causing effective
thinning of the lithosphere from thickness £ to £(1 —y,),
Isostatic compensation is maintained by upwelling of
the hot asthenosphere, which then cools conductively,
causing subsidence until thermal equilibrium is reached.

We have assumed throughout that the lithosphere is a
slab of thickness £ with constant temperature T,, at the
base and that the system at all times remains in isostatic
equilibrium. The surface of the continent is taken to be
at or below sea level so that water occupies the entire
volume created by subsidence. We have ignored contri-
butions from radioactivity of crustal rocks, and have
neglected two-dimerisional effects for the sake of clarity
and simplicity. The contribution of sediment loading to
overall subsidence has been discussed. Physxcal para-
meters are shown in Table 1.
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There is an initial change in elevation associated with
stretching (McKenzie, 1978, equation 1),
S, = — 2y [(pm — p)(t/2)(1 = aT ./ 1) ~ aT,,,p,,.

pm(l — aT) — pu

where t. is the initial crustal thickness,  is the coefficient
of thermal expansion, and g, p., and p. are the densi-
ties of the mantle, the cgntinental crust, and seawater,
respectively. For the parameters in Table 1, S, will be
negative for regions with't, > 18 km; and these areas will

show an initial decrease in surface elevation due to
stretching.

/21| (12)

At time t =0, the temperature distribution is: -
T="T., 0<z/1<y,,

(2a)
T="T, ( )(1—z/£),y.<z/!<1 . ‘
where z is measured upward from the original litho-
sphere/asthenosphere boundary.
Maintaining boundary conditipns:
T=0, z =4,
T=T, z=0 (a)
we must solve the one- dlmensxonal heat conduction
equation:
a*T _ 1 aT
8z* x a3t

where x is the thermal dlffusmty of the lithosphere. The
solution for T is (Carslaw and Jaeger, 1959, p. 94)'

(da)

Tr_ . (—1)"“ smnn(l—y,)sm 1
T -2/ + Z = i —y)

exp (—n*nxt/{?)
Solving for the surface heat flux we find

(Sa)

Q) = _K[aT(z,t)]|Z .
_l&. < sin nn(l —vy,) 2 2
== +_2HZ’)—H(1 - exp (—n'mxt/1%), (62)

where K is the thermal conductmty The surface eleva-
tion is given by:

U = "‘"’" [ f TclzIt - J’ Tdzy,, .
alp,,.T,,.’4 < 1 sm[(2m + na(l —y)]
e W & Emr D Gmr DA =7)

" exp (—(2m + 1)*n*xt/1%), (7a)
where U(t) is height above final depth ast»«.Subsidence
and heat flow results are summarized in Figure 6.

2. Large-scale dike intrusion — This model is illus-
trated in Figure 5. At time t =0, hot material from the
asthenosphere is intruded into the continental lithosphere
through a series of vertical dikes. Exposed dike swarms
in east Greenland (Wager, 1947) indicate that the density
of the intrusions ranges from'S to 10 per km to 50+ per
km. Even if dikes were présent only at a spacing of 5 km,
the thermal effects of intrusion are averaged horizon-
tally within 1 m.y., which. allows us to neglect the Hori-
zontal component of heat conduction and consnder only
a simple one-dlmensmnal problem
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Letting y, be the fraction of the lithosphere which is
composed of dike material intruded from the astheno-
sphere, the initial temperature distribution is:

T=U-y)(1-2/0)T.+ y.,T.0<2/£<1 , (8a)
where z is measured as before. As in the previous model
T =0, z=1,

T=T, 2=0 (3a)
and
2
o _121T (4a)
2z2 x It

the solution for T is given by

X 1)n+
I—=1—z/l+2—y‘i > (—Lsin—n;aexp(—n’nxt/iz).(9a)
- T n=! n

Likewise the heat flow and surface elevation are
respectively:

Q) = %_IS (1 + 2y, Z exp(-nimxi/£2),  (10a)

alonTn 47 S 1

U(t)= _—
© Pv —pw T moo (2m+1)?

exp(—(2m+1)2nxt/1?) .
(11a)
Results are plotted in Figure 6.
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