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Modelling the history of burial, temperature, and
hydrocarbon generation of sedimentary basins.
Application to the Aars-1A well

Peter Klint Jensen™*

The history of burial and subsurface temperature is calculated for the Danish well Aars-1A
using simple analytical expressions. Compaction of the sedimentary sequences is taken into
account. Vitrinite reflectance and hydrocarbon generation are simulated using a general chemical
simulation model. The model is flexible with regard to modifications of chemical reactions. A
method for calculating the heat flow history by inversion of measured vitrinite reflectance values
is suggested. 1-D basin modelling is performed for the Danish well Aars-1A. The uncertainty of
the calculated heat flow (relative to the present heat flow) is 25%, 100 mill, years ago. Before that
time the uncertainty increases further. The hydrocarbon generation of the F-11l Member of the
Fjerritslev Formation is calculated using the heat flow history derived from geodynamic modelling.

Keywords: burial history, sedimentation, compaction, geothermics, maturity, vitrinite
reflectance, hydrocarbon generation, simulation

1. Introduction

The ultimate goal of basin modelling is to calculate the amount of
hydrocarbons generated in source rocks through time and to predict accumu-
lations in reservoirs. The basic principles of basin models are given in Y ukier
et al. [1978], Ungerer étal. [1984] and Cao and Lerche [1986] A Simple
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one dimensional computer model was presented inJensen etal. [1985]. This
model is able to calculate the history of 1) burial including compaction of
sedimentary sequences, 2) formation temperatures, 3) vitrinite reflectance;
however it is not suitable for calculating hydrocarbon migration. The model
is based mainly on analytical expressions some of which are so simple that
they can be used in connection with hand calculations. The model was used
in a basin model study of the Aars-1A well [Jensenet al. 1985].

In the present study a general model for simulating chemical reactions
is implemented in the above mentioned ID-basin model. Chemical reactions
are traditionally simulated by deriving analytical expressions for the produc-
tion rates of species. Although in certain cases the expressions may be solved
analytically, in most cases they are solved numerically. Despite the analytical
method being computationally efficient it is also time consuming and non-
flexible. Thus, the introduction of more reactions needs re-evaluation of the
analytical expressions and re-programming. SoRENSEN, Stewart [1980]
showed that modelling of chemical reactions can also be performed by
applying a general computation scheme with a flexible input data procedure.
Reactions are specified in the input data file. This paper describes the
application of the general chemical simulation method to kerogen transfor-
mation chemistry. It is shown that modification of the model by Burnham,
Sweeney [1989] is necessary for obtaining reasonable vitrinite reflectance
values.

Past heat flow is traditionally calculated by repeated forward modelling.
The assumed heat flow function is modified until there is reasonable
accordance between calculated and measured vitrinite reflectance values.
[Lerche etal. 1984, Lerche 1988a and 1988b]. Although useful results have
been obtained with forward modelling there are a number of assumptions
which have not been addressed, e.g. no rules are given for the choice of heat
flow function, a method which determines the number of free variables is
needed, the chosen function may be either too stiff or too soft. If the function
is too stiff there may be cases where a rapid change of heat flow, e.g. in
connection with intrusions or hydrothermal activity, cannot be satisfactorily
simulated; if it is too soft the inverted heat flow history may fluctuate due to
uncertain vitrinite reflectance measurements.

In this study an inversion procedure is suggested in which a piece by
piece linear heat flow function is constructed on the basis of the measured
vitrinite reflectance values and their uncertainties. Alternative heat flow
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functions which all result in simulated vitrinite reflectance values close to
measured values, are derived.

In the following the mathematical background is given for 1-D basin
modelling.

2. Burial history

Sedimentary sequences are often divided into a number of formations
each with a distinct lithology. Looking at a particular formation it may be
reasonable to assume that the layer resulted from a continuous and steady
sedimentation process. During burial the sediments are compacted due to
rearrangement of the grains and of diagenesis. The grains themselves are
considered incompressible. In due course the formation water occupying the
pore volume escapes the diminishing pores. Empirical observations have
shown that sediments often compact with the porosity decreasing exponen-
tially with depth [Athy 1930]. Each formation has its own characteristic
exponential function. Limitations to this approach will be discussed below.
The mathematical formulation of burial history including compaction, given
here, is based on the principle of conservation of the solid particle mass. The
sediment volume, not occupied by solid particles, is assumed to be filled with
water. Once the movement and the compaction of the solid particles are given,
the movement of the water may be readily found since the water just occupies
the volume left over by the solid particles.

The following description is divided into two parts: the first part
discusses the derivation of equations for the surface layer, the second
describes underlying layers.

The sedimentation process of a surface layer may be regarded as a flow
of solid particles relative to the surface, towards the depth. The rate at which
solid mass is added to the surface is assumed constant from time t—0, when
the sedimentation process started. It is assumed that the lithology and the
porosity profile of the layer are constant in time during sedimentation. This
means that any lump of sediment experiences equivalent burial paths.
Analytical equations of the burial history of a surface layer including
compaction may be deduced by considering conservation of the solid particle
mass. The particles are packed with depth. This is expressed by increasing
density of the solid with depth. The density is calculated as the mass of solid,
per total volume of sediment, including water. The flow of compacting solid
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particles may then be regarded as analogous to the flow of a compressible
fluid. A differential equation may be derived from which the relation between
time and depth can be determined [Hutchinson 1985 and Jensencial. 1985];

1
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where () is the time it takes a sediment grain to reach depth z, ®0is the surface
porosity, a is the compaction coefficient determining the compaction of sedi-
ments:
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®(r) is the exponential porosity depth function. The surface velocity uO is
determined from:
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where the total surface layer thickness, h, is known from well information, and
tbis equal to an age date of the base of the layer, thus Eg. (1) is the expression
governing the relation between time and depth for the sedimentation process
including compaction. Given the depth, the time necessary for a sediment
particle to reach this depth can be calculated simply form Eq. (1). If, on the
other hand, the time is given the depth must be found from Eqg. (1) by an iterative
procedure (see Appendix A).

We now turn to layers underlying the surface layer. Scirater, Christie
[1980] showed that the following relation can be used to calculate the depth
to the base of a layer z4:

4+ — iT&=22-21+¢ (e~ad- +tfiB) + z3 4
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where 2\ and z2are respectively the depth to the top and the base of the layer at
a given time, and z2and z3are respectively the depth to the top and the base of
the layer at another time (see Fig. 1).
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Fig. 1. Schematic drawing showing the burial history of sedimentary layers
1. dbra. Az uledékes rétegek feltoltodésének sematikus vazlata

In this equation depths zxand z2might be known from well data; z3may
be calculated from Eq. (1); z4 is then determined by an iterative procedure
from Eqg. (4), Appendix A.

The equations given above provide the foundation for calculating a
multilayer sedimentation process. In sedimentary basins uplift and tempora-
neous erosion is a common feature. It is a general experience that sediments
do not undergo much decompaction when they are uplifted. Since the elastic
rebound, which is of the order of a few per cent is disregarded here, the depth
history of the sediments during erosion may be modelled as a linear decrease
of depth with no decompaction and with a constant uplift rate. Compaction
starts when the burial depth is greater than the previous maximum depth. The
maximum depth is determined by an iterative procedure. The calculations
start at the present where the previous maximum depth are assumed to be
zero. The formations are decompacted except during uplift. After one
backstripping a first estimate of the maximum depths before erosion is
calculated and the time interval with no decompaction of the formations is
determined (Fig. 1). The process is repeated until the maximum depths are
determined with confidence and the final estimate of the burial history is thus
determined.
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3. Formation temperature through time

Steady state formation temperature is calculated analytically for a given
surface temperature and a given heat flow. Heat production and transport of
heat by water and grain movements are not considered. The conductivity is
a function of the depth dependent porosity. The conductivity function
considered is

K=KF+{\- ®)2(Ks+pC-Kp) ®)

This equation is due to Robertson [1979]. The conductivity is a function of
fluid conductivity' KF, solid conductivity Ksfor zero content of quartz, and quartz
contentp (percentage). The influence of the quartz content, p, is governed by
multiplying by C which is a constant for each formation. Results of measure-
ments on a large number of sedimentary rocks are given in Robertson [1979]
where the necessary constants in Eq. (5) may be found for different rock types.
For an exponential depth decrease of porosity, and applying the conductivity
given by Robertson [1979] one obtains an expression for the formation
temperature. For a given formation the temperature at its base T{Z0) is [Jensen
et al. 1985]:

T{z2) =T(zi) + W ! (6)
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where A - Ks+pC-KF, ®,=®0e®, and
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for r= 1, 2. Hints concerning the derivation of the above given expression are
detailed in Appendix B.

4. Maturity modelling

Quantification of maturity of source rocks is often performed by mea-
suring the vitrinite reflectance. Vitrinite reflectance is time and temperature
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dependent and has been modelled by Lopatin’s time-temperature index TTI
[Waples 1980]. Waples related the time-temperature index to measured
vitrinite reflectance values for a large number of wells world-wide. This
relation can then be used to predict the maturity of source rocks by
reconstructing the temperature history and calculating the time-temperature
index. Other authors such as, for example, Falvey, Deighton[1982], used
a time-temperature integral to calculate the vitrinite reflectance.

Although the above mentioned methods were great steps forward in this
type of modelling, a number of major problems regarding these models should
be noted. The concept of using maximum temperature and effective time will
in some cases lead to erroneous results. In particular it is to be expected that
degradation of vitrinite is a function of the whole temperature history.
Another problem is that many authors do not take compaction and time
dependent conductivity into account. Neither do they include the time varying
surface temperature. Furthermore, only a few models include the temperature
effect of water movements caused by the compaction of the sediments
[YUKLERet al. 1978 and Bethke 1985]. For a one-dimensional case Hutchin
son [1985] showed that the effect of water movement is important only for
rapidly subsiding basins. In the case history presented below for the Aars-1A
well, water movements have not been taken into account.

Founded upon the above given criticism it is not to be expected that the
maturity relations given by Waples [1980] and Falvey, Deighton[1982] can
be used with success using a basin model including compaction, time
dependent conductivities, surface temperature history, and the whole
time-temperature history. In this paper the chemical kinetic vitrinite matu-
ration model by Burnham and Sweeney [1989] is applied for calculating
vitrinite reflectance.

5, Simulation of hydrocarbon generation

Degradation of kerogen is calculated using 35 parallel first order
reactions [Burnham, Sweeney 1989]. Kerogen is divided into 19 groups with
different activation energies; it may be thermally degraded into HO, C02
CHnand CH4. The degradation of kerogen is described mathematically by
first order differential equations. The activation energies and frequency
factors were, according t0 Burnham, Sweeney [1989], found from the
modelling of pyrolysis experiments on samples in the laboratory and the
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modelling of kerogen degradation in nature. In the latter case basin models
are used to model the temperature history. Burnham and Sweeney [1989]
give the activation energies, the frequency factors and the initial amounts of
kerogen in each group. In this study the author multiplied the original
frequency factors by 0.5 10"2to obtain a reasonable match between calculated
and measured vitrinite reflectance values.

Since the amount of a certain species is generally the result of several
reactions, the calculations may be quite complicated. However, the calcula-
tions can be systematized by utilizing matrix calculation [Sorensen, Stewart
1980]. The production rates of species are calculated by matrix multiplication
of the reaction rates and the stoichiometric matrix.

Consider the stoichiometric matrix

.Y
4i M2 '« o \nA

V= v m ovij B %
W * VY
i o= vmI mnJ

Each row represents a chemical reaction, each column is assigned to the species
S; given above the columns, VJ represents the stoichiometric weight of the
species. By convention vi; is negative for the elements on the left side of the
reaction equation and positive for elements on the right side. The exercise is
now to calculate the concentration of each species as a function of time given
the initial concentrations. First, this is done by calculating the production rate
Rj as a function of time. This may be the result of several reactions, and the total
production rate is

R == Mool ©)
where rj is the reaction rate. The production rate is defined
o 10
i= (10
RF= Gt

where ¢, is the concentration of speciesj, and t is the time. Equation (9) may be
expressed in matrix form
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(1)

Here the transposed matrices rTand RTare column vectors. Given the initial
concentrations, at a later time the concentrations can be calculated by integrating
the reaction rates for each species. Integration of the non-linear differential
equations is performed by LSODE, the Lawrence Livermore solver for ordinary
differential equations [Hindmarsh 1980]. Simple calculation examples using
matrices are given in Sorensen [1982].

The reaction rate is usually a function of species concentration

(12

where ¢j=[SI] is the source rock concentration of a species, s;/is an element in
the reaction order matrix e . t,r may be determined from published reaction
rate expressions; ktis the forward reaction rate constant, and K, is the equilibrium
constant, kj may be temperature dependent

(13)

where T is the temperature (Kelvin), JI- is the frequency factor at the base
temperature Tki (usually 25 °C), E, is the activation energy, and RM is
Avogadro’s number.

The equilibrium constant is also temperature dependent

(14)

where Kbi is the equilibrium constant at the base temperature TKi (in degrees
K), AHl s the reaction enthalpy. The stoichiometric matrix is here derived from
the reaction kinetics given by Burnham, Sweeney [1989]. The matrix is quite
large therefore only the submatrix for the reactions involving water production
is shown here. The stoichiometric sub-matrix is in this case
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P4 *g hZo
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where Px.. ,P8are the kerogen precursors for water, and RxRs are the kerogen
residuals. The rows of the stoichiometric matrix express the transformation of
the water kerogen precursor to kerogen residual and water. The reaction order
matrix is

Px . Ps Rx . Rs H2Z

1.0 0.0 o

1

8 = (16)
0.1 0.0 oy

Applying the equations (15) and (16) in equation (12) and using K~cc one

obtains the reaction ratesr, = k,[Pj, i= 1,..., 8, which is a first order reaction

as expected. The matrices for the chemical reactions producing C02 CHn, and
CH4are similar to matrices (15) and (16).
The reaction rate r, is computed from Eq. (12) with the equilibrium
constant being infinity. The forward rate constant is calculated from Eq. (13).
Multiplication of the reaction rate vector and the stoichiometric matrix,
Eqg. (11), results in the production rate vector for:

f R
p, R R~ h2o
S S N R s
R, (17)
\Vi8J 0 -1 0 | K
Rn

The last element, RHO , inthe production rate vector is the total water production
rate. The species concentration as a function of time may then be calculated by
integrating the production rate vector, given the initial concentrations.
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6. Estimation of past heat flow

Heat flow history may be calculated by inversion of vitrinite reflectance
depth profile measurements [Middieton1982, Lerche 1988a and 1988b]. In
these papers variables of an initially assumed heat flow function are adjusted
until there is a reasonable match between calculated and measured vitrinite
reflectance values. However, no rules are given for the choice of function or
its number of degrees of freedom. A procedure for calculating past heat flow
as a piece by piece linear function is given in the following. Sedimentation
age increases with depth. Figure 2 illustrates a simple approach to inverting
the vitrinite reflectance values. A piece by piece linear heat flow function is
used (Fig. 2). The figure shows three co-ordinate systems: the uppermost is
used for the heat flow history, the right one is used for the vitrinite reflectance
values, the lower left co-ordinate system is for the burial history. The linear
segment of the heat flow history which is valid for the most recent time, has
an endpoint at the present and the other endpoint at the age of the uppermost

—————— AGE 0.0 VIT. REF. —

Fig. 2. The lower left co-ordinate system shows the burial history for two vitrinite reflectance
samples. The reflectance values are given in the lower right co-ordinate system. Three heat
flow functions are given in the uppermost coordinate system
2. abra. A bal als6 koordinata rendszer a felt6lt6dés menetét mutatja két vitrinit reflektivitasi
mintara. A reflektivitas értékek a jobb als6 koordinata rendszerben lathatok. A legfelsé koor-
dinata rendszer harom alternativ héaram fliggvényt mutat
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sample. The next (older) segment is valid for the time span between the age
of the uppermost sample and the next deeper sample. In this case the number
of degrees of freedom for the heat flow function is equal to the number of
samples. For the first segment the endpoint at the present has a heat flow
value equal to the present day heat flow value; the heat flow value at the other
endpoint may be calculated iteratively by simulating the uppermost vitrinite
reflectance value. The heat flow function may be continued further back in
time provided that deeper samples are available. The next segment may be
calculated similarly using the next deeper sample.

Uncertainties of the vitrinite reflectance values lead to uncertainties in
the inverted heat flow function. This is illustrated in Fig. 2, where three heat
flow functions are shown. The function which leads to a close match between
simulated and measured vitrinite reflectance values has already been dis-
cussed. The other two functions are determined such that their corresponding
calculated vitrinite reflectance values are at the outer limit of the error bars
for the measured vitrinite reflectance values (Fig. 2). As the depth distance
of the samples becomes small the uncertainty of the calculated heat flow
becomes large, and even unrealistically large fluctuations may be obtained.
This problem may be solved by enlarging the distances between vitrinite
reflectance measurements. Enlarging the distances means that the segments
of the heat flow function cover larger time intervals. Since the heat flow
history is constructed by line segments beginning at the most recent time and
progressing back in time, the uncertainty of a segment is dependent on the
uncertainty of the preceding segment, but not on the following one. The
uncertainty is thus increasing back in time. To avoid steadily larger fluctua-
tions of the calculated heat flow backwards in time the length of the line
segments has to be increased.

7. Basin modelling of the Aars-1A well

The basin model described above is used to simulate hydrocarbon
generation for the Danish well Aars-1A.

The Aars-1A well is situated in the Danish Sub-basin, Fig. 3. A
subdivision in stage/formation/member and a brief summary of the regional
setting are given in Thomsen et al. [1987]. The post Chalk Group erosion is
here assumed to be 600 m [Japsen 1993]. The potential source rock is the
F-111 Member of the Fjerritslev Formation, Fig. 4 [Ostfeldt1986]. The age
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Fig. 3. Map of the Danish Sub-basin and location of the Aars-1A well [after Michelsen 1982]

3. abra. A dan al-medence térképe és az Aars-1A mélyfiras helyzete
[Michelsen 1982 nyoman]
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dates are based on HAQet al. [1987]. The total time span of 210 mill, years
is divided into 13 events comprising time intervals of sedimentation or
erosion. The compaction constants are determined from assumed surface
porosities and from a semi-log plot of porosities versus depth for the
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Fig. 4. Log derived and model porosities as a function of depth. The straight lines are
exponential function approximations used in the modelling

4. dbra. Karotazs mérésekbdl levezetett és modell-porozitas értékek a mélység fliggvényében.
Az egyenes vonalak a modellezés soran hasznalt exponencialis fliggvény
kozelitd értékeit adjak meg
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individual formations (Fig. 4). The calculated burial history is shown in
Fig. 5.

Aars-1A

Fig. 5. Simulated burial depth as a function of time including compaction of the sediments
5. dbra. Szimulalt feltdltédési mélységek az id6 fuggvényében, figyelembe véve az tiledékek

The sediment surface temperatures (Fig. 6) are given by Buchardt
[1978] for the period back to 60 mill, years. Data for older times were
obtained after personal communication with B. Buchardt* The thermal
constants determining the conductivities of the rocks using Robertson’s
model, Eq. (5), are shown in Table 3 inJensen etal. [1985]. These constants
are found stepwise. First a set of constant is found from figures given by
Robertson [1979] for each lithology knowing the porosity and the quartz
content. Based on this conductivity model the input heat flux is adjusted to
obtain a calculated temperature profile as close as possible to the measured
temperature profile. The temperature profile was measured 1 1/2 years after

** |nstitute of Historical Geology and Palaeontology, University of Copenhagen,
Ostervoldgade 10, DK-1350 Copenhagen K, Denmark
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Aars-1A

Fig. 6. Surface temperature as a function of time. The surface temperature is due to
Buchardt [1978]

6. dbra. Felszini h6mérséklet az id6 fliggvényében Buchardt adatai alapjan [1978]

cessation of the circulation [Bar1ing 1986] and it is expected that the measured
temperatures are within £ 1-2 °C of the true formation temperature. In this
way the present heat flow is estimated to be 55 mWm*2, which value is slightly
lower than the mean value of 60 mWm'2 estimated for the area based on
conductivity measurements and temperature logging, Batting [1986]. A
better match (Fig. 7) is then obtained by adjusting the constant C in
Robertson’s conductivity equation, Eq. (5).

The heat flow history calculated by VejBXX [1989] is utilised to calculate
the formation temperature history (Fig. 7). The heat flow history is based on
geodynamic modelling. Larsen [1986] estimated the formation temperature
of the Gassum Formation (just below the Fjerritslev Formation) to be above
130 °C in the early Tertiary. Oxygen 18 /10 measurements of formation
water were used. The estimate is in accordance with the simulation shown
in Fig. 8.

The 1-D-basin model is run applying the kinetics by Burnham, Sweeney
[1989]. Calculation of the vitrinbe reflectance is based on the calculated
composition of the residual kerogen as described by Burnham, Sweeney
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TEMPERATURE [°C)

Fig. 7. Measured [Balling 1986] and calculated temperatures for the Aars-1A well
7. dabra. Mért [Balling 1986] és szamitott hémérséklet értékek az Aars-1A mélyfarasra

[1989]. A too low calculated vitrinite reflectance value 1.5 %R0at the bottom
of the well was obtained (Fig. 9). A parameter study showed that realistic
heat flow histories could not be obtained with the Kinetic parameters given
by Burnham, Sweeney [1989]. It is necessary to adjust the kinetic model to
avoid unrealistic heat flow histories. A reasonable match (Fig. 9) is obtained
using the geodynamic heat flow model [Vejr®c 1989] and the surface
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Aars-1A

Fig. 8. Simulated formation temperatures as a function of time
8. abra. Szimulalt formacié hémérsékletek az id6 figgvényében

Aars-1A

Fig. 9. Measured [Thomsen 1984] and calculated vitrinite reflectance values
9. abra. Mért [Thomsen 1984] és szamitott vitrinit reflektivitasi értékek
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temperature by Buchardt [1978] when the frequency factors given by
Burnham, Sweeney[1989] are mUltIplled by 0.5 102

The computed vitrinite reflectance values as a function of time are shown
in Fig. 10. Only the lower part of the Fjerritslev Formation reaches vitrinite
reflectance values above 0.6% R0, which is often regarded as the critical value
for onset of oil generation.

Also the recent total oil, gas, water, and carbon dioxide generation of
the F-111 Member was calculated. According t0 Ostferdt [1986] this rock
unit has the most promising potential source rock in the area. LECO-Rock
Eval data for the Aars-1A well are reported by 0 stferat [1986], Table 1
The production index (P1) shows a mean value around 9% . The bitumen
content (SI) is around 0.25 (mg oil/g of rock) and the total organic carbon
content (S2) is around 2.4% (g organic carbon/g of rock) which is equivalent
to about 1% (g oil/g organic carbon). The calculations show that 14% of the
potential of light hydrocarbons (CHj 7) has been generated, methane has not
yet been generated. The calculated production index is:

Pl=-Ur (18)
y +0

Aars-1A

Fig. 10. Simulated vitrinite reflectance values as a function of time
10. abra. Szimulalt vitrinit reflektivitasi értékek az id6 fliggvényében
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Meter TC TOC Tmax Sl S2 PI HI
2600 6.41 5.05 436 31 4.37 .07 87
2650 5.02 3.60 427 12 3.50 17 97
2700 2.87 1.76 429 .38 3.27 .10 186
2750 2.39 1.63 432 19 165 10 101
2800 2.27 1.60 432 24 2.39 .09 150
2855 3.19 1.89 435 14 1.89 .07 100

Table /. LECO-Rock Eval data from cutting samples of the F-11l member of the Fjerritslev
Formation at the Aars-1A well [Ostfeldt 1986]

I. tblazat. LECO-Rock Eval adatai a Fjerritslev formacié F-111 tagjabol szarmazé metszetek-
b6l az Aars-1A mélyfarasbol. [Ostfeldt 1986]

where y and 5 are the fractions of initial carbon that ultimatly may be removed
from the initial kerogen as CHnand CHA4 respectively, andfc is the fraction of
carbon converted to CHn. The conversion ratios for HD, C02 CHn, and CH4
are defined: Fa=[H20]/[HZD]0, F?= [COJ/fCOJo, Fh= [CHJ/CHJO, andfc
—[CH4/[CH40, where in each case the index O indicates initial concentrations.
In the calculation example y is 12.5% and 5 is 1% [Burnham, Sweeney 1989],
andf c is here calculated to be 14% which leads to a calculated value for the
production index equal to 0.13. The calculated production index may be
compared with the measured production index Sj/Sj+Sy where §j is the volatile
hydrocarbons and S2is the hydrocarbon derived from kerogen pyrolysis. The
calculations as well as the measurement show that a small amount of oil has
been generated and only a small fraction of the potential has been transformed.
Although the hydrocarbon generation is small in the Aars-1A well it may be
higher in areas of the basin where the burial is deeper.

A sensitivity study is performed to see the effect of the assumed linear
heat flow function. The results are summarised in Table Il. The preferred
heat flow function linearly increases from 55-67 mWnT2 [Vejb/EK 1989].
The simulations show that onset of hydrocarbon generation occurred quits
suddenly (within 500,000 years). The onset most likely occurred within the
last 30 to 18 mill, years.

Application of the geodynamically calculated heat flow function and the
modified kinetic model leads only to a rough match between calculated and
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Heat Flow  Onset of Oil Gen.  Vit. Ref. fc

(mWrri2 mill, years % Ro
40 no onset 0.60 0.00
50 18 0.62 0.10
67 30 0.64 0.14
70 37 0.65 0.15
80 50 0.68 0.18

Table 1l. Parameter study varying the assumed linear heat flow function. For all cases the pre-
sent heat flow is 55 mWm'2. The F-11l Member of the Fjerritslev Formation is considered.
Vitrinite reflectance and the fraction of CHn production, fc is calculated for the present time.
The preferred model is in bold letters

Il. tablazat. Paraméter vizsgalatok a feltételezett linearis h6aram fliggvény valtoztatasaval.
Mindegyik esetben a jelenlegi h6aram 55 mWm'2. A Fjerritslev formacié F-I11 tagjat vizs-
galtak. A vitrinit reflektivitast és aCHntermelés frakcidjat, az/c-t a jelenlegi id6pontra
szamitottak. A kedvezdnek itélt modellt vastag betdjeldli

measured vitrinite reflectance values (Fig. 9). Refinement of the match is
performed by adjusting the heat flow history applying the above described
inversion method. Vitrinite reflectance measurements are performed from 10
to 186 times at each depth [Thomsen 1984]. The standard deviation for each
measurement is generally a little less than 10%. In the inversion procedure
a general value of 10% has been used. As there are no vitrinite reflectance
measurements within the Chalk Group, only a linear heat flow segment can
be estimated for that period (corresponding to the base of layer 6). The present
day heat flow is assumed to be error-free. Alternative inverted heat flow
histories are shown in Fig. 11 together with the heat flow history calculated
by geodynamic modelling [Vejbek 1989]. The alternatively inverted heat
flow histories lead to calculated vitrinite reflectance values which match
measurements within 10%. Only the most recent parts of the heat flow
function, which fall within realistic heat flow values, are shown. The inverted
heat flow function can thus only be estimated with reasonable error limits
100 mill, years back in time. The heat flow values show higher values than
for the heat flow function derived from geodynamic modelling. Due to the
limited extent, back in time, the heat flow function derived from geodynamic
modelling is used for kinetic modelling.
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Aars-1A

Fig. 11. Alternative heat flow histories calculated by inversion of measured vitrinite reflectance
data. The thermal history from geodynamic modelling by Vejbeet [1989] is also shown

11. dbra. A mért vitrinit refelektivitasi adatok inverzidjaval szamitott alternativ h6aram val-
tozasok és a Vejbeek [1989]-féle geodinamikai modellezésbdl ered6 termikus torténet

8. Discussion

A major limitation of the analytical expressions for the burial history of
sedimentary sequences outlined in this paper is the predefined porosity-depth
function. Although such relations have been used widely in the literature they
cannot adequately describe the porosity conditions in overpressured shales.
In these zones, compaction ceases because formation water is trapped due to
the low permeability. Pre-defined compaction curves can therefore only
roughly estimate the natural conditions.

The equations for formation temperature are developed for stationary
conditions. This condition is only partly valid since surface temperature and
heat flow may vary with time. Also variations of the sedimentation rate cause
transient effects. This may be important for rapidly subsiding basins
[Hutchinson 1985].
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Determination of rock heat conductivities is connected with high uncer-
tainties, but a close match of simulated and measured formation temperatures
can be obtained despite inaccuracies of the conductivity model. This is done
by adjusting the assumed present heat flow model. Basin modelling is
therefore not particularly sensitive to the accuracy of the heat conductivity
model since a satisfactory match between simulated and measured tempera-
tures can be obtained.

The equations concerning the history of burial and temperature presented
here are attractive firstly because the approach is simple and secondly because
the results, for 1-D modelling, may be as accurate as more advanced
modelling including compaction-driven ground water flow. In advanced 1-D
modelling only vertical movements are allowed. This restriction is seldom
fulfilled in sedimentary basins [see Bethke 1985]. Improved estimates of
burial and temperature history of sediments can only be obtained by two- or
three-dimensional simulations including water movements.

In an earlier study Jensen [1988] it was shown that if one applies the
kinetic model by Tissot et al. [1987] and a thermal history for the Aars-1A
well including compaction, variation of conductivity with time, and a surface
temperature history they lead to transformations of the kerogen that are much
too high when compared with measured transformation ratios. There may be
several reasons for the necessity of modifying the published kinetic models.
First of all there may be differences in the chemical composition between the
kerogen at the Aars-1A well and the kerogen considered by Burnham,
Sweeney [1989] and Tissot et al. [1987]. Second, there are differences in the
basin models used by the different authors. If a basin model is used with
kinetic parameters originating from calibrations using a basin model that do
not take compaction or surface temperature into account, considerable errors
may arise.

The kinetic model given by Burnham, Sweeney [1989] can adequately
simulate the transformation ratios observed in the Aars-1A well providing
adjustments of the frequency factors are made as described above. To test
the predictive force of the kinetic model more well data must be included.

Although the matrix method ensures a flexible input scheme the com-
puting time is high. The steady improvement in the speed of computers makes
the matrix method even more attractive in the future.

The inversion method described above is attractive since it avoids
unrealistic fluctuations of the calculated heat flow history which are caused
by the uncertainty of the vitrinite reflectance measurements. However, the
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fluctuations may also be caused by the kinetic model itself, because the
kerogen is assumed to be described by a limited number of activation energies.

9. Conclusions

Burial, compaction, and temperature history of sediments may be
described by a set of easily solvable equations. The matrix method for
calculating chemical reactions by Sorensen, Stewart [1980] has successfully
been implemented in a chemical kinetic model, the model being flexible in
terms of changes of species in the input scheme. Thus, re-evaluation of
equations and re-programming are avoided if new species are introduced.
However, the matrix approach is not as efficient concerning computing time
as the traditional analytical approach.

A 1-D basin model study was performed for the Danish well Aars-1A.
The heat flow history was first calculated by inversion of measured vitrinite
reflectance data. Due to the uncertainties of the measurements the resulting
heat flow history fluctuates especially when the distance between vitrinite
reflectance samples is small. If the distance between the samples is increased,
it diminishes the fluctuations thereby making, the estimated heat flow more
reliable. However, this is at the cost of the worsening of the time resolution.

On the basis of the calculated formation heat conductivities the measured
temperature depth profile is simulated with good agreement when the present
day model heat flow is 55 mWm"2 Vitrinite reflectance values and hydrocar-
bon generation is simulated satisfactorily using the heat flow history derived
from geodynamic modelling [Vejb=k 1989] and using chemical kinetic data
from Burnham, Sweeney [1989] with the modification that all frequency
factors are multiplied by 0.5 x 102

The maturity history for a number of formations is calculated using the
heat flow history from geodynamic modelling. The vitrinite reflectance of
the F-111 Member of the Fjerritslev Formation was close to 0.6% RO075 mill,
years b.p. and has not increased much since that time. Calculations show that
a minor amount of oil has been generated in the last 30-18 mill, years, and
only a very small amount of gas has been generated.
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Appendix A

Derivation of burial history equations

The Newton Method

Solving the two transcendental equations (Egs. 1and 4) is equivalent to
solving the equationf(z)=0. The two equations can be transformed to this
form by isolating a zero on the right side of the equations. The Newton method
[Bronstein, Semendjajev 1963, p. 123] assumes that ifz, is an approximation
to the solution, then

is a new and better approximation.

This new approximation may then be used instead of zt in Eq. (Al) to
give an even better approximation. The process converges providing the
function is monotonie.

Surface layer

Given the time t in Eq. (4) the corresponding depth z must satisfy the
equation

(A2)
The iteration procedure, Eq. (Al), is then

zZi+N(e-&-1)\-t
a (A3)
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It is easily seen by differentiation with depth z, that//) is monotonie, knowing
that ®0< 1

Non-surface layers

The unknown depth, z4, is to be found in Eq. (4) given the depths zu z2,
and z3 The function/in Eg. (Al) is

f(z4i)=zM-z2+zl-zi-" - e-d -e~a& +e -1 (A4)
a
and the derivative
f'{z4i)=1-0 Oe-"* (A5)
Appendix B

The temperature profile in sediments

The expression for the steady state temperature profde, Eq. (6), in
sediments with the porosity decreasing exponentially with depth and with the
heat conductivity given by Robertson’s equation, Eg. (5), will be deduced
below. The temperature, T(z2, at the base of the formation is

T@2)=T{z) + W (Zj7d2 (BI)

where T(z3 is the formation temperature at the top of the formation, W is the
heat flow, and K(z) is the heat conductivity. The integral, /, in Eq. (BIl) may be
written as

=] = — — e T (B2)
A+ {1-0h) \KS+Pc-K f]

Since the porosity p = pOe azand the derivative dp=ap dz, the integral becomes,

by shift of variable

1 42 bo
' (B3)

A @ y(Ke/A)2+ (L D)
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where A =Ks+pC-KFE The integral has now a form where an analytical solution
can be found [Bronstein, Semendjajev 1963, p. 302, €dg. 82]

— 1 1 -
" aA (Ke/A) +1081 TED) B4

where gj and g2are defined by Eq. (17).

Appendix C

List of symbols

Explanations of symbols used in the equations are given together with units.

a = compaction coefficient, m'1

A =Ks+pC-KF, Wm"K'1

Al = frequency factor for reaction i, s'1

c = species concentration, mole cm'3

C - constant for each rock type governing the influence of quartz on
heat conductivity, Wm”"K'1

£) = activation energy for reaction i, J mol"1

gi = function explained by Eq. (7), dimesionless

h = thickness of surface layer at present, m

ki = chemical reaction rate for reaction i, dimension depends on reaction

K = bulk heat conductivity of sediment, Wm"K"1

Kbj —equilibrium constant at base temperature
Kp - fluid heat conductivity, Wnfl'K'1

Ki - equilibrium constant, dimension depends on reaction
Ks = solid conductivity for zero content of quartz, Wm"K"1
p =quartz content, percentage

R =production rate, mole cm'V 1

RAd —Avogadro’s constant

R’ = reaction rate, mole s*cm'3

Rqg - vitrinite reflectance, percentage

Sj —chemical species
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t =time, s

th = age date of base of surface layer, s

T = formation temperature, K

Tkl = base temperature for frequency factor
TKj - base temperature for equilibrium constant
oq = surface grain velocity, ms'l

W = heat flow, Wm~2

z —depth from sediment surface, m

V| = depth of location i, m

e = reaction order matrix, dimensionless

pm —matrix (grain) density, kg m~3

psoi —bulk solid density (mass of solid particles per volume of sediment),

including water, kg m 3
i\H{ —enthalpy difference

p = porosity, dimensionless

Pi = porosity of depth zp dimensionless
Po = surface porosity, dimensionless

\Y, = stoichiometric matrix, dimensionless
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Uledékes medencék feltoltédésének, hémérsékletének és a szénhidrogén
keletkezésének modellezése az Aars-1A (Dénia) mélyfuras példajan

Peter Kiint Jensen

Egyszerl analitikai kifejezések segitségével szamitjak ki az Aars-1A dan mélyfiras
feltoltédési és felszin alatti hémérsékletének alakulasat. Az lledékes szekvencidk kompakcidjat
figyelembe vették. A vitrinit reflektivitast és a szénhidrogén keletkezést egy altalanos kémiai
szimulaciés modell segitségével szimulaljak. A kémiai reakciok maddositasanak tekintetében a
modell rugalmas. A h6éaram torténet kiszamitasara a mért vitrinit reflektivitas inverziojanak
madszerét javasoljak. A dan Aars-1A mélyfarasra 1D medence-modellezést készitettek. A 100
milli6 évvel ezelbttre szamitott h6aram bizonytalansaga (ajelenlegi h6aramhoz viszonyitva) 25%.
Ennél korabbi idékre a bizonytalansag tovabb novekszik. A Fjerritslev formacié F-LLU tagjanak
szénhidrogén keletkezését a geodinamikai modellezésh6l levezetett hdaramtorténet felhasznalasval
szadmitottak Ki.



