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Abstract 

An analytical solution of the simplified heat equation was calculated and applied to a 3D model of the 
intrusion below the Peel-Erkelenz coalfield. The calculated thermal history was converted to coal ranks with 
an empirical integral expression. Using a least squares fit of observed coal rank data, an initial temperature of 
(800 ± 100) ° C for the intrusion was obtained. Calculated vertical coal rank gradients are comparable with 
those observed in the lbbenbiiren coalfield (Bramsche intrusion, FRG). 

A detailed 2D finite difference calculation, using the complete heat equation on a 5-layer section in the 
area, confirmed the analytical results. It also proved that: 
1) effects of radiogenic heat production are negligible compared to cooling magma effects; 
2) if the coal is remote from the magma, latent heat effects can be simplified by adding 300° C to the initial 

intrusion temperature; 
3) lateral and vertical variations in rock properties have negligible influence on coalification compared to 

cooling magma effects; a homogeneous model is therefore a good approximation. 

Introduction 

The Peel-Erkelenz coalfield covers an area of 
about 450 km2 in the Dutch province of Limburg 
and the German state Nordrhein-Westfalen (Fig. 
1) . It is situated on the Peel-Erkelenz horst , where 
the Upper Carboniferous Coal Measures (Table 1) 
are covered by 100-800 m of Cretaceous to Recent 
deposits. 

In the coalfield a strong coal rank anomaly is 
observed; in the central part of the Sophia-Jacoba 
concession the anthracite phase, whereas in the 
same seam on the Dutch part of the area only low 
volatile bituminous coal is present (Fig. 2). The oc-

currence of the high temperature/low pressure an­
thracite ('Edelantrazit') combined with a strong 
magnetic anomaly of roughly the same extent have 
been attributed to a mafic intrusion, substantiated 
by a diabase occurrence in Kamp-Lintfort , which is 
situated about 50 km north of Erkelenz (Teich­
miiller & Teichmiiller 1966). Bosum (1965) model­
ed the magnetic anomaly as a wedge-shaped mafic 
laccolith with a minimum depth of 3 km and a maxi­
mum thickness of 11 km (Fig. 3) . In the 1980's 
interest in geothermal energy led to new gravi­
metric and magnetometric measurements in the 
area. Gravity stripping on the data , however, yield­
ed a low density for the intrusion, indicating a felsic 
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Fig. 1. Location map. Thick lines: faults; dashed line: inter­
national boundary; triangles: see text. 

composition. The slightly elevated geothermal gra­
dient can also be explained by a felsic intrusion 
(Bredewout 1989). 

This study aims to put constraints on the initial 
temperature of the magma and thus on its composi­
tion. A set of thermal histories is calculated from 
intrusive cooling models with varying parameters. 
Observed coal ranks are then correlated with these 
calculated thermal histories using the empirical re­
lationship of Falvey & Deighton (1982) . For model 
calculations on other areas see for example Bunte­
barth (1985) and Horvath et al. (1986). Software on 
our calculations is available on request. 

Geological setting 

An excellent detailed geological study of the Ger­
man part of the coalfield is published by Wrede 
(1985). Dutch studies cover the Groot-Beatrix con­
cession (Kimpe 1973) and the Peel area (Peelcom­
missie 1963, Van Tongeren 1987) . 

The coalfield is part of the Variscan foredeep 
which was filled during the Westphalian (Carbon­
iferous) with elastic sediments and organic matter. 
Rapid subsidence caused an initial coalification 
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Fig. 2. Contour map of observed coal ranks after Patteisky et al. 
(1962), Peelcommissie (1963) and Kimpe (1973). Section a-a' 
see Fig. 8. Triangles indicate selected borehole sites. Numbers 
are coal rank values of points A B C in Fig. 1. 

(see Table 2), after which the coal measures were 
folded and uplifted during the Variscan Orogeny. 
In the present coalfield the intensity of deforma­
tion decreases from Southeast (narrow folds and 
thrusts) to Northwest (no folds). Additional sedi­
ments were deposited after the orogeny and to be 
subsequently eroded during the Jurassic and Early 

Table J. Stratigraphic sequence of the Carboniferous in the 
Peel-Erkelenz coalfield 

c 

Westphalian B 

A 

Namurian 

Dinantian 

Stratigraphic sequence 

>850m 

380m 

360--400m 

470--480m 

645- 530m 

1050m 

1200m 

Agir 

Domina 
G.B. 33-45 
Catharina 
G.B. 11- 32 
Wasser/all 
G.B. 1- 10 
Sarnsbank 
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Fig. 3. The intrusion model of Bosum (1965) in plan view. The model is build from four wedge-shaped blocks of which the top and bot­
tom values are given (see also Figs 7 and 8). 

Cretaceous. From the Cretaceous onwards sedi­
mentary deposits again covered the coal measures. 

The intrusion which is the cause of the magnetic 
and coal rank anomalies must have had its origin 
somewhere between the end of the Variscan Orog­
eny and the beginning of the Cretaceous sedimen­
tation (Patteisky et al. 1962). 

Table 2. Initial coal ranks and relative stratigraphic positions 
(section XII Peelcommissie, 1963). Reflectance values (Rm (0)) 
are derived from% V.M. in Fig. 5. The Steinknipp (Z) seam is 
arbitrarily set at 1000 m depth 

Seam/Horizon reflectance % V.M. depth (m) 

Catharina marine band 1.50 30 530 
G.B. 27 Gross 1.65 25 630 

Langenberg (E) 
G.B. 13 Merl (T) 2.00 18 860 
G.B. 10 Steinknipp (Z) 2.15 15 1000 
G .B. 9 Plasshofsbank 2.25 13 1100 
Sarnsbank marine band 2.95 6 1645 

Normal faulting as part of a rift zone from the 
Alps to the North Sea created the Peel-Erkelenz 
horst in the Tertiary. The horst is bordered in the 
southwest by the Peel Boundary-Meinweg-Rur 
Boundary fault system. West of these faults the 
coal measures are buried deeply. In the northeast 
the horst is bordered by the Belfeld fault and coal 
to the east thereof has been removed by erosion. 

Theory 

Analytical heat conduction 

The heat-conduction equation of Fourier for a ho­
mogeneous medium, neglecting additional heat 
production is (Carslaw & Jaeger 1962): 

oT = x'V2T 
at (1) 

where Tis temperature, tis time and xis diffusivity. 
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Boundary conditions: 

Initial conditions 

r* 

T* (1) = 0, z = a 
T* (t) = 1, z= 0 

T* (0) = 1, B < z < D 
T* (0) = 1 - zla, else 

Fig. 4. Boundary and initial conditions (temperature T* vs. 
depth z). The initial condition is a linear temperature gradient 
outside the intrusion and a uniform temperature (melting point 
T * = 1) inside the intrusion (z = B through D) . 

For the case of the vertical boundary and initial 
conditions as given in Fig. 4, the solution for a 
cooling rectangular block with length b, width c 
and depth reaching from z = B to z = D is (Bunte­
barth 1984): 

T * (x,y,z ,t) = 

z 00 
• knz k2n 2 

1- - + L: Aksm - exp (- - 2 xt) 
a k=I a a 

( f x f x-b/2 ) 
x er 2\Txt - er 2VXt 

( f y f y-c/2 ) 
x er 2\Txt - er 2\7Xt 

where T* is the temperature (T - Tsurface)/ 
(T melt - Tsurrace), and 

(2) 

I 
2 . 2z 1z=D/a 

Ak = k2 2 sm knz - -k cos knz 
ll ll z=B/a 

(3) 

In the 3D modeling case we are dealing with an 
irregularly shaped body that can be split into a set 
of stacked rectangular blocks. 

Finite difference heat equations 

The differential equation describing heat conduc­
tion in a static non-homogeneous medium with 
additional heat production is: 

gCP ~~ = v · (kv T) + A (4) 

where Q is the density, CP is the specific heat, T is 
the temperature, t is the time, k is the thermal 
conductivity and A is the (radiogenic) heat produc­
tion . 

A two-dimensional geometry (x horizontal, z 
vertical) results in: 

oT 
at 

Equation (5) was numerically solved in a finite 
difference mesh following Van den Beukel & Wor­
tel (1986), who also provided the initial FOR­
TRAN software of the Runge-Kutta algorithm by 
Verwer (1977) . 

Coalification 

To correlate the calculated thermal history with 
observed coal ranks , the empirical relationship of 
Falvey & Deighton (1982) was used which relates 
thermal history to mean vitrinite reflectance Rm. 

'1 

~ (t1) = ~ f eaT(t) dt + Co 
0 

£= 5.635, ~= 2.7X 10-6 Ma- 1, 

a = 0.068 °c-1, C0 = ~ (0). 

(6) 



Equation (6) gives a straightforward relationship 
between coal rank, temperature and time. Also it is 
easy to convert into a computer algorithm. How­
ever, the extrapolation of equation (6) to fast heat­
ing at high temperatures may be questionable be­
cause the relationship is based on relatively slow 
heating during burial in a sedimentary basin (Fal­
vey & Deighton 1982). 

The initial coal ranks Rm(O) at the start of the cal­
culations are listed in Table 2. They originate from 
section XII (remote from the intrusion) in Peel­
commissie (1963), and are considered a constant 
for one stratigraphic level. 

The observed coal rank data used in this research 
(Patteisky et al. 1962, Peelcommissie 1963, Kimpe 
1973) are more than 15 years old and published as 
the relative amount of dry and ashfree volatile mat­
ter[% V.M.( daf)] (Fig. 2). A graph by Teichmiiller 
& Teichmiiller (1984) was used to connect% V.M. 
of the data set with Rm of equation (6) (see Fig. 5). 
The samples for Patteisky's coal rank data were 
taken in the Steinknipp ( = Z; Sonnenschein; G. B. 
10) reference seam (Table 2), however, some data 
were extrapolated from more shallow levels to the 
reference seam with a non-anomalous gradient. 

The conversion from % V.M. in Rm introduces 
an additional inaccuracy. The relationship between 
mean reflectance and % V.M. is not straightfor­
ward for high coal ranks (Teichmiiller 1987). The 
results in the anthracite region (Rm> 4), there­
fore, must be regarded with reservation. Tissot et 
al. (1987) pointed out that even accurate reflec­
tance measurements can yield different values de­
pending on the laboratory where the measurement 
has taken place. The limitations of this research, 
however, did not allow new independent coal pe­
trographic measurements. 

Modeling 

With the intrusion geometry deduced by Bosum 
(1965), the thermal history of the area is calculated 
in two ways: analytically with the simplified heat 
equation in a homogeneous 3D model, and with a 
finite difference calculation of the complete heat 
equation in a layered 2D model (one vertical sec-
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Fig. 5. Relationship between Rm and rate of volatile compo­
nents(% V.M.), after Teichmiiller & Teichmiiller, 1984. Grey 
area: error limit. 

tion of 3D). This 2D calculation was carried out to 
check if the homogeneous 3D model is not an over­
simplification of the problem. For both models 
thermal history is converted to coal rank (vitrinite 
reflectance) with equation ( 6) . The model calcula­
tions are correlated to published coal rank (volatile 
matter) observations in Fig. 5. 

The area studied is defined by the following edg­
es : The northwestern edge is taken arbitrarily at 
the southern limit of the Triassic deposits (Peel­
commissie 1963). The southwestern edge is the 
Peel/Rur Boundary fault system. The northeastern 
edge is the Belfeld fault and the southeastern edge 
is the Lovenich fault. Outside this area no coal rank 
data or detailed geologic information were available. 

For the model calculations the geology of the ar­
ea had to be restored to Early Permian geometry. 
All normal faults were considered to be post Va­
riscan. Although there must have been some nor­
mal faulting during the Variscan Orogeny this was 
neglected in the reconstruction. The reductions 
were carried out with the stratigraphy at Sophia­
Jacoba shaft 1 as levels of reference. The result of 
the restoring process for the Steinknipp (Z) seam is 
presented in Fig. 6. The geometry of the cooling in­
trusion is taken according to the calculations on the 
magnetic anomaly by Bosum (1965). Due to the car-
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Fig. 6. Contour map of Late Variscan restored depth of seam 
Steinknipp (Z) (= G.B. 10; Sonnenschein) (see also Fig. 8). 

tesian limitations of equation (2), Bosum's model 
was cut into a set of rectangular blocks (Figs 7 and 3). 

The equations were written into a FORTRAN 
program. For all blocks the temperature anomalies 
were calculated and summed. The time integration 
concerned a time span of only 3 Ma: due to the ex­
ponential relationship of equation (6) the low tem­
perature tail of the temperature history makes no 
significant contribution to the calculation of the 
coal rank. Three gauge points situated in the 
Steinknipp (Z) seam, but in different lateral posi­
tions (A, B, C Figs 1 and 6) were used to calculate 
the best fit by varying the parameters that govern 
the equations, the additional sediment thickness, 
the initial intrusion temperature, the background 
heat flow and the diffusion parameter. The reason 
for taking only three points lies in the amount of 
computing involved for varying the above param­
eters. With the optimum parameters the kitchening 
effect is calculated for all borehole locations of 
Wrede (1985), Kimpe (1973) and Peelcommissie 
(1963) in the coalfield. 

Several authors (Carslaw & Jaeger 1962, Giberti 
et al. 1984, Buntebarth 1985) have considered that 
latent heat can be taken into account by adding 
about 300° C to the real melting temperature, this 
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Fig. 7. Intrusion model used for 30-calculations. Grey: coal­
field. Dashed lines: Intrusion boundary of Bosum (1965). Solid 
lines: outlines of rectangular blocks with different thickness. 

300° C being the quotient of the latent heat and the 
specific heat L/CP. The benefit of this is that the cal­
culations simplify drastically as both Land CP are a 
function of temperature. 

In the finite difference 2D calculations a 5 layer 
model was constructed containing section III of 
Kimpe (1973) (see Fig. 8). A mesh interval distance 
of 500m was chosen. Values for CP and k are given 
in Table 3 (Haenel 1983). Heat production due to 
radioactive decay was taken according to Table 4 
(Haenel 1983) and a base heat flow at the bottom 
line of the section of 88.5 mW m-2 was adopted. 
Heat production caused by friction was neglected. 
Latent heat was corrected for in two ways: firstly by 
a gradual release of heat in the magma (see Giberti 
et al. 1984), secondly by increasing the initial in­
trusion temperature. In the coal region of the mod­
el there was no difference noticeable. The second 
method was more economic with computing time, 
so it was adopted in the rest of the 2D modeling. 

Results 

For the 3D modeling a least-squares fit provides 
the best agreement between calculated and observ-



ed coalification at the 3 gauge points. The maxi­
mum temperature in the coal seam depends greatly 
on the thickness of the sediment layer that covered 
the intrusion during cooling. In Fig. 9 the results 
are plotted for the parameters that have the stron­
gest influence on the results: the additional sedi­
mentary cover, the initial model temperature and 
the equilibrium geothermal gradient. The best fit is 
obtained for an initial model temperature of about 
1100° C. This temperature corresponds - after cor­
recting for latent heat effects by subtracting a tradi­
tional 300° C - with an initial intrusion temperature 
of (800 ± 100) ° C. This rather low temperature 
agrees better with a felsic than with a mafic magma. 

In order to obtain a more detailed picture of the 
coal rank distribution of the Steinknipp (Z) seam, 
the results of the least-squares fit were used in a cal­
culation on all borehole sites of Wrede (1985), 
Kimpe (1973) and Peelcommissie (1963). A map is 
presented in Fig. 10. In Fig. 11 the misfit of the cal­
culations vs. the observations is plotted for this 
model; only a few calculations deviate. For a seam 
higher in the stratigraphy (the GroB Langenberg, E 
or G.B. 27 seam, see Table 2) the coal rank was al­
so calculated for the total area and a coal rank gra­
dient map was constructed (Fig. 12). If these calcu­
lated gradients are compared with actually observ­
ed coal rank gradients in the Bramsche intrusive 
halo (Ibbenbiiren coalfield, FRG) (Teichmiiller & 
Teichmiiller 1985) it appears that they are in agree­
ment (calculated Peel-Erkelenz: l.25%/370m vs. 
observed Ibbenbiiren: 0.38%/lOOm). The maxi­
mum temperature was calculated for one horizon­
tal level before faulting (Fig. 13). Fluid inclusion 
measurements (Bredewout 1989) on a rock sample 
taken in point T of Fig. 1 point to a maximum rock 

Table 3. Values for thermal conductivity k, specific heat Cr and 
density Q (Haenel 1983) 

Material k cp Q 

(W m- 1 K- 1) (J m- 1 K- 1) (kg m-3) 

Carboniferous 3.09 871 2680 
Devonian 2.83 840 2590 
upper crust 2.10 840 2670 
magma 2.10 840 2700 
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Fig. 8. Section a-a' (see Figs 2, 6 & 7). Model used for 2D finite 
difference calculations. 1 Additional sedimentary cover; 2 Car­
boniferous; 3 Devonian; 4 Magma; 5 Upper crust. Shaded box: 
Geological section III in Kimpe (1973). Dark grey: Magnetic 
body of Bosum (1965) . 

temperature of at least 204° C, which is not in con­
tradiction with our results. 

For the 20 finite difference calculations the 
500 m mesh interval proved to be too coarse to get 
extra information. However, confirmation of the 
30 results was obtained. Two solutions are shown 
in Fig. 14: A high intrusion temperature combined 
with a thin sedimentary cover and a low intrusion 
temperature with a thicker sedimentary cover. 
Both give about the same agreement between data 
and calculations. This lack of discrimination can be 
due to the relatively small contribution of the in­
trusion to the total coalification at this location. In 
addition we found that: 

Table 4. Heat production rates (A) of rocks (Haenel 1983). See 
also equation (2.1) 

Material A 
(µ.Wm - 3) 

sediment 1.13 
upper crust 5.5 x e<- z!9•00l 

felsic magma 3.00 
mafic magma 1.55 
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Fig. 9. Contour graph of least squares errors of 3D-calculations 
for a geothermal gradient of 35° C/km (top) and of 69° C/km 
(bottom). 

1) Effects of radiogenic heat production are negli­
gible compared with cooling magma effects. 

2) Latent heat effects can be simplified by adding 
300° C to the initial intrusion temperature, if the 
coal is remote from the magma. 

3) Lateral and vertical variations in rock properties 
have negligible influence on coalification com-

2 3 4 
calculated mean vitrinite reflectance (%) 

Fig. 11. Calculated vs. observed coal rank data for seam Steink­
nipp (Z). Shaded: expected relationship of Fig. 5. AB C as in 
Fig. 1. 
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Fig. JO. Contour map of calculated vitrinite reflectance for seam 
Steinknipp (Z). Dashed lines: observed coal ranks (Fig. 2) . 
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pared to cooling magma effects, so a homogene­
ous medium is allowed. 
These three conclusions justify the simplifica­
tions used in the 30 modeling. 
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Fig. 12. Contour map of vertical differences in calculated reflec­
tance (seam Z minus seam E). The vertical distance between 
seam Zand E is taken 370 m. Dashed lines: intrusion boundary 
of Bosum (1965) . 
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restored geometry. Present level - 500 m Sophia-Jacoba 1. At 
point T a temperature of at least 204° C occurred. 

Discussion 

With the 3D modeling we found an initial intrusion 
temperature of (800 ± 100) ° C. This rather low 
temperature agrees better with a felsic than with a 
mafic magma. A felsic intrusion, however, on this 
specific location on the outer fringe of the Variscan 
Orogen is very difficult to explain, because felsic 
magma is generated in the extreme conditions pre­
vailing in the nucleus of an orogen. However, an 
example of a small anorogenic felsic intrusion (Ju­
rassic) exists in the Zuidwal gas field in the north of 
the Netherlands (Perrot & Van der Poe! 1987). 

An alternative could be a mafic dyke-swarm in­
trusion within the Bosom (1965) geometry where 
the initial (high) temperature is averaged also over 
the enclosed country rock. This alternative is also 
favoured by V. Wrede and M. Teichmiiller (pers. 
comm.). 

A smaller igneous body with a stronger magneti­
sation could yield also the observed magnetic 
anomaly. The initial temperature at which this 
smaller body started to cool could then be higher. 
However, the density limitations found by Brede­
wout (1989) still have to be taken into account if a 
mafic composition is chosen. 
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Fig. 14. Calculated 20 finite difference coal ranks for detail of 
section a-a': section III of Kimpe (1973) (see Fig. 8). Numbers 
indicate reflectance. Solid lines: calculations; dotted lines: ob­
served coal ranks; dashed lines: coal seams of Table 2; dashed 
line with stars: seam Steinknipp (Z). 

To summarise; a felsic intrusion yields geological 
difficulties; a mafic intrusion yields geophysical dif­
ficulties. 

Conclusions 

It can be conclusively stated that the best fit on the 
observed data is obtained in 3D modeling with ini­
tial intrusion temperatures of about 1100° C. This 
temperature corresponds - after correcting for la­
tent heat effects by subtracting a traditional 300° C 
- with an initial intrusion temperature of (800 ± 
100) ° C. This rather low temperature agrees better 
with a felsic than with a mafic magma. 

Calculated vertical coal rank gradients are com­
parable with those observed in the Ibbenbiiren 
coalfield (Bramsche intrusion, FRG). 

A 2D finite difference calculation using the com­
plete heat equation on a detailed section in the area 
proved that 
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1) effects of radiogenic heat production are negli­
gible compared to cooling magma effects; 

2) latent heat effects can be simplified by adding 
300° C to the initial intrusion temperature, if the 
coal is remote from the magma; 

3) lateral and vertical variations in rock properties 
have negligible influence on coalification com­
pared to cooling magma effects, so a homogene­
ous medium is allowed. 

The results are important in two respects: 
1: Local. The calculations have proven that a cool­

ing magmatic body can explain the coalification 
anomaly of the Peel-Erkelenz coalfield. 

2: General. 'Kitchening' model calculations are an 
inexpensive tool in the discovery process of an­
thracite, gas and oil fields in areas of magnetic 
anomalies caused by intrusions. 
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