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Contact metamorphism of Silurian black shales by a basalt sill: geological evidence
and thermal modeling in the Barrandian Basin
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Abstract. Organic-rich shales of the Litei Formation (Silurian) were intruded by a series of several-meter thick doleritic basalt sills soon after their de-
position. The effect of rapid thermal stress on organic and mineral diagenesis of shales around a representative 4 m thick sill has been studied using optical
microscopy, Fourier-Transform infrared (FT-IR) and micro-Raman spectroscopy of dispersed graptolite particles, gas chromatography-mass spectrome-
try (GC-MS) of organic extracts, and X-ray diffraction (XRD) of the clay fraction.

Our data suggest that the sills have only had a local effect on the thermal maturity of the adjacent sediments. Graptolite reflectance values
(3.0-3.6% R,,.x) and bireflectance (up to 3.1%) higher than the regional diagenetic background (~1.8 R,,,«) were found to be restricted to the narrow zone
immediately adjacent to the igneous contacts, with detectable alteration starting to take effect at about 70 to 80% of sill thickness. Based on recent empiri-
cal correlations, these values may indicate contact-metamorphic temperatures between 320—420 °C. The optical properties of graptolite fragments within
the contact aureole correlate closely with the chemical and structural transformation as expressed by FT-IR and Raman spectroscopy data. The graptolite
periderm undergoes systematic depletion of aliphatic-containing groups toward the igneous contacts, and transforms into a condensed aromatic residuum
of an increased crystalline ordering, similar to high-rank coal or kerogen. Extractable organic matter within the immediate contact zone is strongly de-
pleted, but appreciably higher concentrations were obtained at a distance of 1.2 m below the intrusion. This suggests that the organic matter along the con-
tact was gasified during the igneous event, and the expelled volatiles condensed in “micro-reservoirs” a certain distance from the sill.

In contrast to the organic matter, clay minerals from the contact aureole reveal a lower degree of thermal metamorphism. The values of illite crystallinity
(IC; up to 0.44° A26) and chlorite crystallinity (ChC; 0.30-0.34° A26) recorded in a narrow contact zone imply only minor elevation above the regional
diagenetic background (IC ~ 0.60-0.70° A26), and broadly evidence paleotemperatures in the range of 170-300 °C. The apparent discrepancy between
the degree of thermal transformation of the organic matter and the clay minerals can be ascribed to the greater sensitivity of organic materials to geologi-
cally short metamorphic heating.

The results from computer thermal modeling of the sill do not match the empirical geological thermometers, as the model predicts substantially higher
temperatures and wider contact zones. A reasonable fit between the two requires water-saturated magma that has cooled to about 600-700 °C. Given
these preconditions, the modeling would predict maximum temperatures in the range 380—440 °C and contact aureoles exceeding 1-2 times the thickness
of the sill. The thermal perturbation caused by the intrusion was short-lived and largely decayed into the diagenetic background within weeks to months
after the emplacement.

Key words: contact metamorphism, basalt sill, black shale, graptolite reflectance, illite and chlorite crystallinity, thermal modeling, Barrandian,
Silurian

Introduction penetrated a Silurian black shale sequence in the Bar-

randian Lower Paleozoic basin. Some previous works in

The extent to which organic matter and clay minerals are
affected by igneous intrusions has been the subject of many
petrological and geochemical studies (see Bostick and Clay-
ton 1986, Robert 1988 for a review). Most of the work has
shown that when an igneous body intrudes a sequence of
sediments, the effect of thermal stress can be evident at dis-
tances from the contacts up to twice the thickness of the in-
trusion itself (Dow 1977). Several studies, however, have
documented substantially thinner alteration zones (< 50%
of the intrusion thickness), the effects of which were ascri-
bed to varying thermal conductivities, rates of heat trans-
fer, volumes of pore water, and the maturation level of the
organic matter at the time when magma intruded the sedi-
ment (Saxby and Stephenson 1987, Raymond and Murchi-
son 1988, Krynauw et al. 1994, and many others).

The present article reports another example of unusu-
ally thin contact aureoles developed around basalt sills that

the area, though largely devoted to more general problems,
have already mentioned elevated levels of organic maturity
around some Barrandian basaltic sills (Malan 1980, Hrabal
1989, Kiibek 1989, Suchy et al. 1997). Here we discuss
further empirical and computational evidence indicating
that the limited contact aureoles were probably due to the
high water content of the intruded shales, which seem to
have still been soft and water-saturated during the intrusive
event. In order to provide detailed insight into the mecha-
nism of the heating effects, we investigated the organic and
clayey matter within the enclosing sediments using several
analytical techniques, including optical microscopy, FT-IR
and micro-Raman spectroscopy of dispersed organic parti-
cles, and GC-MS of organic rock extracts. These tools pro-
vide organic-geochemical data that can be interpreted in
terms of the paleothermal history of the organic matter
(Tissot and Welte 1984, Robert 1988, Bustin et al. 1989,
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Jehlicka and Beny 1999). We also examined the degree of
recrystallization of illite and chlorite, which gives useful,
though less decisive, information on paleotemperatures
around the intrusions (see Merriman and Frey 1999 for a
review). Maturity parameters and paleothermal data de-
rived from both organic and mineral constituents are com-
pared to a computer-generated thermal model of the intru-
sion to assess how the empirical geological evidence corre-
sponds to theoretical calculations.

Geological setting and samples

The Barrandian Basin of the central Czech Republic
(Fig. 1) is an unmetamorphosed, structurally simple sedi-
mentary sequence. The basin, which is about 90 km long
and 25 km wide, was formed during the Ordovician as a na-
rrow rift depression (Havlicek 1981). The depression was
filled with more than 3500 m of marine siliciclastics and
carbonates that gradually accumulated until the Middle
Devonian (Chlupac et al. 1998). During the Early Silurian,
synsedimentary faults and associated submarine volcanoes
created a complex topography within the basin, with volca-
nic seamounts fringed by shallow-water carbonate facies.
Fine-grained, often graptolite-rich pelitic facies were depo-
sited in a deeper-water basinal setting at depths between
150—200 m (Storch and Pagava 1989). A number of additi-
onal basalt intrusions penetrated the Silurian and Ordovi-
cian sequences toward the end of the Silurian (Fiala 1970).
These intrusions were emplaced below the seafloor at

depths between 100-200 m (Storch 1998). Some of the sills,
however, apparently reached to a few meters below the
water-sediment interface, as indicated by intraclasts of Si-
lurian  basalts embedded within contemporaneous
shallow-water sediments (Storch, pers. comm. 1997). The
Lower Paleozoic sequence was later buried to the depth of
the oil/gas window and subjected to burial temperatures in
the range 90-180 °C (Suchy and RozkoSny 1996).
Samples for the present study were collected at the
Kosov Quarry, Beroun County (Fig. 1). Exceptionally large,
three-dimensional exposures at this locality enable the de-
tailed study of a series of basalt sills that intruded pelitic
sediments. The samples were collected both in the vicinity
of several accessible sills and from apparently unaffected
sediment (Fig. 2). The intrusions are generally bed-parallel
and of variable thickness, ranging from about 40-50 cm up
to 8—12 m. These igneous rocks, known as “diabases” in
older literature, have been classified as doleritic basalts
(Fiala 1970), or trachybasalts (hawaiites) in accordance
with the classification of Le Maitre (1985; see also Storch
1998 and the discussion therein). A 4 m thick sill exposed
on the third level of the quarry was studied in detail (see
Fig. 2). The mineralogy of this particular intrusive body
has already been examined by Sramek and Mréz (1984; the
intrusion of “chloritized diabase” shown in their Photo 2).
The adjacent sediments that were affected by the intrusions
were black, graptolite shales of the Litei Formation
(Lower Silurian). There was also minor intrusion of the
sills into the overlying Kopanina Formation, which con-
sists of calcareous and tuffitic shales. Detailed mineralogi-
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Figure 1. Simplified geological map of the Barrandian Basin and the location of the study area.
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Figure 2. Schematic view of the northeastern face of the Kosov quarry, showing the location of the sills and the samples studied. The values of organic
matter reflectance and illite crystallinity have also been plotted. A human figure (indicated by an arrow) is shown for scale.

cal and geochemical data on these shales can be found else-
where (Storch and Pagava 1989, Volk et al. 1999).

Experimental procedures

Reflectance data were collected on graptolite-rich shale
samples cut and polished in sections perpendicular to bed-
ding. The Opton-Zeiss UMSP 30 microscope equipped
with a reflected white light source was used for photomet-
ric measurements. Random, maximum, and minimum ref-
lectance values of graptolite fragments were determined
using immersion objectives (magnification 40x and 100x)
under oil (n = 1.518), in monochromatic and polarized light
(A =546 nm). The reflectance values were measured on ho-
mogeneous spots of the graptolite cortex. Bireflectance
was calculated as the difference between the measured ma-
ximum and minimum reflectance values.

Infrared spectra of graptolite fragments were collected
using a Nicolet Magna 700 FT-IR spectrometer coupled
with a Spectra Tech infrared microscope (MCD detector).
The shale samples were cut perpendicular to bedding, and
polished to provide a smooth surface for analysis. FT-IR
spectra were collected from 20 x 10 um areas. The back-

ground spectra were obtained from a gold-coated mirror.
The measurements were made in reflectance mode, con-
verted into the Kubelka—Munk scale and subjected to stan-
dard spectral processing (smoothing, curve fitting, and res-
olution).

Micro-Raman spectroscopy was performed on the pol-
ished samples used for organic matter reflectance measure-
ments. A Raman LabRam HR apparatus (Jobin Yvon)
linked to an Olympus microscope, fitted with a 100x objec-
tive placed on an X-Y motorized sample stage, was used.
The 532 nm line of an Ar-ion laser was employed with a
source power of 0.50 mW. Such low incident power is re-
quired to avoid the in situ maturation of the sample and the
generation of spectral artifacts (Everall et al. 1991). The
area of the measurements was approximately 1um in diam-
eter, with the depth of analysis within the sample being also
about 1 um (Lespade et al. 1984). The scattered light was
analysed by a spectrograph with holographic grating of
600 g/mm, a slit width of 150 um, and an opened confocal
hole of 1000 pm. The positioning of the system was regu-
larly checked using a silicon sample and by measuring the
zero-order position of the grating. The acquisition time of
particular spectral windows was optimized for individual
sample measurements (about 3 seconds). Twenty accumu-
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lations were co-added to obtain a spectrum. The Raman
spectra of the samples were fitted using two Lorentzian
lines around 1360 cm™ (D band) and 1600 cm™ (G band),
and a broad Gaussian band at about 15401550 cm™': that
are assigned to the graphitic phase (Tuinstra and Koening
1970, Bustin et al. 1995).

Gas chromatograph mass spectrometry (GC-MS) was
applied to selected shale samples in order to reveal the
chemical composition of organic fluids extracted from the
sediment. Small, fresh rock chips were cleaned and
crushed in an annealed agate mortar and extracted with pu-
rified n-hexane for 24 hours at room temperature. After
multiple treatments the extracts (20 ml) were analysed on
GC-MS. No separation of the extracts into saturated and ar-
omatic parts was done. The instrumental conditions of the
GC Hewlett Packard 5671 were as follows: capillary col-
umn DB5-30 m x 0.32 mm, helium as carrier gas, 20
cm/min, thermal gradient 50-310 °C.

To trace the thermal evolution of the clay minerals,
illite crystallinity [IC; i.e. the full-width-at-half-maximum
(FWHM) of the first 10 A basal reflection of illite-musco-

Figure 3. Photomicrographs showing typical optical features of graptolite
particles in shales adjacent to a 4m thick basalt intrusion. See also Fig. 2
for the exact position of the samples shown. Reflected light, oil immer-
sion.

a — sample No. 3; 1.7 m above the intrusion. R, = 1.0%, R,x = 1.8%.
Brightly-reflecting circular bodies inside the graptolite chamber and in
the adjacent shale matrix are framboidal sulfides. b — sample No. 5; the
lower contact. R, =2.0%, R,,.x = 3.6%. Note the optically inhomogenous,
slightly undulatory-extinct internal fabrics of a graptolite particle, which
is indicative of elevated thermal maturity.
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vite] and chlorite crystallinity indices [i.e. the FWHM val-
ues of the second (7A) basal reflection of chlorite indicated
as ChC] were determined by XRD method. The measure-
ments were performed on air-dried < 2 pm clay suspen-
sions, pipetted onto glass slides (~2 mg/cm?). Prior to slide
preparation, carbonates were removed by treatment with
cold CH;COOH 5%. XRD measurements were performed
using a Philips X’ Pert X-ray diffractometer with computer-
ized APD system, operated at 40 kV and 40 mA (Cu-K, ra-
diation, proportional counter, graphite monochromator),
and with 0.5°/0.1°/0.5° mm slits. Samples were scanned
from 7 to 11° 280 (illite) and from 11 to 13° 20 (chlorite) at a
speed of 1°/min. The mean of several crystallinity mea-
surements was calculated, and the average standard devia-
tion was 0.017° A26. The calibration of IC and ChC values
against Kiibler’s IC scale, where the anchizone ranges be-
tween 0.25 and 0.42° A28 for air-dried samples, was made
using a set of the Crystallinity Index Standards (CIS) of
Warr and Rice (1993 and 1994). Applying the least square
method, the calibration equation was as follows: IC (cali-
brated CIS data) = 0.894 - IC (present work) + 0.100 (R*=
=0.942).

The influence of the cooling magma on the intruded
sediments was estimated by the following transient heat
conduction equation in a model with an axi-symmetric ge-
ometry:

cp0T/0t = 0/0z(k0T/0z) + k/r* OT/0r + 0/0r(kOT/0r) + A
where:

T is temperature, ¢ time, ¢ specific heat, p density, z depth, r
distance (radius) from the axis of symmetry, k thermal con-
ductivity, and A the heat production of the rocks. The soli-
dification was assumed to occur between the temperature
of liquidus T, and solidus T, with the gradual release of the
heat of crystallization L. The latter process was taken into
account by increasing the specific heat of the magma (Car-
slaw and Jaeger 1959) by L/(T, — T,) within the melting
range (T, T)). The emplacement of the molten layer was
considered to be instantaneous and to have occurred at con-
stant temperature, without any vertical displacement of the
enclosing sediments. The equation was solved numerically
by a computer code based on the finite difference method
(Cermak et al. 1996). The performance of the code was
checked by comparing the numerical solutions of similar
problems involving melting, the analytical solutions of
which are given in Carslaw and Jaeger (1959, p. 289). The
sill was approximated by a vertical cylinder of 50 m diame-
ter and 4 m in high. These dimensions seem to approximate
the typical size of the intrusions present at the given loca-
lity. The magma feeding channel which is probably present
below the sill was taken to have a diameter of 4 m (Fig. 9).
The heat conduction equation was solved for a vertical cy-
linder with a radius of 500 m, so that the boundary conditi-
ons of horizontal symmetry applied at the cylinder surface
did not influence solution in its axial part where the intru-
sion is located. The depth of the intrusion below the
water-sediment interface was assumed to be in the range of
5-180m, as follows from geological considerations. A sur-
face temperature of 10 °C and a background terrestrial heat
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flow of 60 mWm™ at a depth of 500 m
were the boundary conditions of the mo-
del. The thermal conductivity of the en-
closing sediments at the time of the intru-
sive event was taken as 1 W . m 'K, a
value typical for unconsolidated, water-
saturated claystones (Galushkin 1997).
The effect of possible hydrothermal fluid
circulation above the intrusion (Peters et
al. 1983, Krynauw et al. 1994) was simu-
lated by elevating the conductivity of the
sediments from 1 to 5 W . m™'K™" at the
moment of sill formation (Fig. 9), thus
simulating convective heat transport four
times more intense than by conduction
alone. A broad spectrum of initial magma
temperatures was evaluated ranging from
900-1200 °C, typical of modern mafic
magmas with a latent heat of crystalliza-
tion of 3.8 . 10° J . kg™! (Hanson and Bar-
ton 1989, Galushkin 1997), down to a
minimum conceivable temperature of
emplacement of 600700 °C and zero latent heat. The ini-
tial temperature at the contacts was assumed to be an ave-
rage of the magma temperature and the temperature of the
adjacent rock.

tolites.

Results and interpretations

Reflected light microscopy

Graptolites were the most abundant type of organic matter
in the shale; it was therefore on these organic particles that
all reflectance measurements reported in this paper were
carried out (Fig. 3). Graptolite reflectance data can be cor-
related with vitrinite reflectance, thus enabling the degree
of organic maturation to be accurately
assessed (Goodarzi 1990, Cole 1994,
Gentzis et al. 1996 among many others).
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Figure 4. Field sketch showing the geometry of a 4 m thick diabase sill, the position of samples
studied, and the coalification aureole around the sill as defined by random reflectance of grap-

parable along both igneous contacts and/or only slightly
higher above the upper contact of the sills.

The measured graptolite reflectance values were con-
verted into vitrinite reflectance equivalents using the equa-
tions proposed by Bertrand (1990, Figs. 5 and 6), Hoff-
knecht (1991, Fig. 48), and Cole (1994). The respective
vitrinite reflectance equivalent values at the contacts are in
the range of 1.20 to 2.0 % R,. In rapidly heated, lig-
uid-dominated geothermal systems, these vitrinite reflec-
tance values are characteristic of temperatures between
140 and 220 °C (Barker 1983). In contrast, graptolite
reflectance values measured away from the igneous bodies
that correspond to the burial-related “diagenetic back-
ground” (0.8-1.0 % R,) are characteristic of temperatures
around ~80-90 °C (Suchy and Rozkosny 1996).

Table 1. Summary of graptolite reflectance and clay mineral crystallinity values for the samples
from Kosov quarry. See Fig. 2 and Fig. 4 for the location of individual samples

The random reflectance of graptolites R R R.. Bireflectance IC ChC
Sample number - max min o o

ranges from about 0.8 % to 2.0 % R,, (%) (%) (%) (%)Rppax — Ryin) | (°A20) | (°A26)
which corresponds to maximum reflec- 1 1.9 3.0 0.8 22 - -
tance values of about 1.8 % to 3.6 %, res- 2 13 1.7 1.0 0.7 0.44 0.34
pectively. Graptolite reflectance rises 3 10 18 06 12 0.62 038
from the regional background level, B 0.8 18 04 4 0.54 037
which can be as low as 0.8 to 1.0 % R,. It
. 5 2.0 3.6 0.5 3.1 - -
is apparent that the reflectance values
only rise to more substantial levels in the 6 1.4 2.2 0.9 13 0.57 0.37
immediate vicinity of the sediment-in- 7 0.8 20 0.5 L5 0.60 0.36
trusion contacts (Fig. 4 and Fig. 5a). 8 1.4 2.2 0.7 1.5 0.58 0.30
Graptolite bireflectance also increases to 9 1.3 1.9 0.7 1.2 0.71 0.36
3.1 % close to the basalt contacts, pro- 10 15 2.4 0.7 17 _ _
bably as a consequence of the rapid rock 1 1.0 18 0.6 12 071 _
heating during the 1qtm51ve event 2 08 20 06 L4 B ~
(Table 1). The symmetrical pattern of

. 13 2.0 3.2 1.2 2.0 - -
reflectance profiles above and below the
sills indicates that the heating was com- 14 20 33 0.8 23 - -
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Figure 5. Graptolite reflectance (a) and illite/chlorite crystallinity values
(b) as a function of distance from the intrusive contact of a 4 m thick basalt
sill. See text for details.

Micro Fourier-Transform infrared spectroscopy (FT-IR)

FT-IR was applied to examine the chemical composition
and thermal exposure of a series of graptolite samples, va-
rying in reflectance from 0.8% to 2.0% R, (Fig. 6). Aside
from the spectra of graptolite organic constituents, contri-
butions from the minerals of the enclosing rock, such as
calcite, quartz, and illite, were also recorded in most sam-
ples. The typical spectra of graptolite fragments are similar
to those of higher rank coals or kerogens which exhibit a

OH, NH

C=Car

sample#5 Rr=2.0 %

sample#7 Rr=0.8 %

C-0, mineral

2500 2000
wavenumbers (em-1)

Figure 6. Representative FT-IR spectra of two graptolite samples of contrasting thermal maturity

affected by the intrusive heat. See text for details.

138

1500

broad asymmetric peak around 3600 cm™', ascribed to OH
hydroxyl groups (see also Rouxhet et al. 1980, Tissot and
Welte 1984, and Ibarra et al. 1996 for the typical FT-IR
spectra of various coaly materials). We interpret another
distinct peak around 1600 cm™' in terms of skeletal aroma-
tic C=C bonds. A band at 1235 cm™ is believed to be asso-
ciated with C-O bending vibrations, and O-H group defor-
mation vibrations. The spectral area between 2800
and 3000 cm™, particularly the CH; (2960 cm™)/CH,
(2930 cm™) intensity ratio, which involves C-H stretching
and deformational vibrational bands, has petroleum-
-related significance (Rouxhet et al. 1980, Bustin et al.
1989, Lin and Ritz 1993). By examining seven representa-
tive graptolite samples collected at various distances from
the intrusion, we found that the intensity ratio I,ge¢/I593, clo-
sely correlates with the respective R, values of graptolite
reflectance (Fig. 7). This shows that with increasing ther-
mal exposure closer to the igneous body, the aliphatic C-H
bonds tend to vanish and the graptolite periderm is gradu-
ally converted into a condensed aromatic residuum similar
to highly matured coals and/or kerogens. Moreover, a close
link between the I,9¢0/1,93¢ intensity ratio and graptolite ref-
lectance, as shown in Fig. 7, implies that with increasing
thermal stress, structural and chemical changes of grapto-
lite material correlate closely with its optical change.

Micro-Raman spectrometry

This method was applied to three graptolites of contrasting
maturity (from R, 0.80% to1.90%) toward providing fur-
ther information on heat-induced changes in the structure
of the graptolite material. The results are summarized in
Table 2, and the representative first-order spectra are
shown in Fig. 8 together with the reference spectrum of
structurally well-ordered natural graphite. All three sam-
ples exhibit prominent Raman peaks centered at relative
wave numbers of approximately 1356 and 1595 cm™
(Fig. 8). Pure graphite, on the other hand, has a single Ra-
man peak centered at 1575 cm™!, though
increasing disorder within planar and
stacking lamellae produces a gradual
shift and broadening of this peak to
around 1578 cm™ (the so-called G band)
in addition to the appearance of a smaller
disorder-induced peak near 1352 cm™
(the so-called D band; Tuinstra and Ko-
enig 1970, Wopenka and Pasteris 1993).
The latter typically arises when the crys-
tallite size of the graphite decreases be-
low some minimum value; its develop-
ment is therefore a reliable indicator of
the degree of disorder in the material
(Lespade et al. 1982, Kiibek et al. 1994).
The Ap/Ag ratio between the 1600 and
1350 cm™! peaks, expressed in terms of
their integrated areas, was used to cha-
racterize the difference between indivi-
dual types of carbonaceous matter

mineral,
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(Table 2). The spectral characteristics of
the two “end member” graptolite sam-
ples collected at the upper igneous con-
tact (sample No. 1) and 3 meters above
the intrusive body, respectively (sample
No. 4) are generally consistent with these
predicted variations, showing a signifi-
cant reduction in the line-width around
~1600 cm™ (G bend) of the higher rank
sample (1.9 % R,). This change points to
increased order within the graptolite
structure with increasing thermal matu-
rity toward the igneous sill. A similar re-
lationship has already been observed for
other carbonaceous materials subjected
to thermal metamorphism, including co-
als (Beny-Bassez and Rouzaud 1985)
and chitinozoans (Roberts et al. 1995).
Although the present results of the
micro-Raman spectroscopy of graptoli-
tes are too few to be directly compared
with reflectance data, they clearly indi-
cate that the Ap/Ag (1350/1600 cm™)
peak area can potentially complement
existing techniques for indicating the
maturity of sedimentary rocks by corre-
lating optical methods of assessing ther-
mal maturity with the physical and che-
mical changes that occur at the microsco-
pic level.

Gas chromatography-mass
spectroscopy (GC-MS)

GC-MS was employed to investigate the
extracts of three representative shale
samples from below the intrusive con-
tact, and those coming from unaffected
sediments. Though the number of sam-
ples was limited, the analyses provided
interesting clues to the thermal history of
the intrusion and the enclosing strata. We
found elevated contents of n-hexane —
extractable hydrocarbons in the contact
zone of the sill, which fall to only
0.006 wt.% at the sill contact, a reduction
from the background level of about 80%
(Table 3). Similar appreciable loss of or-
ganic matter adjacent to the intrusion has
already been observed in contact aureo-
les elsewhere and explained by the rapid
gasification of organic matter in the host
shale at severe thermal conditions (Per-
regaard and Schiener 1979, Saxby and
Stephenson 1987). It is probable that
subsequent to the intrusion event, the
samples nearest to the igneous body
were at high temperatures (600-700 °C)
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Figure 7. CH; (2960 cm™! )/CH, (2930 cmﬁl) integrated intensity ratio versus optical reflectance for
a series of graptolite fragments collected at various distances from a 4 m thick basalt intrusion. See

text for discussion.

Table 2. Band area ratios (Ap/Ag) between the 1600 and 1350 em™! peaks in Raman spectra and re-
spective optical reflectance values for two representative graptolite samples around the intrusion.
See also Fig. 4 for the position of the samples in the section studied

Sample number Rr Peak po_slition Bandvyidth Band area ratio
(%) (em™ ) (em ) Ap/Ag
1 1348 (D band) 267 4.26
(upper contact) 19 1597 (G band) 61
6 1348 (D band) 266 4.28
(0.5 m below the sill) 14 1597 (G band) 62
4 08 1347 (D band) 238 5.04
(3 m above the sill) 1600 (G band) 68

Sample#4 Rr=0.8%

Sample#1 Rr=1.9%

Graphite

P i

1000

1200

1400
wavenumbers (cm™")

1600

1800

Figure 8. First-order Raman spectra obtained from graptolites of 0.8 and 1.9 % R, rank, showing
characteristic bands at ~ 350 and ~1600 cm™" for carbonaceous material. Note the significant reduc-
tion in the line-width of the 1600 cm™ (G band) of the higher rank (1.9 %) analysis. For compari-
son, the spectrum of well-ordered graphite from the VySny Lazec graphite deposit (Moldanubian
Zone, Czech Republic) is also shown (adopted from Kfibek et al. 1994).
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Table 3. Pristane-to-phytane (Pr/Ph), Pr/n-C,, Ph/n-C g and CPI ratios for four representative black shale samples adjacent to the sill. The ratios of
phenanthrene and alkylphenanthrene biomarkers of samples 5, 6, and 7 are also given.

Sample number R, (%) Pr/Ph Pr/n-Cy7 | Ph/n-Cg CPI MPI-1 MPI-3 MPR MP/P DMPI
> 2.0 0.40 0.032 0.093 1.180 - - - - -
(lower contact)
6
(0.5 m below the sill) 14 0.13 0.021 0.153 1.087 0.93 1.03 1.63 0.36 0.35
7
(1.2 m below the) sill 0.8 0.15 0.028 0.189 1.218 091 1.00 1.52 0.33 0.33
4
(unaffected sample) 0.8 0.78 0.140 0.270 1.043 - - - _ _

and contained steam from the sediment pore waters and/or
the magma itself. The organic carbon in the sediments at
the contact may have reacted with steam, the clay minerals
acting as potential catalysts, resulting in the formation of
carbon monoxide and hydrogen (i.e. so-called synthetic
gas that is commonly produced on a commercial basis; Bis-
hop and Abbot 1995). In contrast to the contact sample, a
particularly large n-hexane extract (0.105 wt.%) was obtai-
ned from a sample collected 1.2 m below the intrusion,
which yielded a concentration about three times higher
than in unaltered Liten shale samples (Table 3). This obser-
vation suggests that pyrolytic products from the black shale
below the intrusion diffused or were driven away from the
contact and trapped in what can be called a “micro-res-
ervoir’ (e.g. Saxby and Stephenson 1987), probably be-
cause the surrounding rock was cool enough to allow the
vapours to condensate.

The pristane-to-phytane (Pr/Ph) ratio of the unaffected
Liteni shale is about 0.78, which is typical for oil-window
conditions (Suchy et al. 2002). Comparably low Pr/Ph ra-
tios of less than 1 typically occur in some organic-rich
anoxic sequences (Powell and McKirdy 1973), or in some
oils generated from Paleozoic carbonate source rocks
(Illich and Grizzle 1983). The samples affected by igneous
heat yielded Pr/Ph values that were appreciably lower than
those of unaltered sediments. This was unexpected, be-
cause Pr/Ph ratios generally increase with increasing de-
gree of maturity (e.g. Powell and McKirdy 1973). Thus the
variation in Pr/Ph ratios may be related to the rapid heating
experienced by the shale horizon (Boudou 1984, George
1992). The influence of the maturation process increasing
toward the igneous body is followed by systematically de-
creasing Pr/n-C; and Ph/n-Cg ratios, which are frequently
used as alternative temperature indicators of maturity
(Tissot and Welte 1984). There is particularly marked gra-
dient in Ph/n-C 5 ratios from 0.27 in the sample of lowest
maturity (1.0% R,) to 0.093 in the most highly mature sam-
ple (2.0% R,) at the igneous contact. The gradual decrease
of this value toward the intrusion indicates the heat-con-
trolled conversion of a thermodynamically unstable
branched phytane (C,j), which grades into a more stable
n-octadecane.

The isolated n-alkane fractions are within the
nC,3-nCsyrange, with a maximum between nC;,—nC 4 that
shows no obvious trend with respect to the contact aureole.
A slight odd/even predominance can be detected in all the

140

samples within the zone of influence as far as 1.2 m away
from the contact (CPI = 1.218). Beyond that limit, the
n-alkane extracts exhibit lower CPI values that correspond
to unaltered Liteni shale at a vitrinite reflectance level of
about 1.2-1.4% R, (Hunt 1996).

The presence of terpane and sterane biomarkers is re-
stricted to the samples furthest from the igneous contact.
The terpanes were identified only at a distance of 0.5 m
away from the contact, whereas both terpane and sterane
biomarkers were found only 1.2 m away from the sill (Ta-
ble 3), indicating maturity of the host rock equivalent to a
vitrinite reflectance of about 1.25% R, (Mackenzie 1984).
Aromatic biomarkers dominated by thermodynamically
more stable B-derivates, including phenanthrene, metyl-
phenanthrene, and dimethylphenanthrene were also identi-
fied only in samples distant from the contact, suggesting
that closer to the sill these thermally-sensitive hydrocar-
bons were probably pyrolyzed or otherwise thermally de-
graded.

Clay mineral diagenesis

The Liteni black shales that host most of the intrusions are
mineralogically uniform. Illite is present in all samples stu-
died, with the majority containing chlorite. Variable
amounts of quartz, Na-Ca feldspar, calcite, and rare dolo-
mite were recognized as accessory phases in most samples.
The proportions of individual mineral constituents show no
apparent correlation with distance from the igneous con-
tacts. Nevertheless, the samples collected from the igneous
contacts appear to contain higher amounts of plagioclase
and appreciably lower amounts of chlorite relative to those
from outside the contacts. In both contact samples a small
amount of smectite has been detected coexisting with illite.

In the samples studied for this project, illite crystallinity
(IC) data depict a medium to high-grade diagenetic stage
with Kiibler index (IC) values ranging from 0.70° to 0.44°
A206 (Table 1). The lowest crystallinity values (i.e. the
highest IC values; ~ 0.70-0.60° A260) were measured in
samples distant from the basalt intrusions. Since similar IC
values are typical for Silurian sediments elsewhere in the
basin that were not affected by contact metamorphism
(Suchy and Rozkosny 1996), these values probably repre-
sent the “diagenetic background” and can be interpreted in
terms of burial heating alone. The samples collected closer
to the basalt intrusions had higher crystallinity values (up
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to 0.44° A20), and must have been affected by intrusive
heating. Elevated illite crystallinity, however, has been de-
tected only in a relatively narrow zone immediately adja-
cent to the igneous contacts. In the case of a 4 m thick basalt
sill, for instance, the zone in which elevated IC values were
identified was only about 0.5 m thick (Fig. 5b).

A limited number of chlorite crystallinity (ChC) values
obtained over the Kosov quarry show variations similar to,
though less decisive than, those of the illite crystallinity in-
dex (Table 1). The 7A ChC values generally range from
0.37° to 0.30° A26, which suggests medium to high-grade
diagenetic conditions (Arkai 1991). In some cases, the
samples located close to the intrusive bodies tend to pos-
sess improved chlorite crystallinity compared to those far
outside the intrusions. In general, however, the differences
in ChC values between the individual samples apparently
affected by intrusive heat are relatively small (Fig. 5b).
This observation seems to confirm the conclusion of some
workers that the ChC method is a less sensitive tool than
the IC method, as 7A ChC increases more sluggishly than
IC during advanced diagenesis (Arkai et al. 1995, Yang
and Hesse 1991).

Various relationships between temperatures and IC
and/or ChC values have been proposed (Frey et al. 1980,
Arkai 1991, Underwood et al. 1992, Mullis et al.1995,
Kosakowski et al. 1999). According to these studies, the
highest IC values that are characteristic of the Kosov con-
tact-metamorphic samples (about 0.44° A26) may corre-
spond to temperatures between 170-230 °C, though more
recent empirical observations from active geothermal
fields suggest substantially higher temperatures in the
range of 275-300 °C (Junfeng Ji and Browne 2000). The
highest chlorite crystallinity values
(0.34-0.30° A26, encountered in sam-

ried to the surface by fluids was five times higher than the
respective conductive heat flux. Each curve corresponds to
temperature as a function of the depth, at an indicated time
(in days and years) after the intrusive event. Maximum sed-
iment temperatures around the intruded depth interval
(180-184 m) range from 310 °C at the upper contact to
70 °C 10 m above the sill, and from 380 °C at the lower
contact to 50 °C 10 m below the sill. These temperatures
were attained almost immediately at the contacts, but re-
quired 2-3 years to migrate tens of meters away from the
sill. The 1- and 5-year curves show that peak temperatures
at the sill site decrease rapidly, and that heat is transferred
to the sediments in the vicinity of the sill, smoothing out the
spike to about 140 °C and 70 °C, respectively. Calculations
also show that the temperature perturbation decays to a few
degrees C above the background temperatures of 20 °C
within 500 years. Similar but slightly higher temperatures
were obtained assuming that the initial temperature of the
intrusion was 700 °C. In that case peak sediment tempera-
tures ranged from 360 °C at the upper contactto 77 °C 10 m
above the sill, and from 440 °C at the lower contact to 59°C
10 m below the sill (Table 4).

After the igneous event, the sequence was subjected to
burial at depth. As shown by independent geological indi-
cators, the maximum burial temperatures in a given section
may have reached 80-90 °C (Suchy and RozkoSny 1996,
Dobes et al. 1997). These later burial temperatures may
have completely annealed the thermal effects of the intru-
sion at distances greater than 4-5 m below to 7-8 m above
the igneous contacts, if the initial temperature of the intru-
sion was 600 °C. Alternatively, given an initial intrusion
temperature of 700 °C, the complete annealing of the igne-

surface temperature 10 °C

ples 2 and 8 respectively) can be inter- :
preted in terms of temperatures ranging
from 200 to 240 °C, according to the cor- i
relation chart of Arkai (1991, Fig. 5). :

Thermal modeling of the intrusion
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from 900-1200 °C to 600-700 °C. We <[Z. . 89 e
also evaluated several geometrical distri- country rock g_: S conductivity | r=
butions of the sills, though only one re- temperature Q;‘a 1 Wimk) !
presentative example is reported here: a 10-20°C L % )
calculation performed with a simple | =1© | diameter 4 m
bed-parallel sill, 4 m thick, and entirely feeding depth of the

enclosed by organic-rich shale (Fig. 9).
Figure 10 illustrates the modeled
thermal history of the complete igne-

g radius of the model 500 m

A
heat flow 60 mWm=2| |

cha:nned model 500 m '
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]
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ous/sedimentary column at different
times after the igneous event. In a sce-
nario in which the initial temperature of
the intrusion was 600 °C, the contacts

were heated to 310 °C, and the heat car- See text for details.

Figure 9. Vertical crosssection of the model of the intrusion, and the basic model parameters used
for calculations. The intrusion was approximated by a vertical cylinder (50 m in diameter and 4 m
thick) with a narrow magma chimney below its central part. Cooling by fluids was simulated by in-
creased effective thermal conductivity above the ambient value of IW . m K'to5W.m' . K"
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mal circulation brought about the faster
cooling of the entire host rock section.
Hydrothermal cooling is especially ap-
parent at the upper contact (see sample
Oa in Fig. 11), where the temperature
dropped from about 310 °C to 260 °C
within 15 days. The curves for the rock

initial temp. 1.2 m below the igneous contact indicate
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] that in this particular setting the hydro-
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intrusion

thermal regime may have caused lower
peak rock temperatures (191 °C versus
207 °C) and the faster cooling.
According to our model, the duration
of the heating event was relatively short.
Intense heating lasted only some weeks
to months after the emplacement of the
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Figure 10. Calculated thermal profiles across the Kosov intrusion. The initial temperature of the in-
trusion was 600 °C. Each curve is designated with respective time after intrusion. Note the slight

500

sill. Given the hydrothermal cooling ef-
fects, the temperature perturbation of the
section may have completely ceased
within about three years.

600

asymmetry of the thermal profile due to the elevated heat advection by fluids above the intrusion.

ous event by later burial heating would have occurred at the
depths of 5-6 m below and 8—9 m above the intrusive body.

Figure 11 shows the time-temperature curves of the
sediments enclosing the sill at various times after the em-
placement of the intrusion. Each curve of this diagram dis-
plays the time-temperature path of an individual rock sam-
ple that has been examined for its organic and mineral
diagenesis. Hydrothermal circulation that commonly oc-
curs above sills (e.g. Krynauw et al. 1994) was approxi-
mated by applying elevated thermal conductivity to the
section above the intrusion. The curves indicate that higher
heat flux caused by hydrothermal circulation 3 m above the
contact elevated the peak rock temperatures above the sill
shortly after emplacement (sample 3.0a in Fig. 11). Over a

Discussion

Natural geothermometers based on the “instantaneous” co-
alification of vitrinite and/or graptolite periderm (Bostick
1973, Bostick and Clayton 1986, Bustin et al. 1989) sug-
gest maximum temperatures for the intrusive contacts wit-
hin the range of 320—420 °C. Illite and chlorite crystallinity
values indicate even lower maximum temperatures in the
range of 170-300 °C, according to various empirical corre-
lations (Arkai 1991, Mullis et al. 1995, Jungfeng Ji and
Browne 2000 among many others). The discrepancy bet-
ween the organic matter maturation and clay mineral crys-
tallinity-based temperature estimates can probably be as-
cribed to the sluggish rate of the clay mineral reactions

Table 4. Calculated peak temperatures of individual samples from around the sill (shown in Fig. 4) and their respective temPerature lifetimes. The initial

temperature of the sill was taken as 600 or 700 °C. Two different values of the effective thermal conductivity (5and 1 W . m

the thermal effects of hydrothermal circulation around the intrusion.

. K_l) were used to simulate

Sample number R, 600°C, 1W.m"'.K"' | 600°C,5W.m"' K" | 700°C,1W.m" . K" | 700°C,5W.m"'. K"
o time o time o time o time
(%) TCO (days) TCO (days) TCO (days) T (O (days)
4
(3 m above the sill 0.8 133 311 139 109 152 311 159 109
3
(1.7 m above the sill) 10 178 157 171 63 205 157 197 63
2
(0.4 m above the sill) 13 288 38 229 23 334 38 265 23
! 1.9 378 5 310 0 440 5 360 0
(upper contact)
> 2.0 378 5 378 5 440 5 440 5
(lower contact)
6
(0.5 m below the sill) 1.4 273 45 265 35 317 45 307 35
7
(12 m below the sill 0.8 207 105 191 77 239 105 220 77
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(Hillier and Clayton 1989, Barker 1991, 0 100
Olsson 1999). Nevertheless, all these 400 |
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empirical data generally suggest that the
maximum temperatures of the sediments

around the sill must have been remark-

ably low, relative to the initial tempera- 300 -
ture of mafic magmas that is typically as
high as 900-1200 °C (Hanson and Bar-
ton 1989).

In our earlier computer simulations
published elsewhere, we have shown
that initial magma temperatures between
900-1200 °C would theoretically result
in maximum contact temperatures up to
800 °C and extensive contact aureoles up
to 10-12 times the thickness of the intru-

200 —

temperature (°C)

100 —
i

80-90 °C - maximum burial temperature

sion (see Safanda et al., 2003 and the ref- 0
erences therein). These computer simu- 0 100
lations, however, clearly contradict to
the empirical data of natural geothermo-
meters that evince low temperatures and
thin metamorphic aureoles. The new
back-stepping computer simulations that
we present in this study suggest that the initial temperature
of the emplacement must have been as low as 600-700 °C
to provide a reasonable match between the model and em-
pirical data. In that case, the simulation results in peak tem-
peratures of the sediments at the igneous contacts of only
about 440 °C, and with contact aureoles of one to two times
the thickness of the intrusion.

Our results from empirical data and computer simu-
lations therefore imply that some mechanism must have
existed that quickly removed heat from the intrusions
without heating the enclosing sediments. Such effective
cooling of the intrusions may have occurred due to sur-
face waters. It is well known that some shallow subma-
rine basalt intrusions interacting with seawater typically
exhibit alteration at temperatures between 90 and 250 °C
only, and generate contact aureoles merely a few centi-
meters thick (Rangin et al. 1983, Desprairies and Je-
hanno 1983, Coulon et al. 1985). A similar geological
situation may have existed in the Barrandian basin. Field
observations indicate that the Kosov sills were emplaced
at a relatively shallow depth below the seafloor, into
soft, unconsolidated, water-saturated clays. Independent
petrophysical calculations have shown that the porosity
of Kosov shales was still between 68—78% soon after de-
position (Sramek 1978). Nevertheless, some alternative
explanations for the lowered temperatures near the igne-
ous contacts are also viable. Galushkin (1997), for exam-
ple, has suggested that if warm magma intrudes sur-
rounding sediments within a shell of cooled magma, the
temperatures involved may be considerably decreased.
Another mechanism for reducing the contact metamor-
phic temperatures could perhaps have been the heat con-
sumption due to dehydration reactions in the enclosing
shale, as proposed by Hanson and Barton (1989), and
Coombs (1993).

T I [ | | I | I
200 300 400 500 600 700 800 900
time (day)

1000

Figure 11. Calculated time-temperature curves at the upper (0a) and lower (Ob) contacts, and 3 m
above (3.0a) and 1.2 m below (1.2b) the sill, shown in full lines. The curves shown in dashed lines
reflect the cooling effect of hydrothermal fluids. See text for details.

Conclusions

A series of thin sills of doleritic basalts that penetrated
black Silurian shales at the Kosov quarry had only a limited
influence on the maturity and diagenesis of the intruded se-
diments. Detailed research of a four-meter thick sill and the
adjacent shales showed that moderately elevated values of
graptolite reflectance developed close to the igneous con-
tacts (1.9-2.0 % R, corresponding to ~3.0-3.6 % R,.,)-
The increase of the optical rank of graptolite tissue was
accompanied by a depletion of aliphatic-containing
groups and conversion into a condensed, relatively well-
ordered carbonaceous residuum. In general, these trans-
formations indicate short-lived contact metamorphic tem-
peratures in the range of 140 °C to 420 °C that affected se-
diments adjacent to the sill. Following the magma empla-
cement, some of the extractable organic matter was
instantly gasified by hot steam released from the magma
and/or sediment pore waters, but some hydrocarbons ap-
parently migrated away from the igneous body and con-
densed in a discrete “micro-reservoir” at a distance of
about 1 m below the sill.

In contrast to the sensitive response of the organic ma-
terials, the intruded shale exhibits only limited increases in
illite and chlorite crystallinity (IC = 0.44° A26, ChC =
= 0.34° A20) within the contact aureole. This can be ex-
plained in terms of a “lag” of mineral diagenesis behind the
organic metamorphism.

The thermal evolution of the sill in time and space was
modeled using an unsteady state heat conduction equation.
The modeling gives contact temperatures that are reason-
ably close to those derived from independent paleothermal
indices, given that the magma was highly water-saturated
and its temperature did not exceed 600-700 °C. Surface
waters quickly cooled the sill that probably caused the lim-
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ited extent of the thermal alteration and the low maximum
temperature experienced by the enclosing sediments.
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