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Abstract: In the present study, the thermal history of the Late Carboniferous (Stephanian) coal-bearing
sediments of the Sabero Coalfield has been reconstructed in order to elucidate coal rank. The Sabero
Coalfield is located in a small intramontane coal-bearing basin along the Sabero-Gordén fault zone,
one of the major E-W trending strike-slip fault systems of the southern part of the Cantabrian Zone
(NW Spain). The total thickness of the Stephanian succession is in excess of 2,000 m, and is composed
of siliclastic rocks and intercalated coal seams with tonsteins. Mean vitrinite reflectance values in the
Stephanian rocks in the Sabero Coalfield are in the range from 0.61 to 3.14% Rr, but most values are in
the range from 0.8 to 1.5% Rr (based on 84 samples). Average vitrinite reflectance gradient is high
(0.73% Rr/km), which suggests high value of average paleogeothermal gradient (52°C/km). The maxi-
mum paleotemperatures calculated from vitrinite reflectance values for the Stephanian rocks range
between 89°C (top of the Stephanian) and 195°C (bottom of the Stephanian). Coalification of the orga-
nic matter in the Stephanian rocks was achieved in the Early Permian, and was most likely related to
several almost simultaneous related to magmatic and hydrothermal activity during high subsidence
period in the pull-apart basin. The primary, burial-related maturity pattern, was probably slightly over-
printed by fluid migration event, which is supposed to have occurred in Early Permian time.

Key words: Spain, Cantabrian Mountains, Sabero Coalfield, Carboniferous, pull-apart basin, coalifi-
cation, thermal history, maturity modelling, vitrinite reflectance, eroded overburden

INTRODUCTION

Most of the Spanish coal deposits are located in the Cantabrian Mountains containing
~70% of the total coal resources, and 95% of the anthracitic and bituminous resources of the
country (e.g. Colmenero & Prado 1993, Colmenero et al. 2008). Despite this, few studies
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were published on the origin of these deposits. Colemenero & Prado (1993) were the first
authors to publish a map of coal rank of the area based on the volatile matter of coals.
Piedad-Sanchez et al. (2004a, 2004b) studied the petrography and thermal evolution
of coals in the Central Asturian coalfield (Westphalian age), while Frings et al. (2004)
carried out a study of thermal history in the Cinera—Matallana Coalfield (Stephanian age),
which is located only 14 km west of the Sabero Coalfield. Recently, Colmenero et al. (2008)
published an overview of the coal basins in the Cantabrian Mountains covering geological
and coal petrological aspects.

There is a long tradition of using the patterns of coalification to reconstruct the thermal
history of sedimentary basins including maturity modelling (e.g. Teichmuller 1987a, b,
Yalcin et al. 1997 and references therein). The modelling procedure typically starts with
a conceptual model, based on recognized geological evolution of a given basin, such as
deposition, non-deposition, and erosion. The validity of such models depends on the quality
of input data (Noth et al. 2002). By far the most widely used data for calibration of the
temperature history are vitrinite reflectance values, which can be compared with modelled
vitrinite reflectance values, such as those calculated by the kinetic EASY %Ro method
(Sweeney & Burnham 1990), as in this paper. Another approach is based on empirical stu-
dies (e.g. Barker & Pawlewicz 1994), which has also been used in this work. In the present
study, the thermal history of the Late Carboniferous (Stephanian) coal-bearing sediments
of the Sabero Coalfield was reconstructed in order to elucidate coal rank, in which hydro-
thermal activity could be an important factor (e.g. Hower & Gayer 2002).

GEOLOGICAL SETTING

The Cantabrian Zone (CZ) represents the foreland of the Iberian Massif. The present
structure and relief resulted, however, from the superposition of the Variscan and Alpine
orogenesis and intervening extensional tectonics. Precambrian rocks of the Narcea Anti-
form separate the CZ from the more internal areas of the orogen (e.g. Bastida et al. 1999).
Two stratigraphic domains are recognised in the CZ: the Asturian-Leonese and the Palentine.
The former comprises the following thrust units: Somiedo—Correcilla, Sobia—Bodén, Ara-
mo, Central Coal Basin, Ponga and Picos de Europa. The latter corresponds to the Pisuerga—
Carrién Unit (Pérez-Estatn et al. 1988). The Cantabrian zone consists of a Precambrian
basement covered by Paleozoic sediments. These underwent intense thin-skinned tectonics,
diagenetic to epizonal thermal events, and several episodes of fluid flow (Aller et al. 2005).

The Sabero Coalfield is located in a small (~12-16 km long and 3—4 km wide) intra-
montane coal-bearing basin along the Sabero—Gordén fault zone, one of the major E-W
trending strike-slip fault systems of the southern part of the Cantabrian Zone (Fig. 1). This
area constitutes the external zone of the Variscan orogenic belt in the NW part of the Iberian
Peninsula. Two different successions can be recognized with relation to the Variscan defor-
mation: one pre-orogenic and one syn-orogenic. The pre-orogenic sequence is formed by
the Lower Paleozoic siliciclastic rocks and the Devonian carbonate and clastic formations.
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Fig. 1. Geological sketch map of the Sabero Coalfield without Quaternary (A) and sedimentary

sequence showing maximum thickness of the coal-bearing formations within basin (B) (data mo-

dified from Rodriguez-Fernandez et al. 1978, 1979, 1988, Knight 1983, Pérez-Estaun et al. 1988,
Knight et al. 2000)

The synorogenic Carboniferous pile is interpreted as a foreland basin sequence (Julivert
1971, Marcos & Pulgar 1982). Both successions were complexly folded and thrust under
a thin-skinned tectonic regime between the Westphalian B and Stephanian times (Julivert
1971, Bastida et al. 1999). The Sabero Coalfield contains the Stephanian A and B coal-
bearing clastic sequences (Fig. 1) rest uncomfortably over the older Paleozoic rocks and
were deposited in a small pull-apart basin (Reading 1975, Heward & Reading 1980)
which was strongly faulted, particularly in its southern limb, during the latest phases of the
Variscan orogeny (Knight 1983, Knight et al. 2000). The Stephanian A strata contain about
20 coal seams and coal intercalations, thickness of which ranges from 0.3 to 2.0 meters.
The Stephanian B strata contain over 50 coal seams and coal intercalations, with thickness
ranging from 0.1 to 3.5 meters. The succession reaches maximum thickness ~2,500 m,
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and is composed of conglomerates, sandstones, shales and siltstones, with intercalated coal
seams with tonsteins (Heward 1978, Knight 1983, Wagner & Winkler-Prins 1985, Colmenero
& Prado 1993, Knight et al. 2000, Botor 2005, Colmenero et al. 2008). Small sills and dikes
of diorite or more basic composition frequently penetrate the coal seams. Pyroclastic hori-
zons are common (Knight et al. 2000). Following sedimentation of the Stephanian succes-
sion there was a long period of non-deposition and erosion until the Cretaceous. During
the Albian to Santonian, diachronous deposition of a 150 to 800 m thick sediments occurred
in the area (Evers 1967). Following the Alpine orogeny, which led to complex folding
and reactivation of the Variscan faults along the southern boundary of the Cantabrian Zone
(Alonso et al. 1995), erosion dominated and still persists today.

In most areas of the Cantabrian Zone (CZ), diagenetic conditions were dominant.
However, low-grade metamorphism developed locally (Aller & Brime 1985, Aller 1986,
Raven & Van der Pluijm 1986, Colmenero & Prado 1993, Garcia-Lopez et al. 1997, 1999,
Bastida et al. 1999, Brime et al. 2001, Frings et al. 2004). Two distinct metamorphic events
affected the CZ. The first event resulted from peak burial in the Westphalian and superim-
posed regional Variscan tectonic subsidence. It is exclusively manifested in the western-
most CZ. Metamorphic grade (up to epizone) is higher in older rocks. It developed previo-
usly and/or during the early stages of thrusting, with little of post-thrusting metamorphism
resulting from tectonic loading (Raven & Van der Pluijm 1986, Garcia-Lopez et al. 1997,
1999, Bastida et al. 1999, Brime et al. 2001). The second event is late- to post-Variscan
and is thought to be Late Stephanian-Early Permian in age (Aller 1986, Garcia-Lopez et al.
1999, Brime et al. 2001). It consists of two different processes. One is related to extensional
tectonics (Aller 1986, Colmenero & Prado 1993, Garcia-Lopez et al. 1999), which develo-
ped as mostly anchizonal to epizonal conditions. The other developed contact aureoles be-
tween post-Variscan granitoids and the intruded rocks. These two processes are genetically
interrelated and frequently act jointly, with contact metamorphism representing the final
stage of the process.

In the CZ the Variscan granitoid stocks are well-known. They have a tonalite-grano-
diorite-monzogranite composition and appear along with mafic to intermediate dykes
(Ferndndez-Sudrez et al. 2000). The granitoids formed by melting of the lower crust with
varying involvement of mantle-derived melts. The mafic to intermediate dykes originated
as mantle melts with some crustal contamination (Galan & Sudrez 1989, Galan et al. 1996).
The largest granitoids are in the Pisuerga—Carrion Unit. In the westernmost CZ granodiori-
tic to gabbroic intrusions are also known, which are mostly located along deep, late-Vari-
scan faults of considerable lateral extension (Julivert 1971, Corretgé & Sudrez 1990, Galla-
stegui et al. 1990). In the Permian, an important alkaline volcanism also developed (Cor-
retgé & Sudrez 1990).

Most plutonic intrusions in the Cantabrian and northern Central Iberian Zones invaded
between approximately 295 and 285 Ma, indicating post-tectonic extension (Ferndndez-
-Sudrez et al. 2000). This post-tectonic magmatic event began a few million years earlier in
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the most internal zones of the Variscan Belt (Dallmeyer et al. 1997). Fernandez-Sudrez et al.
(2000) and Gutiérrez-Alonso et al. (2004) propose that delamination of the lithosphere
was a triggering mechanism for the voluminous, orogen-wide, magmatic event. The final
décollement of the crust and lithospheric mantle is evidenced by orogen scale lower crustal
melting, widespread magmatism, fluid flow and coeval mineralization (Gasparrini et al.
2003, Aller et al. 2005). The delamination may have began between 320 and 310 Ma under
the Central Iberian Zone culminating between 300 and 290 Ma beneath the entire belt
(Fernandez-Sudrez et al. 2000, Gutiérrez-Alonso et al. 2004). The Variscan deformation
lasted to about 290 Ma (Dallmeyer et al. 1997, Martinez-Catalan et al. 1997), with the final,
extensional collapse phase of the Variscan orogen having taken place during Stephanian B-C
into the Permian across much of Iberia. Basin development was coeval with high heat flow,
granitic and monzogranitic magmatism, uplift and extension, creating intramontane conti-
nental basins along all of Iberia’s margins, possibly in conjunction with décollements along
former thrust planes (Lopez-Gomez et al. 2002). In the Cantabrian Mountains several out-
crops of dioritic dykes and sills intrude, and are folded along with Stephanian sediments of
the Cinera—Matallana Coalfield (Allyon et al. 2003). Although these rocks are not directly
dated, the associated magmatic activity and ore deposits within the Cantabrian Zone are
reported to be of Lower Permian age, likely between 293 to 262 Ma (Corretgé & Sudrez
1990, Crespo et al. 2000). Denudation eliminated most Stephanian basins in the Iberian
Ranges and along the southern margin of Iberia.

Several hundreds shows of mineralisation are known in the CZ. Most of them are fault
related and hosted in Carboniferous rocks. The most frequent deposit types are:

— Cu-Co-Ni. These deposits are mostly found in the western CZ and hosted by dolomiti-
sed Carboniferous carbonates (Fernandez et al. 1985, Paniagua et al. 1995). Less fre-
quently, they are hosted in the Carboniferous sediments near granodioritic to gabbroic
intrusions (Loredo & Garcia-Iglesias 1988, Cepedal et al. 1998).

— Pb-Zn-Ba. These deposits are mainly found in dolomitised Carboniferous carbonates
of the Picos de Europa Unit (Gémez-Fernandez et al. 2000).

— As-Sb-Au near intermediate to basic dykes (Paniagua et al. 1996, Crespo et al. 2000).
Sometimes, they are hosted in basic igneous rocks close to major faults (Gutiérrez et al.
1988, Loredo & Garcia-Iglesias 1988).

— Talc deposits are hosted in dolomitised Carboniferous carbonates of the eastern CZ
(Tornos & Spiro 2000).

The major metallogenic feature of the southern CZ is the abundance of hydrothermal
mineralization related to regional fractures, such as the Ledn, Tarna, Cofinal, Polentinos
and Ventaniella faults (Heward & Reading 1980, Luque et al. 1990). These deposits occur
as veins or breccias in dolomitised carbonates (e.g. Spiro et al. 1995, Paniagua et al. 1996).
Mineralization took place during the late Variscan (299-260 Ma) times, and was associated
with an extensional stress regime with fluid temperatures of 100-300°C (e.g. Ayllon et al.
2003, Gasparrini et al. 2003).
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SAMPLES AND METHODS

Mean random vitrinite reflectance (Rr) was measured on coal samples and dispersed
organic matter in samples of shales and siltstones collected from outcrops of the Sabero se-
quence. In addition, samples of coal material close to the tonstein horizons (from surface and
underground outcrops) well known in this basin were included (Knight et al. 2000, Botor
2005). The reflectance measurements (% Rr) were carried out on polished grain sections
using an Axioskop-Opton microscope in reflected white light mode, using (50%) oil immer-
sion objective, following usual ISO procedures (ISO 7404-5, 1994). Even though the out-
crops were used for sampling, oxidized samples (or regions within samples) were eliminated
and only the non-oxidized internal parts of the rocks were measured for vitrinite reflectance.

Vitrinite reflectance data were used for calibration of the maturity modeling of one
idealized (simplified) pseudo-well. The lithology and stratigraphical thickness are based
on: Manjon-Rubio et al. 1982, Colmenero-Navarro et al. 1982, Truyols et al. 1984, Ro-
driguez-Fernandez et al. 1978, 1979, 1988, 1990, Pérez-Estatn et al. 1988, Knight 1983,
Knight et al. 2000. The applied methodology has been explained in detail by Oncken (1982)
and Noth et al. (2002). Simulations of paleo-heat flow and burial history were performed by
PetroMod 1-D numerical modelling software of IES GmbH (Aachen, Germany). For cali-
bration of the temperature history, the kinetic EASY % Ro method (Sweeney & Burnham
1990) was applied. Modelling was carried out by varying the paleo-heat flow and erosion
values until the best-fit was attained between measured and calculated vitrinite reflectance
data. Additionally, the approach of Barker & Pawlewicz (1994) was used to calculate pale-
otemperatures and gradients as this method seems to be the most appropriate in the Canta-
brian Zone (see Frings et al. 2004).

RESULTS AND DISCUSSION

Results of the vitrinite reflectance measurements of the samples from the Sabero
coal-field are given in the Table 1 and in the Figure 2. 1-D thermal modeling was performed
using a basic input data given in a Tables 1-2. In Figures 3—4 are shown calcu-lations of Rr
gradients, geothermal gradients and amounts of the removed overburden. The results of
numerical modelling of thermal maturity are given in Figures 5-8. Single sample, which has
a value of 3.14% Rr is located close to a Permian igneous dyke from the northern part of
the Sabero Coalfield. In few samples cokes are also found (Botor 2009), and these were
excluded from the data set used for calculations and modeling of the regional thermal evo-
lution. Most values of vitrinite reflectance of the Stephanian sedimentary sequence are in
the range from 0.8 to 1.5%, with median value 1.15% Rr (Tab. 1, Fig. 2). Recent investiga-
tions of the tonstein mineralogy (Knight et al. 2000) and illite crystallinity of pelitic rocks
and coal rank (Frings 2002) confirm the predominantly diagenetic character of these rocks.
Recently Colmenero et al. (2008) reported thermal maturity of the Sabero Coalfield in
the range 0.92—1.5% Rr (based on 23 samples), a value that corresponds well with the re-
sults of this study.
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The vitrinite

Table 1

reflectance values for the Stephanian rocks of the Sabero Coalfield. Maximum

thickness of each Stephanian formation is also given. Estimated paleotemperatures are based on

Barker & Pawlewicz method (1994)

Maximum % Rr Paleotemp.
Formation thickness number calculated
[m] range of samples average [°C]
Perla 490.0 0.71-1.27 9 0.99 135
Unica 280.0 0.82-1.20 7 1.01 136
Herrera 300.0 0.89-1.40 14 1.17 148
Quemadas 205.0 0.61-1.18 11 0.99 135
Sucesiva 150.0 0.96-1.35 9 1.15 147
Gonzalo 140.0 0.86-1.23 12 1.07 141
Raposa 650.0 0.81-1.50 18 1.07 141
Alejico 300.0 1.20-1.85 4 1.53 170
Table 2
The basic input data used for a maturity modeling
Formaon | PP (0] | st Proent SN age | o gy |
name 20°C
top |botom [m] (Ml | from | to |from| to [W/mK]
Quaternary 0.0 1.0 1.0 - 1.8 0.0 - | - SANDsilty 297
Cretac_erod*| 1.0 1.0 0.0 800 | 130.0| 65.0 | 65 | 2 |SAND&SHALE| 2.65
Mezo_hiatus | 1.0 1.0 0.0 - 123001300 - | - none -
Eroded_C/P*| 1.0 1.0 0.0 1650 | 300.0 | 295.0 | 295 | 230 | SANDsilty 2.97
Perla 1.0 |491.0 | 490.0 - |301.03000| - | - SILTsandy 2.55
Unica 491.0 | 771.0 | 280.0 - 130203010 - | - SANDsilty 2.97
Herrera 771.0 {1071.0{ 300.0 - 1303.0/3020| - | - SANDshaly 2.78
Quemadas |1071.0/1276.0 205.0 - 130393030 - | — |SHALE&SAND| 2.65
Successiva |1276.0/1426.0| 150.0 - 130503039 | - | — |SHALE&SAND| 2.65
Gonzalo 1426.0{1566.0| 140.0 - 3057|3050 | - | — |SHALE&SAND| 2.65
Raposa 1566.02216.0| 650.0 - 1306.03057| - | — |SAND&SHALE| 2.65
IAlejico 2216.0{2516.0| 300.0 - 130653060 - | - SANDcongl 2.93

* Different values of the models are given in Figures 5, 6.
Tc — thermal conductivity.
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Fig. 2. Distribution of the vitrinite reflectance measurements in the Stephanian rocks of the Sabero
Coalfield (A) (N — total number of samples, SD — standard deviation); spatial distribution of the Rr
on the present-day erosional Stephanian sequence surface (B)
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The spatial distribution of vitrinite reflectance values is complex with different features
that must be considered independently. Local maxima of Rr are visible on the Rr map in
the vicinity of faults (Fig. 2B). However, relation between coalification trend and structural
position is not very obvious (Tab. 1, Figs 2B, 3A, 4A). Exact stratigraphical and vertical
pattern is difficult to establish because the Stephanian strata are strongly influenced by brittle
tectonics. Some parts of the generalized maturation pattern were likely displaced by faults,
which can be deduced from the irregular increase of % Rr (Figs 3A, 4A). Therefore the
thermal maturity pattern (Figs 3A, 4A) shows only simplified trend of coalification based on
average values established for the mid-formation points.

The vitrinite reflectance gradient is high (0.73% Rr/km — Fig. 3A), which suggests
rather high paleo-geothermal gradient at the time of maximum burial. However, when
attempting a more detailed interpretation of vitrinite reflectance gradient one should take into
account that there are several faults dissecting the Sabero Coalfield. For example in the
Herrera Formation the vitrinite reflectance gradient is extremely high (1.03% Rr — Fig. 4A),
therefore unusually high 169°C/km paleo-geothermal gradients was calculated (Fig. 4B).
Also in the other Stephanian formations of the Sabero Coalfield high paleo-geothermal gra-
dients (112-210°C/km) were calculated (Botor 2009). The relatively moderate correlation
coefficients suggest a discontinuity in the thermal gradients profiles in the Sabero Coalfield.
Therefore, the estimated value of 52°C/km (Fig. 3B) should be regarded as average and sim-
plified value. Anyway, this would give extremely high heat flow, which can be explained
probably only by hydrothermal activity. Uysal et al. (2000) showed paleo-geothermal gra-
dients in the range of 70~130°C/km in settings influenced by hydrothermal activity. In the
Upper Rhine Graben, they generally range between 40 and 90°C/km, but locally, can be as
high as 120°C/km (Robert 1988).

The validity of the gradient calculations is moderately supported by the sufficiently high
correlation coefficients R of the regression lines (Figs 3—4), indicating peak coalification
to have been more or less contemporaneous with peak burial. The scatter of % Rr values
within each formation is probably also dependent on other factors, like weathering (?)
and the likely presence of unre-cognized small-scale faults. In sedimentary basins the in-
crease in vitrinite reflectance is generally considered to be dependent on burial depth, time
and the related palaco-thermal history. The two most important factors are considered to be
the palacogeothermal gradient and the paleo-heat flow (Yalcin et al. 1997).

In this study, the mean palaeo-geothermal gradient calculations and palaeco-heat flow
modelling are based on the assumption that the maximum coalification reflects peak burial
and peak temperature conditions, which in turn are directly related to the magmatic activities
of late-Variscan age. Mendez (1985) concluded that the intrusion of magmas in the Cinera—
Matallana coalfield exerted most pronounced influence on the overall coalification grade
with locally restricted anomalies there where the coal-bearing host rocks occur in direct con-
tact with the magmatic material.
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In contrast to the traditional concepts that consider organic maturation to be a function
of both maximum burial temperature and effective heating time (e.g. Yalcin et al. 1997),
the time-independent approach (Barker & Pawlewicz 1994) has gained general acceptance
recently for interpreting thermal histories of areas characterized by complex geological
histories (e.g. Barker 1983, Barker & Pawlewicz 1994, Akande & Erdtmann 1998). While
the application of time-temperature models is limited to first-cycle sedimentary basins with
well known burial and thermal histories, the time-independent method based on several
statistical correlations between vitrinite reflectance and peak temperature can be applied
to complicated orogenic sequences (e.g. Laughland & Underwood 1993) and hydrothermal
systems (e.g. Barker 1983). Excellent correlations between fluid-inclusion homogenization
temperature and vitrinite reflectance confirm temperature as the major control on organic
maturation (e.g. Barker & Pawlewicz 1994, Tobin & Claxton 2000).

Fluid circulation can cause the increase of heat flow at shallow level in a short time by
a factor of 5 over the basement heat flow (Gayer et al. 1998a, b). The Herrera Formation is
situated in a highly tectonised area and the presence of internal faults cannot be excluded
(see e.g. Knight et al. 2000), which would indicate intense fluid transport in the highly
permeable layers. The Herrera Beds occupy the faulted core of the Sabero Syncline and are
bounded by two major faults. Although, Herrera Formation has very restricted outcrops,
historically they represent the principal productive coal seam interval of the mining ope-
rations, and were referred to as the Paquete Central for the Sotillos Mine. It was shown
(Knight et al. 2000) that the principal worked sequence suffered intense tectonic deforma-
tion with probably at least three major thrust faulting events affecting the main seams and
apparent subsequent refolding in association with later fault movements. The principal
coal-bearing sequence of the Herrera Beds was originally believed to contain five or six
significant workable seams within a total stratigraphic thickness of over 300 m (Knight
1983), but recently it has been reinterpreted to comprise up to three, steeply inclined thrust
fault repetitions of no more than two principal seams (Fig. 4 in Knight et al. 2000). Such
tectonic complexities cause additional problems with calculation of the geothermal paleo-
gradient in this formation. Few vitrinite reflectance data are also given by Knight et al.
(2000). They noticed an irregular pattern of relatively high reflectances (1.4-1.8% Rr) in
the strongly tectonized Unica and Herrera Formations, while more uniform range of lower
values (1.2-1.3% Rr) was found in the older sequences of the Sucessiva and Raposa Forma-
tions (Knight et al. 2000). Such values plotted against depth would give the coalification
trend that is difficult to interpret. But this pattern suggests that different % Rr vs. depth
in each Stephanian formations were likely separated by faults. This idea is also supported
by the present data (Tab. 1, Fig. 3A). Therefore, % Rr depth-trend is likely oversimplified
and have some uncertainty. In the Sabero Coalfield, the high % Rr gradient imply that
heat flow was high. Heat flow in extensional any pull-apart basins is typically in range
of ~100-150 mW/m? (e.g. Allen & Allen 1990). Similarly, very high values of heat flow
(100-180 rnW/mz) was given by Copard et al. (2000) for the intramontane coalfields of
the Massif Central (France) as an evidence of hydrothermal fluid circulation which caused
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coalification. Additionally palaco-heat flows in this range are reported from similar settings
such as the Eastern Alps (Sachsenhofer 2001).

Colmenero et al. (2008) suggested recently that the high thermal fluxes associated
with magmatic events provided the necessary temperature to accelerate the maturation of the
Stephanian coalfields of the up to anthracite coal rank in the Cantabrian Mountains. How-
ever Sabero Coalfield is characterized by one of the lowest coal rank level of them, in which
hydrothermal effects were not manifested so intensively. Therefore, other mechanisms, like
burial, might be also important factor influencing the coalification process. For example
in the Cinera—Matallana coalfield, the preferred values of the former overburden are estima-
ted to be ~1,050 m, whilst not acceptable value for 2,000 m (Frings et al. 2004). They also
calculated the average palogeothermal gradient in the Cinera—Matallana basin as high as
85°C/km, and paleo-heat flow as high as 150 mW/m? (Frings et al. 2004). In the Sabero
Coalfield average palogeothermal gradient in the entire sedimentary succession was calcula-
ted on 52°C/km (Fig. 3B). Geothermal gradients higher than normal may also be expected
in organic-rich sediments due to their low thermal conductivity (Blackwell & Steele 1989,
Hower & Gayer 2002). The organic-rich lithologies (including coals) are very thin compa-
red to the dominantly clastic sedimentary strata of the Sabero Coalfield. The calculated
average thermal conductivity values for the Stephanian formations (Tab. 2) are between
2.55-2.93 W/mK, therefore, the variations in geothermal gradients cannot be explained by
lithostratigraphy.

The various equations describing coalification (e.g. Barker & Goldstein 1990, Barker
& Pawlewicz 1994, Mullis et al. 2001) are applicable only to specific settings of particular
thermal histories. However, as the calculated value for the overburden is in accordance with
that obtained through the approach of Yamaji (1986), the calculated mean palaeco-geother-
mal gradient provides a good estimate of the palaeo-thermal history of the Sabero Coalfield.
Nevertheless, the kinetic EASY % Ro approach (Sweeney & Burnham 1990) was used
for calibration of the 1-D modelling of the empirical results. In order to obtain a good fit
between measured and calculated vitrinite reflectance values, different scenarios were cal-
culated with an iterative method using EASY % Ro algorithm (Sweeney & Burnham 1990)
implemented in the PetroMod software. The time of maximum burial was most likely du-
ring the post-Stephanian B (Latest Stephanian to Early Permian), assuming deposition
of sediments until Early Permian and subsequent exhumation and erosion (Julivert 1971,
Heward 1978, Marcos & Pulgar 1982).

Initially a model similar to Frings et al. (2004) was adopted with 150 mW/m? heat flow
and erosion of 1,050 m of the Permian sequence. This model resulted in high overestimation
of the coal rank, particularly, in the lower part of the profile (Fig. 5SA). Therefore, further
simulations were carried out in order to fit model to the data set. The best fit was achieved
using a paleo-heat flow of 60 mW/m? for the time of maximum burial and a total overbur-
den of 3,200 m (Fig. 5B). Such a low heat flow value is in disagreement with the high
geothermal gradients derived from high vitrinite reflectance gradients (Figs 3B, 4B). More-
over, total overburden of 3200 is also unlikely from local geology data. There is no tectonic
nappe or a thick pile of other sediments of that age in the study area. Therefore, a 3,200 m of
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eroded Permian overburden seems to be too high value. Martinez-Garcia (1990) also pre-
dicted a Permian cover to have overlain the whole Cantabrian Zone. But it is considered
unlikely that such a cover exceeded much more than 1,000 m thickness in the SCZ, as only
very small outcrops of Permian strata are preserved in the north of the Cantabrian Zone.
Similar conclusions have been also drawn by Frings et al. (2004). The burial history indica-
tes rapid subsidence during the Stephanian to Early Permian times, followed by high ero-
sion rate (Figs 5, 6). Estimated sedimentation rate for this period was about 400-800 m/Ma
depending on time of the Stephanian sedimentation (without taking into account the eroded
overburden). It is considered very likely that overburden relates to further sedimentation in
the latest Stephanian and in the Early Permian (Julivert 1971, Heward 1978, Marcos &
Pulgar 1982). Apatite fission track data from the neighbouring Cinera—Matallana Coalfield
(Carriere 2006) suggest that the paleotemperature in the Stephanian rocks increased slightly
in the Cretaceous times. This could be related to a Cretaceous sedimentary cover over
the entire SCZ including both the Cinera—Matalana and Sabero coalfields. However, the
Cretaceous burial probably did not exceed ~500-900 m (Evers 1967, Heward 1978, Frings
et al. 2002). It could not have influenced coalification of the Stephanian rocks. Moreover,
the maximum paleotemperatures in the Stephanian rocks occurred in the Permian time
(Carriere 2006). Therefore, a total overburden thickness, which was related to coalification
of Stephanian rocks was deposited in the Early Permian and was less than 2000 m.

In another modelling exercise (Fig. 6) a heat flow of 88 mW/m? and a total overburden
of 1,650 m were used (based on the estimation from Fig. 3A). This amount of eroded over-
burden is more or less similar to the estimation in the Cinera—Matallana Coalfield (Frings et al.
2004). This model also produced fairly good fit with the measured % Rr values (in the range
of 95% confidence interval), but not for the upper part of the profile (Perla and Unica For-
mations) (Fig. 6). Nevertheless, the model presented in Figure 6 seems to be the most plau-
sible from the point of view of the local geology, and it is therefore the preferred model.
Lack of coincidence between the EASY % Ro (Sweeney & Burnham 1990) and Barker &
Pawlewicz (1994) algorithms can be attributed to a very short heating time, probably less
than few million years (Sachsenhofer & Littke 1992, Uysal et al. 2000, Buker 2002, Frings
et al. 2004). Such a short thermal overprint can be related to relatively rapid fluid circula-
tion in highly permeable rocks close to deep-sited faults like Sabero—Gordon, Olleros,
La Llama, and others in the Sabero strike-slip basin. Uysal et al. (2000) argued that if coal
maturation occurred during a short-lived heating event, Rr values could be translated safely
into maximum paleotemperatures using the equations of Barker & Pawlewicz (1994).
The maximum paleotemperatures for the Stephanian rocks range between ~89 (top of the
Perla Formation) and ~195°C (bottom of the Alejico Formation) (Fig. 6B). Ayllon et al.
(2003) in fluid inclusion study in the Sabero and Cinera—Matallana coalfields estimated
paleotemperatures in Sabero Coalfield from 73-129°C to 164-296°C in hydrothermal
quartz crystals of the diorite sills of Permian age. Some of these are in direct contact to coal
seams. Paleotemperatures calculated by Barker & Pawlewicz (1994) method range from
135 to 170°C for the averages values from Stephanian formations of the Sabero Coalfield
(Tab. 1) which fall into range of calculated values by EASY % Ro method (Figs 5, 6).



383

Hydrothermal fluids influence on the thermal evolution...

(D) uorso1d ueosueA-Isod oyl Jo W ()0Z‘¢ Pue [BLING WNWIXEW JO OWI} Y Ul AW/ 09 urwnsse p[oIeO) 019qeS JO
[opow 11J-)soq Ay} J10J AIOISIY [eWIdY) pue [eunq (g) [opow 31j-1S9q oy} 10 uoneIqied oyl () S[Opow uonedljI[eod snoLeA 10} (0661
weyuing 29 AU20MS) poyowl 0y % ASVH AQ SONJeA 0UBJOS[JAI SUULDIA (SUI) PJR[NI[Ed PUB (SJOP) PAINSBIW U9AMIOq uosiiedwo)) g “SIf

o0 00Z-00'064 [l 000010006

006100084 Il
ooeL-00'04 I
o0zL-00'0% I
o osL-00 st Il
orEL-000rL I
o orL-00 081 [
O OEL-00'024 I
024000
00110000

o 05 09 0L 02 08 004 04 021 0S1 el

(epy) oty

JANW TR ML 182 PUR SIUMUIPIS URTURYAANS PAPOID 341 W (OFT M) JO FUINSSE [2pow
/AL §f ANDJ 1B PR STUSUIPaS urtueydalg papors oy w gOg | g Jo Sunumsse [pow
AL ()9 MOL) TB3Y pri STUsuIpas wregdg paposs syl wo g | M jo F
LI () MO[J T8I pue suoispues unueydag papors a1 w gpg| Mg jo Sunmsse [apow
1/ANU O MO TEsy put sajeys umueydag papous aug) w oot M jo Fus

S8 [2pou

S [APou

{n .-E___“,;E (1R MO} 183Y PUE SUMSPUES URUEYNS pOposa Sy W (0T Y Jo Tununsse [apow

()

esodey

elag

00’
12

0
P

b
h]

.
W O0Y%ASVHE Smm__onEE:m ¥ Koudomg

oo

TH%

L1014

0004

1]

(w)pdog mErEEEE

0005
UL LIS () MY TE3Y puE speawipas ueeydarg paposs sy w ogzE s jo Sunumsse [apow ™
0005 N
R
=T
i Aﬂ codonr :‘I.
2 - -
—_
E] g
= ) 3
wo ¥

-\
- ="
o
aroL oo

[9potlT 034% ASVH (0661) Weyuing 7y Kousomg
() (a

TH%
AU G5 MO FESY pere S0 3k papass S i (kg 24 Jo Tapunsse ppou
ML (DL MO FES] pere St 3k Papas UL (ipg 24 Jo Tajunsse ppou
NV () O PSR pere St kg papas UL (e | 24 Jo Taunsse Epou

(w)pdod mumeeEmEm

oL oo
[Ppow 0% ASVA (0661) weyung 2 £Husoms v



D. Botor

384

(@) PRy
-[e0) 0I2qeS Jo [opow paiejaid oy) 10J AI0isiy [eundy) pue [eunq () (¢ "S1J) uonenoeds Judlpeis Ayl yum [[om sy pue Ajqeqoid arow
yonuw SI onjeA UIPINQIIAO PIPOId oy} Inq ‘yYsSnoud [[9m puodsarrod jou op d[yord ayi jo jed 1oddn oy ur sonjea painseaw [opour SI}
U] "UOISOId UBOSLIBA-ISOd 9y) JO W ()G9 pue [eLng WNWIXew JO dwIl) dy} ul AU/MW 88 Mmo[y 183y Surwmnsse [opow pawdyaxd ayy 10f (0661
weyung 2 Aoudoms) poylowl 0y % ASVH AQ Son[eA d0URJOS[JAI ONULDIA (JUI]) PAJR[NOed PUB (SJOP) PAINSLAW U9IMIQq uostedwio) 9 “Siq

000020006 il 0000L00 06

ooosi-oo0si ]  ooos-00ce
0ooe 000zt i 00'CE-00 0 [ o
ooosi-oocss ] ooos00 e 0oE Y
oome-000sk i  00ce-000s =
0o0Si-000vE B 00'cs00or il 0002 \W;
ooovi-00cel i ooorooce i =
00'0E4-00'02H | oo e 000z i
- : 000t
00024000k oo'czooo i
000 -00 004 oookooof g
N o [=nisiz0] ainpaiadwa |

| DIOZON3D | 2I0Z0S3N DI0Z03 vl |

r T T T -T T T T T T T T T T T T T T T T T T T T T T T =TT ™

nnNEnErmenoenmmMmn MR A ONLOLLNZL MEL ML NGL MBL N/L MRL MRL NNZ NLE NEZ MRZ N2 NS2 M2 042 0BZ 062 OCE A

d

(eN) oy

() /MW g8 Moy 183y pue sjuauipas ueiueydalg papoia il w g9 ay jo Fumunsse japow [
% A

(1) /M (@ MO 183Y pue sjuauIpas ueiueydalg papo:d ayl w g9 ay jo Sumunsse japow g

oallaly N N—— 9182

esodey N/ S—u ooz
3
=4
=
=4

EENET %. -O00V 5
S

il Yy

Bliad .Ill./ 5
0500t e w0z oL 000

[opow 0% ASVH (0661) weyuing % L3usomg v



Hydrothermal fluids influence on the thermal evolution... 385

Additional model was tested using only % Rr data from the Herrera beds (Fig. 7), in
which a heat flow 150 mW/m? and a total overburden of 700 m produced a good fit, but
only for the Herrera beds. Both upper and lower parts of the calculated model do not sup-
port % Rr data from other Stephanian formations. Calculated values for the Herrera beds
express very high heat flow even if calculated with significant error. Comparison between
EASY % Ro and Barker & Pawlewicz (1994) results suggest that the latter approach seems
to be the most appropriate for the Southern Cantabrian Zone coalfields (see also Frings et al.
2004). High paleo-heat flow values estimated in the Sabero Coalfield (88 mW/m?), and
particularly in the Herrrera Formation (150 mW/m?), seem to be related to short-term
(below 1-3 Ma) fluid migration in the Latest Variscan phases (or post-Variscan) in the Early
Permian. This would imply that coalification related to primary burial, under likely mild
geothermal conditions, was overprinted by the rapid hydrothermal processes, which are
supposed to happen in the Early Permian time.

Sweeney & Burnham (1990) EASY%Ro model
0.10 1.00 10.00
P PR T Y

Unica

_ |
1000 \\ ‘Q@\ Herrer

| A\ N

] N =~

4 Raposa
2000 \\ \\

2623 ] Alejico

B r

- model assuming of the 700 m the eroded Stephanian sediments and heat flow 100 mW/m’ (1)
. model assuming of the 700 m the eroded Stephanian sediments and heat flow 150 mW/m’ (2)

Depth (m)

Fig. 7. Comparison between measured (dots) and calculated (line) vitrinite reflectance values by
EASY % Ro method (Sweeney & Burnham 1990) for the Herrera Formation model assuming heat
flow 150 mW/m? in the time of maximum burial and 700 m of the post-Variscan erosion

The Stephanian deposits in the Sabero Coalfield achieved probably their maximum
coal rank in Early Permian time (Fig. 8) independently on which of the applied models is
taken into account (Figs 5-7). An important factor, which influenced coalification of orga-
nic matter in the Stephanian rocks was undoubtedly related to syn-sedimentary magmatic
activity in the Late Variscan as well post-Variscan. It seems that the widespread magmatism
in the Late Variscan times in the Cantabrian Zone relates to delamination of the crust
and upwelling of the astenosphere (Munoz et al. 1985, Ferndndez-Sudrez et al. 2000). This
magmatism could also have activated hydrothermal fluids migration, especially in areas
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of deep-seated faults, like in the Sabero Coalfield. However, the non-linear shape of the
coalification curves (Figs 3A, 4A) could be caused by hydrothermal fluid migration and/or
brittle tectonics. Therefore, it is difficult at this stage of research to assess with certainty,
which of the factors factor had major, unique influence on the coal rank.

Time [Ma
A) 306 260 200 1&3 ! 100 50 0
PALEOZOIC | MESOZOIG | CENOZOIG
c [ P T T 1] J | K [ Pg T Ng
4,50 1 L
3.00 ] i
2.00 i
@/ :
0.00 r
B Sweeney&Bumham(1990)_EASY %R0 - layer Alejioo
Time [Ma
B) 306 250 200 1&0 i 100 50 0
PALEOZOIC | MESOZOIC | CENOZOIC
c [ p | T | J [ K | Pg | Ng
4,50 1 =
300 ] L
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B SweeneyaBumham(1930)_EASY %R0 - layer Perla

Fig. 8. Timing of the coalification for the top (A) and bottom (B)
of the Stephanian sedimentary succession in the Sabero Coalfield

The Cantabrian Zone is essentially regarded as a non-metamorphic unit. Several stu-
dies dealing with illite crystallinity, vitrinite reflectance, cleavage development and cono-
dont colour alteration index have been published (Brime 1985, Aller et al. 1987, Alonso &
Brime 1990, Colmenero & Prado 1993, Garcia-Lopez et al. 1997, Bastida et al. 1999, Brime
et al. 2001). They have shown the distribution and main features of the various zones
within the transition from diagenesis to metamorphism, formed during at least two episodes
of low-temperature metamorphism in the Cantabrian Zone, which influenced the Carbo-
niferous sediments. In the southern Cantabrain Zone Stephanian coal-bearing basins are
distributed along strike-slip faults, formed as a consequence of transtensional movements,
which migrated westward with time during the late stages of the Variscan orogeny.
The basinal sediments generally have high coal rank, which in many occasions are higher
than the Westpahalian foreland and intrathrust coal basins in the same region (see Colme-
nero et al. 2008). Colmenero & Prado (1993) consider the rank to depend on the structural
location of the coalfields. Aller et al. (2005) showed that the last thermal episode occurred
during the Permian. It was produced by heat flow due to hydrothermal fluids, whose migra-
tion was favoured by faults, which is supported by this study. The effects of this episode are
irregularly distributed, and they are apparent in the unconformable Stephanian rocks.
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The Paleozoic rocks in the Cantabrian Zone underwent intense thin-skinned tectonics,
diagenetic to epizonal thermal events, and several episodes of fluid flow causing large-scale
hydrothermal dolomitization (e.g. Gémez-Fernandez et al. 2000, Gasparrini et al. 2001,
Ayllon et al. 2003, Aller et al. 2005). Main pathways for the fluids were the Variscan thrust
and fault planes. Extensional tectonics may have promoted a gravity driven flow of fluids,
which circulated deeply down and underwent heating (Gasparrini et al. 2003). The highest
coal ranks are being likely linked to hydrothermal heat flows related to the presence of
major deep faults. Locally variable porosity and the degree of compaction of the Stephanian
sequence might play an important role in the development of the coalification pattern. Rela-
tively uncompacted and lithified sediment would facilitate fluid circulation, whereas heat
transfer would be more effective at such early diagenetic stage (Duddy et al. 1994). There-
fore, any related fluid activity that would reflect anomalous thermal gradients may be
expected to have left an imprint upon the Stephanian clastic deposits. Studies of fluid inclu-
sions of the southern Cantabrian Zone showed fracture-controlled fluid flow along steep
systems associated with thrusts and/or with strike-slip faults (Gomez-Fernandez et al. 2000,
Gasparrini et al. 2001, Ayllon et al. 2003).

Irregular thermal maturity pattern may be related to short-lived fluid migration in the
Stephanian rocks, which caused overprinting of the initial burial diagenesis. The recon-
struction of the thermal history of the Sabero Coalfield was best achieved with the empirical
equation of Barker & Pawlewicz (1994). Thermal modelling with favoured EASY % Ro
method results a good fit but with a minor geological relevance. Only with additional infor-
mation about the basin evolution the more realistic reconstruction could be developed.

CONCLUSIONS

1. The vitrinite reflectance values in the Stephanian rocks in the Sabero Coalfield are
in the range of 0.61 to 3.14% Rr, but the most values are limited to the range of 0.8
to 1.5% Rr (based on 84 samples).

2. Average vitrinite reflectance gradient for the entire succession is high (0.73% Rr/km),
which suggests a high paleogeothermal gradient (52°C/km).

3. The maximum paleotemperatures calculated from vitrinite reflectance data for the Ste-
phanian rocks ranged between 89°C (top of the Perla Formation) and 195°C.

4. Coalification of organic matter contained in the Stephanian rocks was achieved in
the Early Permian. It was probably related to several almost simultaneously operating
processes, the most important of which were magmatic and hydrothermal activity
and high subsidence in this pull-apart basin. High palacogeothermal gradients estima-
ted in the Sabero Coalfield may be interpreted to result from convective heat transfer
during a hydrothermal event. Variable heat distributions, due to localized fracture-
-enhanced permeable zones acting as hot reservoirs in the deeper part of the basin, may
have been responsible for some significant local thermal anomalies. Therefore, the pri-
mary burial-related coalification pattern was probably overprinted by short-term fluid
migration event, which is thought to have occurred in Early Permian time.
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