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Erroneous coal maturity assessment caused by low
temperature oxidation

Y. Copard J. R. Disnar, J. F. Becq-Giraudon and F. Laggoun-Défarge

ISTO-UMR 6113 du CNRS, batiment Géosciences, Université d'Orléans, rue de
St Amand, BP 6759, 45067, Or/éans cedex 2, France

Abstract

Previous work carried out on different outcrop coals from the French Massif
Central revealed abnormally high T7n.x values, which initially were attributed to
high temperature oxidising fluids. This increase in Tma, Which was exclusively
observed for medium to low volatile bituminous coals (R-21.5%), was accompanied
by a very clear exponential-like decrease of the hydrogen index (HI) together
with an increase in the oxygen index (OI). With the aim of checking the
possibility that this rise in Tne could simply be caused by weathering, a few
mature coal samples (R>1.4%) were experimentally oxidised at rather low
temperatures (110, 125 and 150 °C) and for durations of up to 6.5 month. Then
the oxidation residues were subjected to Rock-Eval 6 pyrolysis and to vitrinite
reflectance measurements. These experiments effectively reproduce the
geochemical changes displayed by the naturally altered coals, thus supporting
the hypothesis that the previously studied natural alteration process could have
been ultimately caused by weathering. The observed artificial oxidation path
could be divided into two stages: (i) a strong decrease in HI and an increase in
OTI and (ii) a constant HI value and a slow rise in OIL. The increase in Thox Seems
related to the transition between the first and the second stages. This
behaviour of HI and OTI during artificial oxidation suggests that these two
Rock-Eval derived indices can be practically used to detect a moderate and even
a low oxidation degree. Finally, if one ignores the constancy of the vitrinite
reflectance values all along the oxidation path, the decrease of HI and the
concomitant increase of Tmax mimic a thermal evolution pathway.

Author Keywords: Vitrinite reflectance; Rock-Eval; Artificial oxidation; Humic
coal; Coal rank



1. Introduction

Recently, the analysis of outcrop coals collected in various Carboniferous basins
of the French Massif Central, led us to envisage that these mature coals
(R>1.5%) had been affected by warm and oxidising fluids (Copard et al., 2000).
This explanation was mostly based on the disagreement between vitrinite
reflectance (R.-.1.5%) and Tnex values derived from Rock-Eval pyrolysis (3550
°C). These conflicting maturity parameters resulted in uncertainty with regard
to the maturity level effectively reached by these coals. Indeed, while their %R.
values reflected burial diagenesis, the altered coals were characterised by
abnormally high Tnax values and low hydrogen index (HI) values (expressed in mg
HC g! TOC), frequently accompanied by high oxygen index (OI) values
(expressed in mg O2:g TOC™). Since other independent work on less mature coals
(R-~0.8%) did not show any variation of Tna during weathering (Lo and Cardott,
1995), such an option was excluded for these altered highly mature samples
despite the fact that they had been collected at outcrop.

Nevertheless, a further analysis of our data in a R./ Thax diagram (Fig. 1) reveals
that, except for two samples, the Tnax anomaly observed for highly mature coals
does not affect slightly mature ones taken from a neighbouring area. Thus,
consistently with the independent work of Lo and Cardott (1995), these slightly
mature samples (R.~.0.6%; Fig. 2) were supposedly solely weathered as
suggested by the decrease in HI values together with the increase in OT values,
without any Tne variation. An additional possibility suggested by these
observations is that, for highly mature coals, weathering could be responsible
for increasing Tmax (as is the case for OT while HI decreases).
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Fig. 1. R./ Tnax diagram (after Copard et al., 2000). The grey area corresponds to the R./ Thux
correlation of Teichmiiller and Durand (1983).
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Fig. 2. Thax/OI/HI diagram (after Copard et al., 2000).

To check this possibility, a non-altered mature coal has been oxidised at
different temperatures for a given duration. Additionally, four coal samples
representing different oxidation states were artificially oxidised at 110 °C to
follow the evolution of the amounts of oxygen and hydrogen, respectively, fixed
and released, during the oxidation experiments. Then, the experimental data
were compared to those from the previous field study (Copard et al., 2000).

2. Characteristics of samples and methods

Two of humic coal samples were collected at outcrop in the Saint-Etienne and
Graissessac coalfields, France. The Saint-Etienne samples (651 and G42) were
taken from two immediately superimposed seams (Fig. 3a) whereas samples
(Se42 and Se43) from Graissessac were taken from the same seam but on
either side of a dirt band (Fig. 3b). According to the data presented in Table 1,
the reflectance values of Se42 and 651, which are in agreement with their
respective Tmax values (as well as with their HI and OT values), are indicative of
a rank of medium and low volatile bituminous coals, respectively. Sample 642
exhibits the same characteristics as those exhibited by coals which have been
supposedly oxidised by hot and oxidising fluids, namely a higher Ty than
expected considering its vitrinite reflectance value (>5650 °C vs. 1.5% R.; Copard
et al., 2000). Based on its geochemical characteristics, Se43 is at an
intermediate alteration stage, between the unaltered coal samples G51 and Se42
and the anomalous sample G42. These four samples exhibit a homogeneous
maceral composition, largely dominated by vitrinites (>85%). The remainder is
composed of inertinites, non-fluorescent liptinites, and minerals (clays and
quartz).
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Fig. 3. Stratigraphic location of the examined samples. (a) 651 unaltered sample and its oxidised
homologous G642 sample (St Etienne). (b) Se42 unaltered sample and its slightly oxidised
counterpart Se43 (Graissessac).

Sample R, Tenax HI {mg T O {mg
(%4 *C) HC g ! &) Oy p !
TOC) TR
G5l1 151 490 87 73 4
G4z 1 46 575 17 57 iz
Sed2 1440 474 112 ! 4
Sedd | 46 490 41 4 10

Table 1. RE6 parameters and reflectance of raw samples

The initially non-altered coal 651 was oxidised in a ventilated drying oven at 110,
125 and 150 °C for a duration of up to 278 days (110 °C). Additionally, the four
samples (651, G42, Se42, Se43) were oxidised in similar conditions at a fixed
temperature of 110 °C and always for the same duration (278 days).

Rock-Eval® RE6 pyrolyses were performed on oxidised residues according to
standard conditions (Lafargue et al., 1998) with a temperature program of 25 °C
min™l. Random vitrinite reflectance measurements (%R.) were carried out on
polished grain sections using a DMR XP Leitz microscope in reflected white light
mode, using (50x) oil immersion objective, following usual ICCP procedures.




3. Results
3.1. Optical characteristics of residues

For all samples, independent of the oxidation temperature, vitrinite reflectance
values of the oxidised residues remained systematically unchanged, within the
limits of measurement uncertainties (Table 2; Fig. 4). Petrographical examination
of the oxidised residues did not reveal any alteration fringes and/or rims, such
as those often mentioned in the literature (Alpern and Maume, 1969 Krevelen
Van, 1981 and Bend and Kosloski, 1993).
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Fig. 4. Th.x/oxidation duration diagram of oxidised residues of sample 651 obtained at different
temperature.

3.2. Artificial oxidation at different temperatures (651 sample)

The Rock-Eval data of residues obtained by artificial oxidation of the initially
non-altered coal (sample G51) are given in Table 2. Systematically, HI decreases
with a concurrent increase in OI, the importance of the change of both these
parameters depending on the temperature and the duration of experimental
oxidation (Fig. 5 and Fig. 6). Tmax increases also noticeably with the oxidation
duration but at different rates depending on the temperature (Fig. 4). For
example, a similar Tnax increase is obtained by oxidation at 110 °C for 278 days
and at 125 °C for 120 days. At higher temperature (150 °C), a drastic increase in
Tmax (80 °C) is recorded after just over 2 weeks (17 days).



Sample Time R, Tonax HI {myg TOC O img
(days) (%) (*C) HCeg ' &) Qg !

TOC) TOC)
GSlraw O 151 490 87 75 4
110 °C 6 nd 489 92 84 4
17 145 490 R4 Rl [i]
80 145 497 64 g2 R
125 nd. 502 62 g2 10
193 149 508 60 7 13
278 nd 519 59 7% 15
125 °C 2 15 493 87 87 6
7 1.51 404 ik Ba 10
120 148 515 36 g 24
150 °C 7 nd. 520 38 7 19
17 15 %8 27 729

Table 2. RE6 parameters and reflectance of raw and oxidised products of G651 unaltered coal at
different temperatures
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Fig. 5. Tmax/HI diagram of G51 oxidised residues at different temperatures.
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Fig. 5. Tmax/HI diagram of G51 oxidised residues at different temperatures.
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Fig. 6. Tmax OI diagram of 651 oxidised residues at different temperatures (legend: see Fig. 5).

3.3. Artificial oxidation at 110 °C (all samples)

For sample 642, when examined in a HI vs. OT diagram, the oxidation process
appears to proceed following two successive stages delimited by a slope
breakdown (Fig. 7). The first stage is characterised by a decrease in HI
conjointly with an increase in OI. Its duration varies depending on the amount of
pyrolysable hydrogen of the samples. For example, the first stage lasts 90 days
for Se42 (HIo=112 mg HC g™ TOC) but only 17 for Se43 (HIy=43 mg HC g
TOC). The second stage is mostly characterised by a slow increase of OI and
relatively constant HI values, i.e. 50 mg HC g TOC for 651 and Se42 samples,
and between 30 and 40 mg HC g TOC for the Se43 sample. In contrast, for the
initially strongly oxidised sample G642, the absence of any decrease in HI
indicates that it had likely already naturally reached the second and last
oxidation stage depicted in Fig. 7. Except for G42, a progressive increase in Tpax
values, which commonly corresponds to an increase of thermostability of organic
matter (Espitalié et al., 1985 and Disnar, 1994), is recorded for all samples but
only after a precise duration of oxidation (see Discussion). For the initially most
oxidised sample, i.e. 642, Tn.x variations are directly linked to the S2 peak form,
or more explicitly its flattening.
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Fig. 7. diagram showing the pathway of HI and OI of the oxidised residues at 110 °C of the

samples G651, G52, Se42 and Se43 (symbols: see Fig. 5).
4. Discussion

4.1. Behaviour of unaltered coal during artificial oxidation at different
temperatures

The results presented in Fig. 4 show that contrary to Tnax from Rock-Eval
pyrolysis, the vitrinite reflectance appears to be unaffected by the
temperature and/or the duration of artificial oxidation. In fact, this latter
parameter exhibits values similar to those displayed by the raw samples.
Furthermore, and even for the most oxidised residues, the absence of classical
petrographic marks of oxidation such as rims and fringes suggests a moderate
degree of oxidation (Kruszewska and Du Cann, 1996). This low degree of
oxidation is also shown by the low OI values of these oxidised residues; the OI
values are lower than those of the naturally weathered sample 642 in which
typical cracks and rims have been previously described (Copard, 2002).

Obviously, changes in HI and OI values could indicate a classical oxidative
alteration as mentioned in various earlier studies (Landais et al., 1984; Hao and
Chen, 1992; Landais and Rochdi, 1993 and Lo and Cardott, 1995). However,
contrary to independent work concerning the weathering of low mature samples
(Lo _and Cardott, 1995), which exhibit no significant variation of Tnex, a linear
increase of this parameter with respect to oxidation duration is clearly defined
at 110 °C. In addition, the rise of Thax is most probably kinetically controlled as
suggested by the different slopes shown in Fig. 4. Hence, this increase in Tpox—
with the concurrent decrease in HI—could lead to an overestimation of the
thermal maturity or level of coalification. For example, an apparent increase in
maturity is observed from the raw feedstock sample ( Thax=490 °C; low volatile
bituminous) to the sample oxidised at 150 °C (Tmx=568 °C; semi-anthracite),
without any accompanying increase in vitrinite reflectance.




The constancy of the reflectance values of all the studied samples during the
experiments clearly indicates that they did not experience any artificial
maturation consequential to heating. The rationale for such stability is mostly to
be found in the fundamentals of organic matter diagenesis in general, and of
vitrinite evolution in particular. Considering the fact that vitrinite reflectance is
mainly dependent on the maximum temperature recorded by the corresponding
sample (e.g. Barker and Pawlewicz, 1994) and secondarily by heating duration,
the maximum experimental temperature applied to one of our samples was lower
(150 °C; sample 651) than that recorded by the same sample during diagenesis
(ca. 170 °C; Copard, 2002). Combined with the very short duration of the
experiment compared to the resident fime of sedimentary formations at a given
temperature during basin evolution, it can easily be assessed that the studied
samples did not record any thermal maturation, even in the most severe
experimental conditions (i.e. 150 °C). Thus, the observed rise of Tmyax is only
attributable to an oxidation process.

The comparison between the naturally altered sample (642) and residues from
artificial oxidation at 150 °C of unaltered sample G51 reveals close similarities:
(i) abnormally high Tnex values associated with (ii) high OI and low HI values,
without (iii) any significant increase in vitrinite reflectance. We can thus
hypothesise that a strict oxidation of mature coals at low temperature
(comparable to weathering) could cause an increase in Tnex. This interpretation
contradicts a previous assumption on the considered alteration of mature coals
by an oxidative and warm process (Fig. 1). This new hypothesis is also reinforced
by recent data showing the increase of Tnax of mature coal samples taken at
outcrop in the same deepening seam but at decreasing distance from the surface
and thus with increasing weathering intensity (Copard et al., 2002). This
increase in Tmex towards the surface was accompanied by a decrease in HI and a
decrease in OI, while vitrinite reflectance remained constant. The artificial
oxidation experiment, tfogether with our recent observations on outcrop coals
reported above, demonstrate typical post-diagenetic oxidation (Copard et al.,
2000 and Copard et al., 2002), which is distinct from an early diagenetic
oxidation (Hao and Chen, 1992). The major difference between these fwo
processes seems to lie in the vitrinite reflectance behaviour. In the case of
early diagenetic oxidation, the vitrinite reflectance increases and depicts the
same maturity evolution than Tnex during burial (Hao and Chen, 1992), thus
entailing the same overestimation of coal rank by both of these two maturity
parameters. In the case of post-diagenetic oxidation typically caused by
weathering (Copard et al., 2000 and Copard et al., 2002), Tn.x increases but
vitrinite reflectance remains constant or decreases slightly (<10% of its starting
value) as suggested by previous studies (Alpern and Maume, 1969; Marchioni,
1983 and Lo and Cardott, 1995).




4.2. Behaviour of coals showing various oxidation states during artificial
oxidation at a single temperature (110 °C)

It is currently accepted that oxidation, either natural or artificial,
preferentially provokes a removal of aliphatic hydrogen and a gain in oxygen
(Fredericks et al., 1983; Rhoads et al., 1983; Anderson and Johns, 1986 and Lo
and Cardott, 1995). In agreement with this general consensus, artificial
oxidation of humic and cannel coals has revealed, firstly a drastic, then a
moderate, decrease of HI values (Landais and Rochdi, 1993), which is fully in
accordance with the oxidation path observed in this study. Furthermore, since it
is well known that HI and OT are related to H/C and O/C ratios, respectively,
the relationship between these different parameters implies that the fwo
depicted oxidation stages could be compared to those previously described by
Joseph and Oberlin (1983) for the artificial oxidation of various organic
materials. Thus, the first stage here described for the less oxidised samples
corresponds to the second stage of Joseph and Oberlin (1983). The observed
decrease of HI could be explained by the preferential removal of aliphatic
hydrogen by oxidation reactions, accompanied, among other transformations, by
some reticulation reactions (Joseph and Oberlin, 1983). As indicated in Fig. 7,
the second stage is reached all the faster than the raw feedstock coal which is
poor in hydrogen, or more explicitly that it has already reached a high rank. This
assessment also appears to be in good agreement with the results of previous
artificial oxidation experiments (Joseph, 1982).

For a residence time of up to 278 days, the relative constancy of the OI values
(remaining between 28 and 33 mg O, g™ TOC; Fig. 7), for residues obtained from
the initially oxidised sample 642 suggests that the coal did not have the
capacity to capture new oxygen. This may indicate that the oxygen-bearing
capacity of this coal was already reached, i.e. 'oxygen saturated’. The same
remark could be made for HI, which remains constant during artificial oxidation,
thus suggesting that it corresponds to little or non-reactive hydrogen.

If one excludes experimental uncertainties on Tne values (to within a few
degrees, depending on the shape of Sz curves), it could be possible o relate the
increase of this parameter to one of the two stages defined during the artificial
oxidation. Particularly, a slight jump of Tmax occurs in the vicinity of the
transition from the first to the second stage which occurs after 80, 90 and 17
days of oxidation for samples G51, Se42 and Se43, respectively. Subsequently,
and excluding the last sampling of the oxidised residues Se42 and Se43, the
"thermostabilisation" process of the organic matter in the coals resulting from
the oxidation, is progressively attained as revealed by the monotonous increase
in Tmax Values (Table 3). This relation between oxidation and the rise in Tnox may



easily explain why previous work almost exclusively devoted to high volatile A to
C bituminous coals—defined by initially high HI values and by a long first stage
in the oxidation pathway—never noticed such increase of T during weathering
(Lo and Cardott, 1995). Here again, the unchanged values of vitrinite reflectance
and the increase in Tnex values of the oxidised mature coals show a discrepancy
with respect to the thermal maturity-coalification level. Finally, during natural
and artificial oxidation processes, the behaviour of Rock-Eval parameters (HI,
OI and Tnax) of mature coals can simulate a classic thermal degradation pathway

(Fig. 8 and Fig. 9).

Tonax and mflectance of oxidised products at 110 *C

Sample Time R, Tenax
{days) (%) (*C)

G5l f nad. 480

17 145 449

B0 145 4497

125 na. s02

193 149 508

278 nd 519

42 b na. 563

17 1431 551

B0 141 S6h

125 nad. 559

193 147 263

278 na 550

Sed2 f nad. 475

17 140 482

B0 144 485

125 nad. 01

193 142 519

278 nd 547

Sedd fi na. 487

17 1431 4040

B0 147 510

125 na. 508

193 144 a4

278 na 554

Table 3. Thax and reflectance of oxidised products at 110 °C
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5. Conclusions

As shown by the behaviour of all the studied parameters, low temperature
artificial oxidation of mature coals (low volatile bituminous) reproduces the
natural oxidation process. Considering that the experiments have been carried
out at lower temperatures than those recorded by the coal samples during burial
diagenesis (Barker and Pawlewicz, 1994 and Copard, 2002), the observed
increase in Tmex Must be seen as a strict response to oxidation. The higher the
experimental oxidation temperature, the greater the rate of Tn.x increase. In
such a case, Tnex can be considered as a marker of oxidation intensity but not as
a rank parameter. Vitrinite reflectance does not record significant changes:
even after notable weathering, it is still liable maturity indicator.




The two stages distinguished in the oxidation path depicted by the HI and OI
values could be related to those previously recognised by Joseph and Oberlin
(1983) during the study of the oxidation process of various organic materials.

The evolution of the studied parameters, similar to those previously observed
for a whole set of field samples supposed altered by a warm and oxidative
process (Copard et al., 2000), suggests that these coals were solely weathered.

This study also illustrates the ability of RE6 parameters (HI and OI) to follow
the oxidation pathways of the organic material, and can be considered as
practical oxidation indicators even for a slight oxidation state.

The close relationship between the evolution of Thyex and HI mimics a thermal
alteration should harbour some very strong reservations for studies concerning
post-diagenetic organic matter-rich samples taken at outcrop.
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