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Stability and mobility of organic matter in shale is significant from the perspective of
carbon cycle. Shale can only be an effective sink provided that the organic carbon
present is stable and immobile from the host sites and, not released easily during
geological processes such as low pressure-temperature burial diagenesis and higher
pressure-temperature subduction. To examine this, three Jurassic shale samples of
known mineralogy and total organic carbon content, with dominantly continental source
of organic matter, belonging to the Haynesville-Bossier Formation were combusted by
incremental heating from temperature of 200 to 1400◦C. The samples were analyzed for
their carbon and nitrogen release profiles, bulk δ13C composition and C/N atomic ratio,
based on which, at least four organic carbon components are identified associated
with different minerals such as clay, carbonate, and silicate. They have different stability
depending on their host sites and occurrences relative to the mineral phases and
consequently, released at different temperature during combustion. The components
identified are denoted as, C-1 (organic carbon occurring as free accumulates at the
edge or mouth of pore spaces), C-2 (associated with clay minerals, adsorbed or
as organomineral nanocomposites; with carbonate minerals, biomineralized and/or
occluded), C-3(a) (occurring with silicate minerals, biomineralized and/or occluded) and
C-3(b) (graphitized carbon). They show an increasing stability and decreasing mobility
from C-1 to C-3(b). Based on the stability of the different OC components, shale is
clearly an efficient sink for the long term C cycle as, except for C-1 which forms a
very small fraction of the total and is released at temperature of ∼200◦C, OC can be
efficiently locked in shale surviving conditions of burial diagenesis and, subduction at
fore arc regions in absence of infiltrating fluids. Under low fluid flux, C-3(b) can be
efficiently retained as a refractory phase in the mantle when subducted. It is evident
that the association and interaction of the organic matter with the different minerals play
an important role in its retention in the shale.

Keywords: carbon cycle, carbon, nitrogen, clay minerals, carbonate, silicate

Frontiers in Earth Science | www.frontiersin.org 1 November 2019 | Volume 7 | Article 297

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2019.00297
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/feart.2019.00297
http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2019.00297&domain=pdf&date_stamp=2019-11-19
https://www.frontiersin.org/articles/10.3389/feart.2019.00297/full
http://loop.frontiersin.org/people/650716/overview
http://loop.frontiersin.org/people/542700/overview
https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-07-00297 November 15, 2019 Time: 13:53 # 2

Basu et al. Stability of Carbon Components in Shale

INTRODUCTION

Like many other elements, carbon cycles through different
reservoirs on Earth including the atmosphere, mantle,
hydrosphere (oceans and rivers), petrogenic reservoirs (mainly
sedimentary rocks), soil and vegetal cover and biosphere (mainly
as biomass). The carbon cycle has both slow and fast components
referred to as the short and long term cycles respectively
(Appendix 1) (Berner, 2003; Wallmann and Aloisi, 2012).
The short term cycle includes photosynthesis, respiration and
decomposition of biomass as well as air-ocean gas exchange.
The carbon component in organic matter, referred to as the
organic carbon (OC) can be incorporated in the plant biomass
by photosynthesis. It subsequently cycles through the soil and
oceanic sediments where, a fraction of it can be subject to
decomposition. For the long term cycle, a fraction of the carbon
subducted to the Earth’s mantle is returned to the surface via
degassing as CO2 and CH4 from mid-oceanic ridges (MORs)
and hotspots within plate settings, arcs and forearc regions
in subduction settings (Chiodini et al., 2010; Kelemen and
Manning, 2015; Aiuppa et al., 2019; Voyer et al., 2019). For
mid-oceanic ridges the CO2 can be dissolved in the seawater
as bicarbonate ions, although substantial release, to an extent
diffuse, is also possible (Voyer et al., 2019). Contribution to
degassing is restricted to shallow water areas where the ridge
system is exposed above sea level. CO2 degassing from volcanic
front is well-constrained as compared to fore arc or back
arc regions, possibly related to lack of obvious high emission
sources in the area between the trench and the degassing
volcanic arc front (Voyer et al., 2019). Emplacement of Large
Igneous Provinces and mountain building can be associated
with metamorphic degassing. For better understanding of such
open system processes, it is necessary to constraint the fluid
composition and constrain the absolute timings and duration of
the fluid flow (Evans, 2011). The time scale of interest, relative
to the processes involved will determine if the carbon cycle is
in a steady state.

Beside the mantle, another effective carbon sink can be the
different rock types where it can be locked in mineralized
form as in sedimentary rocks as carbonates (biogenic and
authigenic), or in hydrothermal calcite vein formed by low
temperature alteration of the upper oceanic crust following
chemical weathering of silicate rocks (Alt et al., 1999; Coogan
et al., 2016). A recent study has shown that CO2 maybe
sequestered within the crust by calcite deposition or alternatively
be incorporated into the biomass as inorganic carbon during
microbial activity, consequently limiting the amount of C
available for transfer to the deep mantle (Barry et al., 2019).
OC is also contained in organic matter locked in ancient
marine sediments represented by shale. The organic content in
carbonaceous shale can be more than 20% by weight (Dayal,
2017). Given that sedimentary formations represent 66% of the
rocks on the Earth’s surface of which 50% is shale (Blatt and
Jones, 1975), it is the largest reservoir in terms of the total mass
of OC on Earth. Consequently, its contribution to the global
carbon budget and the role that it plays in the carbon cycle
cannot be neglected. While rocks like limestone are primarily

constituted of carbonate minerals, in shale, they coexist with OC.
The carbonate content in shale is variable, deposited by primary
precipitation, biochemical processes or recrystallization during
diagenesis. OC degradation by microbial sulfate reduction can
be related to carbonate accumulation in anoxic sediments when
sedimentary organic matter is converted to bicarbonate ions,
accounting for the coexistence of carbonate minerals with organic
matter (Wallmann and Aloisi, 2012; Zeng et al., 2018). The
hydrocarbon fluid in the petroleum and natural gas reservoirs,
mostly biogenic although abiogenic origin cannot be ruled out,
is also a considerable carbon sink (Etiope and Sherwood-Lollar,
2013). Immiscible hydrocarbon fluids can be present in the
expected range of pressure and temperature in subduction zone,
providing a mechanism for the transfer of slab carbon to the deep
mantle (Huang et al., 2017; Li, 2017; Vitale Brovarone et al., 2017).

The subduction of the carbonate minerals is distinct from, but
operates in tandem with the OC (Cook-Kollars et al., 2014). Based
on net flux estimates, carbon can be considered to be in steady
state between subduction and mantle outgassing (Jarrard, 2003).
Alternatively, there may be an increase in carbon at the Earth’s
surface over time or, a net flux to the mantle under the fore arcs
controlled by the initial composition of the subducting material
(Cook-Kollars et al., 2014; Kelemen and Manning, 2015; Clift,
2017). During fore arc metamorphism, subducted carbonate can
be retained without any substantial decarbonation and loss of
CO2 under peak pressure-temperature conditions of∼3 GPa and
600◦C, at depth of 120 km (Collins et al., 2015). Carbonates
reduced to graphitized form, at very high to lower temperature
of 430◦C, can be transported to deeper regions resulting in
long term (Gyrs) removal of reduced, light carbon from surficial
reservoirs of the Earth (Galvez et al., 2013; Duncan and Dasgupta,
2017). Degassing of graphitic OC can be substantial up to the
chlorite zone but restricted at higher metamorphic grades (Zhang
et al., 2018). A highly stable OC component in the graphitized
form can be retained as a refractory phase under mantle
conditions during subduction (Duncan and Dasgupta, 2017).
Subduction of carbonates to the deep mantle beyond 660 km
(transition zone) maybe inhibited due to melting of carbonate
components (Thomson et al., 2016). When fluids circulate along
sheared and brecciated domains and plate interfaces, substantial
decarbonation and carbonate dissolution can occur at depth
of 80–120 km in subducting slabs (Ague and Nicolescu, 2014;
Cook-Kollars et al., 2014; Collins et al., 2015; Schwarzenbach
et al., 2018). The large volume of infiltrating H2O-rich fluid can
be derived externally from underlying dehydrating mafic and
ultramafic rocks.

We analyzed shale for carbon (and nitrogen) by stepwise
combustion to decouple the different carbon components that
are present. This study demonstrates that the stability of OC
in shale is governed by their variable association with different
mineral phases like carbonate, clay minerals and silicates related
to how they are trapped/hosted with them. While free occurrence
as accumulates, aggregated by clumping or binding renders them
most unstable, a more stable and less mobile OC component
occurs with silicate and carbonate minerals. It can occur as
biominerals within the silicate walls of organisms such as diatoms
or, within carbonate shells of corals or foraminifera. When
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occluded, the OC is protected or blocked within the mineral
frame of silicate or carbonate matrix (Keil and Mayer, 2014). The
stability can be variable when associated with clay and carbonate
minerals, depending on whether they are adsorbed, occluded
or biomineralized.

OBJECTIVES OF THE STUDY

Shale can be an efficient, long term geological reservoir locking
up carbon both in its organic and inorganic forms. Carbon can
be released from it during weathering and transported to soil
and rivers and finally to the oceans as inherited or ‘old carbon’
(Di-Giovanni et al., 2002). The later can be substantial and, is
in addition to contribution from soil originating from present
or post-glacial vegetal cover referred to as the ‘new carbon’
which is less resistant to microbial degradation. It is critical to
understand how much of OC in shale is lost prior to release
and eventual transportation to rivers and oceans. Over time, this
fraction of the OC can be again locked for millions of years as they
are redeposited and reconsolidated into rocks. The availability
of OC from shales to contribute toward soil and river flux is
largely controlled by how easily it can be degraded by geological
processes such as oxidative weathering or altered during burial
diagenesis. This will also control the exposure of shale organic
matter to microorganisms in the weathering profile (Petsch et al.,
2005). The breakdown of the liberated OC is facilitated by
microbial oxidation in the presence of atmospheric oxygen. Its
susceptibility toward alteration under action of different reagents,
has been seen to be related to its stability and/or mobility
from different host sites in shale (Zhu et al., 2016). This has
implications for sediment subduction as well. Depending on
its stability, the OC can be effectively subducted to the deeper
mantle, unless incorporated in advecting sedimentary piles or
buoyant metasedimentary diapirs to be transported to the hotter
mantle wedge (Tsuno and Dasgupta, 2011; Tsuno et al., 2012;
Kelemen and Manning, 2015).

It is evident that if the oxidation reactions proceed at a
fast rate to enable degradation of the OC in shales to CO2
following exposure to the atmosphere by uplift and erosion,
it cannot be sequestered in re-sedimented rocks to be isolated
from the surficial carbon reservoirs for long periods of time.
In subduction zones, with increasing burial, if OC is resistant
to remobilization by CO2 formation, it cannot be released to
the atmosphere by magmatic degassing but instead can be
efficiently subducted in graphitized form by rhyolitic melt and
sequestered in the deep mantle (Wallmann and Aloisi, 2012).
In both these instances the fate of OC as to its susceptibility to
oxidation, subsequently impacts the long term carbon cycle. This
study aims to look into the effect of oxidation with increasing
temperature on the mobility of carbon locked in shales, by
combusting them with incremental heating. Depending on the
host sites of different forms of carbon of various stability and
their consequent mobility, their release during combustion will
occur at different temperature. In the geological context, this
has critical implication as stable and less mobile forms of
carbon are more likely to be re-sedimented in marine rocks

by escaping degradation or, if subducted, can be sequestered in
the deep mantle.

BACKGROUND: DECOUPLING CARBON
COMPONENTS IN A SHALE BY
CONVENTIONAL METHODS

Different types of OC have different degrees of resistance to
oxidative degradation depending on their type (Wallmann and
Aloisi, 2012) and their host sites in rocks (Zhu et al., 2016). But,
isolating these components in terms of their variable stability
and mobility can be quite challenging. Conventionally organic
and inorganic carbon components (carbonates) in shale are
decoupled by acid treatment, where the mineralized inorganic
carbon is converted to CO2 during acidification. The OC is
subsequently analyzed from the inorganic carbon free sample
after injection into a TOC (total organic carbon) analyzer.
The OC is then detected and measured after oxidizing it to
CO2 and releasing it from the sample. The inorganic carbon
can be quantified by the carbon analyzer by measuring the
total carbon content and the non-carbonate carbon fraction
following leaching with hydrochloric acid. Some loss of volatile
and soluble components of OC is known to occur during acid
treatment (Saikkonen and Rautiainen, 1990). In the process
of separating the organic and inorganic components prior to
analyses, information in terms of OC-carbonate association
is lost. Also, no discrimination between the different OC
components present in different sites is possible.

The OC occurs as both low molecular weight (free) and
high molecular weight (kerogen) forms. Solvent extraction can
solvate the free compounds thereby isolating them from the
relatively immobile kerogen and mineral matrix (Wright et al.,
2015) again failing to provide information pertaining to host
site, stability and mobility. The heterogeneity of organic matter
can be monitored by petrographic and spectroscopic methods.
Use of organic petrography and scanning electron microscopy
can be used to distinguish between different organic components
in terms of their differences in porosity and, association with
each other and mineral components (Yang et al., 2017). Raman
imaging can provide structural information in terms of the degree
of organization indicating graphitization of the organic matter
(Henry et al., 2019), but none of these methods by themselves
can relate the occurrences of the carbon components to their
stability and mobility in the shale or provide any quantification
of the components.

Thermal decomposition method like loss on ignition (LOI),
that oxidizes organic matter at temperature of 500–550◦C
followed by decomposition of carbonate at 900–1000◦C, can
be used for decoupling and quantifying OC and inorganic
carbon components in clay-poor shale, but can be affected by
sample size and breakdown of clay minerals (Smith, 2003).
On the other hand, a combination of methods have shown
to be more informative. For example, multi-step pyrolysis at
temperature of 350, 600, and 1000◦C coupled with Fourier
transform infrared (FTIR) spectrophotometry was successfully
applied to reveal information on the different speciation of OC in
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terms of thermal maturity (Saikkonen and Rautiainen, 1990). In
a different study, a combination of treatment with reagents after
separation of clay-sized fractions, followed by pyrolysis and FTIR
spectrophotometry revealed OC components having different
stability/mobility levels, occurring at different sites in the shale
(Zhu et al., 2016).

In this study, by simultaneously analyzing carbon and
nitrogen in shale in small incremental steps for their
concentration, isotopic (δ13C) and elemental composition
(C/N), it has been possible to decouple the different carbon
components based on their mobility/stability, without any
acid treatment. Simultaneous analyses of carbon, and nitrogen
enabled correlation with the carbonate and clay minerals. In
addition, the organic δ13C (δ13Corganic) and N/C elemental ratio
helped to constrain the source (marine/lacustrine/continental) of
the organic matter in these shales. Measurement by simultaneous
thermal analyses (STA), was used to support the observed
mineral breakdown from the combustion experiments.

METHODOLOGY

Three Jurassic shales from two different cores of the Haynesville-
Bossier formation were analyzed by multiple step combustion for
carbon and nitrogen concentration, C/N atomic ratio and δ13C
isotopic composition. Prior to the combustion, the mineralogy
and the TOC content of two of the samples were determined
on their powders by XRD (Bruker AXS D4 Endeavor X-ray
diffractometer) and Flash Elemental Analyzer 1112 (Thermo)
respectively. The δ13Corganic value was determined by Gas Ratio
Isotope Ration Mass Spectrometry, following flash combustion,
after cleaning the samples from any carbonate remains by acid
digestion. The porosity and permeability were determined on the
bulk shale after crushing.

Shales are highly friable and fissile. It is very difficult to
get undamaged samples for study but here, we had access to
relatively intact drill core samples. For step combustion, the
samples were extracted from the central portion of the drill cores
to minimize superficial effects of core retrieval and handling
related contamination. They were then crushed to mm-sized
fragments using agate mortar and pestle, easily achievable as they
split along the fissile planes. Between 5 and 10 mg of samples
were combusted from 200 to 1400◦C (± 10◦C), in incremental
steps of 100–200◦C each, using 2 torr of O2, introduced to
the system from CuO under ultra-high vacuum conditions. The
total number of steps varied between nine and 10 and the time
of combustion was 30 min for each step. A fully automated
mass spectrometric complex, Finesse, was used for carbon and
nitrogen analyses (Verchovsky, 2017). The combustion system
used was all metal with a CuO finger to clean up the nitrogen
fraction before introducing the gas to the mass spectrometer. The
CO2 was trapped using a cold finger.

Simultaneous thermal analysis using a NETZSCH STA 449 C
was used to investigate mass changes [thermogravimetry (TG);
differential TG (DTG)] and energy flows [differential scanning
calorimetry (DSC)] as a function of temperature, to investigate
the combustion experiments. STA analysis was conducted on two

samples using ∼200 mg of bulk, crushed powder in an 85 µL
alumina crucible (and an identical reference crucible) with an
air purge gas flow rate of 100 mL/min, equilibration at 40◦C for
10 min, followed by a heating rate of 10◦C/min up to 1400◦C.

SAMPLES AND GEOLOGICAL HISTORY

The samples belong to the Haynesville-Bossier Formation in
northwestern Louisiana, eastern Texas, deposited during the Late
Jurassic (156 to 145.5 Ma) in a marine environment. The organic
rich shale is related to the tectonically formed East Texas Basin
(ETB), about 125 to 150 km long and 50 km wide, considered
a sub-basin of the larger basin of the Gulf of Mexico (Jackson
and Laubach, 1988; Salvador, 1991). It was formed and developed
during the Triassic through the Jurassic related to breakup,
rifting and extension of Pangea with the opening of the Gulf of
Mexico Province (Mainali, 2011). During the Jurassic, a possible
elevated southern margin restricted circulation resulting in the
deposition of anhydrite and salt, but eventually transited to
open marine condition with progressive subsidence. In general,
the Haynesville is significantly more calcareous and OC rich
than the overlying Bossier, the later having higher clay content.
The samples for this study belong to Bossier and retrieved
from different depth of two cores which are in close proximity,
separated by only ∼8 km between them. Because of the high
temperature gradient of ∼ 60◦C/km during the Jurassic, the
Haynesville-Bossier shale was exposed to temperature of 150–
200◦C during the last∼ 100 Myrs (Nunn, 2012).

RESULTS

The mineralogy, porosity and permeability of two of the samples,
each from a different core, are listed in Table 1 along with
their TOC content. They have comparable TOC (1.2–1.5 wt%)
and mainly consist of carbonate, clay, and quartz (>80%). In
terms of content between carbonate and clay minerals there is
a difference of < 15% between the samples. Sample S-2(1) has a
higher carbonate content than S-2(3) (32 vs. 14%) but a lower
clay content (34 vs. 46%). The carbonates are mostly calcite,
with some dolomite present as well. Illite is the dominant clay
mineral with some kaolinite, chlorite and mixed illite/smectite
layer, although quantification is not possible. Other minerals
present include K-feldspar, plagioclase, pyrite, and apatite. Both
the samples have comparable porosity (9 to 11% of bulk volume)
while the permeability of S-2(1) (∼10−4 md) is higher by an order
of magnitude than S-2(3). The δ13Corganic (denoting source of
organic matter) of the samples are also comparable (Table 2).
High Tmax of > 400◦C determined by rock eval pyrolysis on the
samples indicates that they are thermally over matured.

In Tables 2, 3, the carbon and nitrogen concentration and
isotopic ratios along with elemental C/N values are listed for
bulk values and individual combustion steps of each sample
respectively. There are some differences in the carbon content
when compared to XRD measurements (Table 1) that can be
related to shale heterogeneity, also as the two methods involved
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TABLE 1 | XRD mineral compositions combined with TOC and normalized to 100%.

Sample Clay Carbonate Quartz Y Others TOC Total ∗Porosity #Permeability

Weight% % md

S-2 (1) 34 32 20 14 1.5 100 11.2 ± 1.4 (3.4 ± 3.5) × 10−4

S-2 (3) 46 14 25 15 1.2 100 8.9 ± 0.7 (1.6 ± 0.3) × 10−5

YOthers include K-feldspar, plagioclase, pyrite, and apatite. ∗Correspond to measured dry helium porosity and #press decay permeability of the samples.

TABLE 2 | Bulk composition of samples in terms of carbon (C) and nitrogen (N) concentration, δ13C (bulk and organic), and atomic C/N ratios.

Sample Depth (m) ∗C (wt%) ∗δ13Cbulk (h) δ13Corganic (h) N (ppm) C/N

S-2 (1) 3592.2 3.0 −19.7 ± 0.4 −26.8 ± 0.1 1030 29 ± 3

S-2 (3) 3495 2.1 −18.7 ± 0.1 −27.3 ± 0.1 1396 15 ± 2

S-3 (3) 3495.3 2.2 −16.6 ± 1.2 −27.0 ± 0.1 1320 17 ± 2

∗From Basu et al. (2018).

analyses of different weight of samples. But, the release profiles of
all the three samples for step combustion are comparable. The
peak nitrogen release occurs at 500–600◦C, at a slightly lower
temperature as compared to the peak carbon release at 600–
700◦C. The total carbon content of the samples is between 2
and 3 wt.% while the nitrogen concentration varies between 1000
and 1400 ppm. Their δ13Corganic (measured independently) are∼
−27h and comparable. Given marine carbonates have δ13C (up
to + 4h) with a considerable range when affected by diagenesis
(Murata et al., 1969), the δ13C of −20 to −16h for the three
bulk shales from this study, indicates mixing between OC and
inorganic carbon, the later contributed by the carbonates. The
peak release of carbon is coincident with elevated δ13C suggestive
of breakdown of the carbonate minerals. The peak release of
nitrogen for S-2(3) and S-3(3) are coincident with low C/N ratios
suggestive of contribution from clay minerals and/or associated
organic matter. The nitrogen release profile of S-2(1) is more
prolonged than the other two samples. The C/N of the samples
are in the range of 15–30. Instrumental blank corrections for both
carbon and nitrogen were below significance.

For STA, five characteristic regions for shales in the studied
interval from 50 to 1400◦C could be identified (Appendix 2).
At 50 to 150◦C, there is mainly loss of free water/moisture
physisorbed on the surfaces of particles, and clay-bound fluids
resulting in a slight weight loss [0.69 wt.% for S-2(1) and 0.79
wt.% for S-2(3)] and a slight visible endothermic process. At
the second temperature region of 300–650◦C, there is a mass
loss [6.12 wt.% for S-2(1); 3.16 wt.% for S-2(3)] attributed to
decomposition of organic matter (300–600◦C), an exothermic
process shown on DSC curve, with decomposition of clay, e.g.,
degradation of kaolinite/illite (500–550◦C) and chlorite (580–
625◦C). The complex peak in this temperature range [mainly for
S-2(3)] with a shoulder at the lower temperature corresponding
to the oxidation reaction of light hydrocarbons, while the main
peak corresponds to the oxidation of heavy hydrocarbons and
fixed carbon (Sun et al., 2015). Also, presence of any pyrite,
might influence the TGA curve in this temperature region due
to oxidation of that mineral at around 500◦C (Zhang et al.,
2014). The decomposition of carbonates was observed in the
DTG curve from ∼625–850◦C (dolomite 625–720◦C and calcite

780–840◦C) with mass losses of 4.1 wt.% for S-2(1) and 3.5 wt.%
for S-2(3). At 850–1150◦C, the mass losses of 1.5 wt.% for S-
2(1) and 2.6 wt.% for S-2(3) can be attributed to decomposition
and transformation of more stable mineral phases such as quartz,
silicate and iron-bearing phases (Hajpal and Torok, 2004). At the
highest temperature of 1150–1400◦C, the mass loss of 0.7 wt.% for
S-2(1) and 0.6 wt.% for S-2(3) with a broad endothermic region
can indicate decomposition/transformation and or melting of the
residual sample.

DISCUSSION

Source of OM
The organic matter may be present in different forms from
multiple sources (e.g., marine and continental), that may
have different thermal maturity and stability. Marine organic
matter is constituted of phytoplankton debris or detritus with
proteins/amino acids, carbohydrates, and lipids as the main
chemical components (Burdige, 2007). On the other hand,
continental organic matter is composed of terrestrial biomass
including plant residue and soil organic matter. Since continental
derived organic matter consists of already altered and degraded
remains of the living terrestrial biomass (e.g., soil humus), it is less
susceptible to further degradation and alteration as compared to
marine organic matter. The organic matter for the three samples
in this study is predominantly derived from continental source
with any marine contribution being minor, as seen previously
from C/N and δ13C in shale retrieved from various depth of
the studied cores (Basu et al., 2018). This is corroborated by the
measured δ13Corganic ratio of ∼ −27h in all the three samples
(Table 2), in agreement with expected δ13C of −27h for land
plant organic matter, as to ∼ −20h in marine algal organic
matter (Meyers, 2014).

Multiple OC Components Based on Step
Combustion Release Profile
The peak release of nitrogen (∼70% of the total) in S-2(3)
and S-3(3) corresponds to 500–600◦C indicating the breakdown
of organic matter and some clay minerals in this temperature
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TABLE 3 | Individual step release of carbon (C) and nitrogen (N) from shale during
combustion with corresponding δ13C and C/N ratios.

Temperature (◦C) Fractional release (%) δ13C (h) C/N

C N

S-2(1)

200 0.6

400 6.6 18.3 −23.6 ± 0.1 11 ± 1

500 14.1 22.5 −23.7 ± 0.1 19 ± 2

600 36.2 24.8 −22.2 ± 0.1 42 ± 4

700 37.7 17.3 −14.3 ± 0.1 64 ± 6

800 3.3 7.9 −24.8 ± 0.1 12 ± 1

900 1.2 5.0 −24.9 ± 0.2 7 ± 0.7

1000 0.7 2.3 −24.4 ± 0.2 9 ± 0.8

1200 0.1 1.2 −23.6 ± 0.1 3 ± 0.1

S-2(3)

200 1.4 0.3 −28.8 ± 0.1 64 ± 6

400 4.5 7.5 −16.4 ± 0.1 9 ± 0.9

500 8.7 40.2 −17.2 ± 0.2 3 ± 0.1

600 27.0 23.5 −19.2 ± 0.1 18 ± 2

700 30.1 10.9 −12.1 ± 0.2 43 ± 4

800 7.4 6.1 −23.8 ± 0.3 19 ± 2

900 3.7 4.4 −30.0 ± 0.1 13 ± 1

1000 3.2 2.9 −25.8 ± 0.1 17 ± 2

1200 10.9 4.2 −25.1 ± 0.1 40 ± 4

1400 3.0 0.3 −25.2 ± 0.1 64 ± 6

S-3(3)

200 0.7 0.1 −30.9 ± 0.2 130 ± 13

400 4.5 6.5 −23.1 ± 0.2 12 ± 1

500 14.7 45.5 −4.8 ± 1.2 5 ± 0.1

600 31.9 22.1 −18.0 ± 0.6 24 ± 2

700 27.8 12.1 −13.4 ± 0.3 39 ± 4

800 5.0 5.8 −24.6 ± 0.2 15 ± 1

900 4.5 3.8 −26 ± 0.3 20 ± 2

1000 2.4 1.9 −25.5 ± 0.1 21 ± 2

1200 7.9 2.1 −26 ± 0.2 63 ± 6

1400 0.5 −24.4 ± 0.1

range, also suggested from STA experiments. For S-2(1), the
nitrogen release is much more prolonged from 400 to 700◦C.
While all other attributes such as TOC and nitrogen content are
comparable, S-2(1) has a notably 18% higher carbonate content.
The prolonged release can be related to physical protection of
the organic matter by the carbonate minerals in S-2(1). But in
all the three samples, peak release of carbon (>55%) occurred
between 600 and 700◦C with elevated δ13C, corresponding to
the breakdown of carbonate minerals, as also seen from STA
experiments. Alternatively, the prolonged release can be an effect
of fabric/texture of the sample, which is beyond the scope of
this study. It is possible, that in S-2(1), the mineral matrix
has specific arrangement of its constituents (e.g., alternation of
organic and clay nanolayers) (Salmon et al., 2000), aiding in
physical protection of the organic matter and preventing its
breakdown. This can only be confirmed from detailed study of
the nano-scale textural arrangement of the shales.

Based on the carbon and nitrogen release profiles and the
associated δ13C and N/C ratios, up to five different components
can be identified associated with different release temperature as
described in Table 4.

<400◦C
A very small fraction of total carbon (<1.5% of the total) is
released at low temperature of 200◦C for samples S-2(3) and S-
3(3), also accompanied by very low nitrogen content (<0.5%)
and with depleted δ13C of −30 to −28h. In agreement with
observations from STA experiments, this component can be
attributed to free phases that can accumulate at the mouth
of pore spaces or along mineral edges, with least preservation
protection. The high C/N and extremely depleted δ13C is
suggestive of adsorbed thermogenic, methane in these two
samples (Golding et al., 2013). The possibility of this adsorbed
component to be the result of depressurization during core
retrieval cannot be completely ruled out. In S-2(1), a comparable,
carbon component at an early temperature step is lacking
although a small fractional nitrogen release is observed. This
nitrogen dominated component is formed during decomposition
of organic matter, with degraded matter being preferentially
adsorbed on charged clay mineral surfaces as exchangeable
nitrogen (Scholten, 1991). Interaction of organic matter by
physisorption with silicate mineral matrix has been identified
during chemical extraction of mineral matrices in shale using
acid/ether extracts (Jeong and Kobylinski, 1983).

Such a low temperature component of the organic matter, will
be unstable and mobile, and easily lost from the shale during
geological processes. This readily mobile component is denoted
as C-1 (Figures 1–3) and contributes toward a very small fraction
of the total OC present.

400–800◦C
This temperature range corresponds to the breakdown of clay
and carbonate minerals and release of associated organic matter
that may be adsorbed on the mineral surfaces, along with heavy
hydrocarbons that may be present. It constitutes the bulk of total
carbon released, contributed from the breakdown of carbonate
minerals such as calcite and dolomite. Based on TOC and
bulk carbon concentration, this temperature range also accounts
for > 60% of the TOC in the shales (assuming all carbon that is
released at < 400◦C and > 800◦C to be OC). The peak release
of nitrogen indicating breakdown of clay minerals (500–600◦C)
occurs at a slightly lower temperature as compared to carbon
corresponding to the breakdown of the carbonate minerals (600–
700◦C). It implies that clay-associated OC [denoted as C-2(a);
Figures 1–3], can be relatively less stable and more mobile than
the carbonate associated OC [denoted as C-2(b); Figures 1–
3]. While C-2 can be physically/chemically adsorbed on clay
surfaces, they are more likely to be biomineralized with the
carbonates. But given the overlap as to the breakdown of the clay
and carbonate phases, any differences between relative stability of
these two components will be minor.

The instability of clay minerals in shale is related to their
hydrophyllic and charged nature, particularly for expandable clay
such as smectite where it can result in swelling. However, whether
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TABLE 4 | OC components present in a shale as identified based on their variable release temperature during step heating.

OC component Release temperature (◦C) Associated mineral Mode of occurrence Expected reaction to
chemical treatment

Level of stability

C-1 ∼200 Not specific; dispersed
along mineral edges
and mouth of pore
spaces.

Accumulates Extractable by organic
solvent

Least stable (highly mobile)
∼PMOC

C-2(a) 400–800 Clay Physically adsorbed and
chemically bonded as
organomineral
nanocomposites. Occurs
on both internal and
external mineral surfaces as
well as interlamellar spaces.

Extractable by either
organic solvent or wet
chemical oxidation

PMOC + CMOC + SOC

C-2(b) 400–800 Carbonate Biominerals and occlusions Extractable by wet
chemical oxidation

SOC

C-3(a) 1000–1200 Silicate Biominerals and occlusions Not easily extractable
by wet chemical
oxidation

Very stable and immobile
VSOC

C-3(b) ∼1400 Not specific; dispersed
in the shale matrix

Graphitized Not extractable by wet
chemical oxidation

Extremely stable and least
mobile ExSOC

Their associated mineral phases and possible mode of occurrence and extractability by chemical treatment are given. PMOC, physically mobile OC; CMOC, chemically
mobile OC; SOC, stable OC; VSOC, very stable OC; ExSOC, extremely stable OC (modified after Zhu et al., 2016).

FIGURE 1 | Step combustion temperature vs. carbon and nitrogen release
percent for S-2(1). The δ13C and C/N for each temperature step are shown
along with the bulk C/N and δ13C (C/Nbulk, δ13Cbulk), and, organic δ13C
(δ13Corganic) ratios. The different OC components, C-1, C-2, C-3(a) and
C-3(b), released at different temperature due to differences in their stability
resulting from their variable mode of association with the minerals present, are
also shown.

such swelling related to osmosis by the action of an external
fluid can occur significantly in a compacted, impermeable shale is
debatable, although internal microfractures can be efficient fluid

FIGURE 2 | Step combustion temperature vs. carbon and nitrogen release
percent for S-2(3). The isotopic and elemental ratios for each temperature step
are shown along with the bulk values and the corresponding OC components
[C-1, C-2, C-3(a), and C-3(b)]. For further details, refer to text and Figure 1.

conduits (Santarelli and Carminati, 1995; Wilson and Wilson,
2014). In addition, some water may be present in intra-aggregate
pore spaces in smectitic clay since deposition and through burial,
compression and lithification, but this is a bound state and
not free (Touret et al., 1990). Based on modeling, it has been
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FIGURE 3 | Step combustion temperature vs. carbon and nitrogen release
percent for S-3(3). The isotopic and elemental ratios for each temperature step
are shown along with the bulk values and the corresponding OC components
[C-1, C-2, C-3(a), and C-3(b)]. For further details, refer to text and Figure 1.

observed that interlamellar water in smectites is stable up to at
least 180◦C corresponding to a depth of 6 km without affecting
the mineral stability (Odriozola and Guevara-Rodríguez, 2004).
This is in agreement with observation from the step combustion
experiment of this study, where clay mineral instability is only
initiated at temperature > 200◦C. A recent study has shown
that the OC enrichment is strongly correlated to the high
surface area clay minerals where, it occurs as intercalation with
phyllosilicate minerals as organomineral nanocomposites that
persists through a range of burial depth up to the oil window
(Kennedy et al., 2014). With illitization, the OC and clays
organize themselves into nano-scale aggregates without any net
loss, although there might be significant decrease in the total
mineral surface area. Together with results from this study, it
is clear that the occurrence of high surface area detrital clay
minerals helps in the preservation of OC as nanocomposites and
aggregates not only during burial but also at higher temperature
during subduction.

Carbonate minerals are not susceptible to breakdown during
interaction and reaction with the formation water that is trapped
in the pore spaces. The formation water is expected to be
saline and already saturated with the minerals in the host
rock (Kaszuba et al., 2013). So although the role of carbonate
minerals for stabilizing OC is less significant as compared to
the clay minerals, it is still possible to trap OC within the
stable structure of the carbonate minerals as formanifera, corals
and cocolithospores augmenting its stability (Ingalls et al., 2003,

2004). Interaction of organic matter with the carbonate matrix
may also be in the form of chemical bonding (Jeong and
Kobylinski, 1983). Interaction of clay minerals and carbonate
with OC till their breakdown at 400–800◦C (clay) and 500–800◦C
(carbonate), are important in the preservation of carbon in shale
(Figures 1–3). This is in agreement with carbon retention in
sediments at temperature of up to 600◦C in intact subducting
slabs in absence of infiltrating fluids (Cook-Kollars et al., 2014;
Collins et al., 2015).

>800◦C
The OC at higher temperature steps is contemporaneously
released with decomposition and transformation of stable
mineral phases such as quartz, K-feldspar and other silicates, as
indicated by STA analyses. This component is marked as C-3(a)
and is distinct from C-3(b) (Figures 1–3), the later released at
temperature exceeding 1000◦C. Like calcite, silicates can also be
important for stabilizing OC in biominerals (Carter and Mitterer,
1978; Maita et al., 1982) accounting for the release of C-3(a)
at temperature corresponding to the breakdown of the silicate
minerals. Organic matter can also be contained and protected in
pore spaces surrounded by silicate minerals (Ma et al., 2017), as
an occlusion in a mineral matrix.

C-3(b), observed in S-2(3), and S-3(3) represents graphitized
carbon marked by high C/N and slightly enriched δ13C (as
compared to δ13Corganic). An enrichment of δ13C during
graphitization of carbonaceous matter occurs as 12C-13C bonds in
C-complexes are broken with increasing thermal stress (Fomina
et al., 2019). Although C-3(b) is a very small fraction of the
total OC present in shale, its survival during combustion at
temperature > 1000◦C, imply that it can be preserved even in the
hottest subduction zones. Transfer of carbon to the deep Earth
locked as graphite at temperature of up to 1200◦C with negligible
fluid flux, correspond to depths of ∼80–250 km depending on
the geothermal gradient (Stern, 2002; Galvez et al., 2013; Zhang
et al., 2018). However, given the low density of graphite (2.3
gm/cc) as compared to that of mantle peridotite (3.1–3.4 gm/cc),
it can seggregate as a refractory phase in the shallow mantle
wedge with restricted deep subduction, while the associated
metasediments and carbonates from the slab can form CO2-
rich melt (Kelemen and Manning, 2015). Mantle graphite is
indeed known from much shallower depths than diamonds, and
also can be related to subduction (Kennedy and Kennedy, 1976;
Schulze et al., 1997).

There is a small possibility that this high temperature
component is related to highly stable mineral phases like Fe-Ti-
Al oxides formed by recrystallization and transformation during
the combustion experiments in this study. Such a phase formed
can trap OC as occluded or coated phases. Formation of such a
mineral phase during these experiments is unlikely as it is not
consistently observed in all the three samples [not observed for
sample S-2(1) at 1400◦C].

The different components released at different temperature
during combustion of shungites, a unique rock bearing
1 to 100% amorphous carbon, has been related to the
variable oxidation temperature of different organic matter
type having distinct C/N and, carbon and nitrogen isotopic
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composition (Verchovsky et al., 2018). In our study, given the
consistent δ13Corganic of – 27h in all the three samples
indicating a continental source, and their δ13Cbulk values
explainable by mixing between OC and carbonate components,
such a possibility is unlikely. This is supported by C/N
and δ13C mixing relationship observed in a previous study
(Basu et al., 2018). It is possible that in the shungites,
the observed differential release pattern of nitrogen (with
accompanying carbon) is a consequence of how the components
are sited in their different forms. For example, they can
be present as exchangeable or fixed nitrogen or, hosted
in the core of the carbonaceous matrix encapsulated from
the influence of any hot, infiltrating fluids (Scholten, 1991;
Boudou et al., 2008).

OC Components and Their Host Sites
Organic matter in shale can be present as adsorbed component,
both on internal and external surfaces of minerals or,
accumulated freely at the mouth or edge of the pore spaces
and, the interlayer spaces of the clay minerals (Zhu et al., 2016).
The associated carbon, occurring as freely accumulated OC
along with physically adsorbed OC on external clay surfaces,
can be easily extracted by organic solvent and referred to as
the physically mobile OC (PmOC). Chemically bonded OC
(CmOC) present in the internal surfaces of the minerals can
only be removed by wet chemical oxidation by breaking the
chemical bonds. But the most stable OC (SOC), occurs in the
interlayer spacing of clay minerals, black carbon and occluded in
carbonates and is not affected by wet chemical oxidation. Based
on treatment with chemical reagents, OC components have the
following sequence of mobility, PmOC > CmOC > SOC, which
corresponds to a reverse trend in their stability (Zhu et al., 2016).
The OC component can be sorbed to the surfaces interacting
variably, sometimes via multiple points that enhances its overall
stability (Keil and Mayer, 2014).

In this study, based on step combustion experiments and
temperature release up to five components can be identified. In
an order of increasing release temperature reflecting increasing
stability and decreasing mobility from their host sites in a shale,
they are C-1 < C-2(a) < C-2(b) < C-3(a) < C-3(b) (Table 4). C-
1 occurs as a free component while C-2(a) is associated with clay
minerals and both are equivalent to PmOC. C-2(a) corresponds
to the physically adsorbed component on the surfaces of clay
minerals. C-2(a) also includes the more retentive, chemically
adsorbed component present in the internal surfaces of the clay
minerals or, in their interlamellar spaces and comparable to
CmOC and SOC respectively. Consequently, C-2(a) is released
over a range of temperature in our experiments from 400 to
800◦C. Closely associated with C-2(a), must be the OC occurring
as biomineral or occluded phases associated with the carbonate
minerals and denoted as C-2(b), which correspond to SOC. The
C-3(a) occurs as biomineral or as occluded phase with silicate
minerals, not distinguished by chemical reagents. Based on this
study, we denote this component as very stable OC (VSOC). The
graphitized OC also identified as SOC by Zhu et al. (2016), is
categorized in this study as extremely stable OC (ExSOC) and is
the most stable of all OC components in the shale.

CONCLUSION

Stepwise combustion of three shales from the Jurassic
Haynesville-Bossier Formation suggests that the OC present
in them occurs as different components. As the organic matter
from the three samples are identical in terms of δ13Corganic,
TOC content and thermal maturity, any selective degradation
related to its type, should be minimum, although cannot be
ruled out completely. Rather, the different components are
released at different temperature steps due to differences in
their stability, as related to their association with various
mineral phases such as clay minerals, carbonate, and silicates.
This highlights the significance of organic-mineral interaction
in the preservation of OC components. The OC is hosted
differently with these mineral phases sometimes sorbed
as small molecules to the external surface or chemically
sorbed to the internal surfaces of the clay minerals. It may be
biomineralized or occluded by carbonate and silicate while
a very small fraction can occur as free accumulates or in the
graphitized form. In absence of any externally infiltrating fluid
in a closed system, mineral associated OC is well-preserved
till the breakdown of the shale constituent minerals such
as clay and carbonate. This corresponds to peak release of
500–600◦C for the phyllosilicate clay minerals and 600–
700◦C for the carbonate, indicating depth of ∼80 to 100 km,
depending on the thermal regime of the subduction zone
(Syracuse et al., 2010).

The OC components present in a shale is released at
different temperature during step combustion in order of
their increasing stability and decreasing mobility from their
host sites. In conjunction with results from a previous study
correlating the occurrence of organic matter and chemical
stability (Zhu et al., 2016), the following components can
be identified:

C-1 – Released at 200◦C, occurs as free accumulates at the
mouth of the pore spaces or edge of minerals in a shale. It is likely
to be extracted using organic solvent and, is prone to be lost from
the shale during diagenesis. It constitutes a very small fraction
of the total OC.

C-2(a) – Released predominantly at 400–700◦C, it is the
OC component that is associated with clay minerals. It can be
physically adsorbed on the external mineral surfaces and can
be extracted using organic solvent. A more stable form can be
chemically adsorbed in the internal surfaces of the clay minerals
forming intercalations as organomineral nanocomposites, and
can only be released by breaking the chemical bonds by wet
chemical oxidation. C-2(a) can occur in the interlamellar spaces
making them highly stable that would be non-extractable by
chemical oxidation. A large fraction of the total OC in shale
occurs as C-2(a).

C-2(b) – Released predominantly at 500–800◦C, it refers to the
OC component that is associated with the carbonate minerals,
either occluded or in the biomineralized form. It should be
extractable by wet chemical oxidation.

C-3(a) – Released at 800–1000◦C, this OC component is
associated with the silicate minerals in the biomineralized
form or as occlusions. It occurs as a very stable form and is
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unlikely to be extractable by wet chemical oxidation as easily as
C-2(a) or C-2(b).

C-3(b) – Released at 1200–1400◦C, this corresponds to the
graphitized OC that should be non-reactive to wet chemical
oxidation. It is a small fraction of the total OC but is highly
stable in the shale.

Except C-1, all other components are retained till high
temperature in the shale suggesting that they can survive during
geological processes such as burial diagenesis and subduction.
C-3(b), if subducted, can remain as a refractory phases in the
shallow mantle without being oxidized.

Future studies should consider how shale fabric (relationship
between the different minerals and the resulting pore spaces
within the volume of the shale), texture (size distribution of
constituent particles in terms of clay, silt and sand sized particles)
and structure (bedding planes, fissility, sedimentary laminations)
influence the interaction between minerals and organic matter
affecting the stability/mobility of the OC components present.
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