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with average thicknesses in the 115-130 m range and a maximum thickness of 428 m. Thermal
modelling of the cooling of the sills shows that the contact metamorphic aureoles are capable
of generating 52-80 tonnes of CO, m~2 with contributions from both marine and terrestrial
carbon. When up-scaling these borehole results, an area of 12-19000km? is required to
generate 1000 Gt CO,. This represents only 0.7-1.2% of the total area in the Tunguska Basin
affected by sills, emphasizing the importance of metamorphic gas generation in the Siberian
Traps. These results strengthen the hypothesis of a sub-volcanic trigger and driver for the
environmental perturbations during the End-Permian crisis.

This article is part of a discussion meeting issue “"Hyperthermals: rapid and extreme global
warming in our geological past’.

1. Introduction

The emplacement of the Large Igneous Provinces (LIPs) coincides in time with several of the
most severe crises and hyperthermals from the history of the Earth, such as the Paleocene Eocene
thermal maximum, the Toarcian, the End-Triassic and the End-Permian (e.g. [1]). Within many of
the LIPs, not only there is a large outpouring of volcanics at the surface, there is also a significant
sub-volcanic component, with magma having intruded into sedimentary rocks as sills, dykes
and volcanic centres (e.g. [2—4]). Gas release directly from the igneous rocks (CO, and SOy),
and at contact aureoles around intrusions, such as sills (CO,, CHy, CH3Cl, CH3Br and CO»,),
may explain rapid global warming and other perturbations such as ozone layer destruction
(e.g. [5-10]). Here, the Siberian Traps and the End-Permian crisis are used as an example of
how LIPs and environmental crises may be causally linked, with specific focus on the potential
for gas generation in the metamorphic contact aureoles in the sedimentary rocks around the
sub-volcanic intrusions.

The Siberian Traps LIP (figure 1) is one of the world’s largest LIPs, with outcrops and subcrops
widespread in the Northwestern Siberian craton, including the Taimyr Peninsula to the north
and below the West Siberian basin to the west. The volume of igneous rocks is estimated to
be a minimum of 1.7Mkm?3 [12] with the main pulse of emplacement taking place through
the Tunguska Basin in East Siberia around 252Ma (e.g. [13,14]). Sills and dykes are abundant
throughout the basin and form sheets up to at least 350 m thickness, locally comprising up to
65% of the basin stratigraphy [15,16] with a maximum cumulative sill thickness of 1200 m [17].
Some examples of the thick sheet sills outcropping in coal-bearing sedimentary rocks are given
in figure 2.

Degassing of sediment-stored volatiles from the Tunguska Basin following magma
emplacement is thought to be of the order of 100000 Gt CO, [7], coinciding in time with the
End-Permian negative carbon isotope excursion [14]. There is evidence of numerous pipe and
vent structures throughout the basin (e.g. [18]; see distribution in figure 1), which indicate that
catastrophic gas escape occurred at a large number of sites during the emplacement of the Siberian
Traps [7]. Individual sills may have reached volumes of greater than 5000 km3, potentially
resulting in decadal-scale climate change [19] following the release of the gases to the atmosphere.
Moreover, evaporite and coal metamorphism around the sills likely mobilized additional C, CI
and Br (e.g. [7,8]), adding to the environmental stress. However with outcrop examples (e.g.
Figure 2) being very limited over the vast size of the area, the distribution of sills in the Tunguska
Basin is still poorly documented. This makes detailed and realistic assessments of the role of
sills in the End-Permian event challenging. Only a handful of borehole logs are available in the
international scientific literature, usually with limited lithological information (e.g. [12]). To help
address this data gap, we use a large petroleum industry borehole database in combination with
a thermal model to better quantify the gas generation following sill emplacement during the
Siberian Traps LIP.
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Figure 1. Simplified geological map of the Siberian Traps and the Tunguska Basin. Note that the ‘Tunguska Basin” in the
literature is frequently included in the terms ‘Siberian Platform’ and ‘Siberian Craton’, and that the Tunguska Basin is often
considered as one of many basins situated on the platform/craton. We use the term ‘Tunguska Basin’ to encompass all the
post Neo-Proterozoic sedimentary rocks on the platform/craton, and refer to the various provinces and structures following the
nomenclature of [11]. In addition, Russian geologists often use the term ‘synclise’ instead of ‘basin’, as shown in [11]. (Online
version in colour.)

2. Sedimentary and volcanic rocks in the Tunguska Basin

The vast Tunguska Basin in eastern Siberia contains the oldest petroleum system in the world
formed during maturation of 1-8km thick deposits of Neo-Proterozioc shale and carbonate
(e.g. [15,20,21]). The total thickness of the basin stratigraphy commonly varies between 3 and
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organic-rich
sediments

Figure 2. Outcrop examples of large sills in Siberia. (a) Overview of a lower Tunguska river section outcrop with sills and
sediment highlighted. (b) At least four thick sills are clearly visible as steps in the outcrop (many smaller sills can be found
on closer inspection within the sediments). (c) The contact of the sills with organic-rich sediments (coal) reveal metamorphic
aureoles due to baking from the sill intrusions, a process which liberates gases from the host rocks. (Online version in colour.)

12.5km depending on location [15,17] (figure 3b). Carbonates (with minor sandstone and shale
horizons) dominate the Cryogenian and Tonian (formerly Riphean) source rock sequences which
are overlain by the carbonate and evaporate facies of the Ediacaran (formerly Vendian) [11,22,23].
Furthermore, enormous volumes of Cambrian evaporites are present in the basin with up to
2.5 km thick sequences of halite-rich strata, anhydrite and dolostone (figure 3b) [24,25]. Five major
phases of salt deposition occurred in the Cambrian, the most extensive being the 2 million km?
Early Cambrian Usolye salt basin with an average of 200m of nearly pure halite [24]. Most of
the petroleum reservoirs are located in the Cambrian carbonates (e.g. [23]). The post-Cambrian
stratigraphy contains major erosional breaks. Devonian rocks are rare in the south but abundant
in the north, whereas Ordovician rocks (limestones, marls) are locally abundant in the central
parts of the basin.

Sedimentation in the basin terminated in the latest Permian with the onset of the Siberian Traps
extrusive volcanism. The exposed distribution of the volcanics is shown in figure 1. Lava flows
do not outcrop south of approximately 60° and the absence of lava within the crater-lake deposits
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above the explosion pipes (e.g. [26,27]) suggests that lava flows never formed an extensive cover
in the southern parts of the basin. However, pyroclastic rocks are abundant in the interval
of 68°-62° (figure 1; e.g. [16]), potentially linked to explosive eruptions from evaporite-rooted
pipes [7,18,28].

Sills are present in most parts of the Tunguska Basin and are emplaced throughout
the sedimentary succession from the basal Vendian carbonates and clastic lithologies to the
uppermost Late Permian fluvial coal-bearing sandstones and siltstones (the Tunguska Series; e.g.
figures 2 and 3). Knowledge about the sill distribution is based on outcrop studies and boreholes,
and sill volume calculations are currently based on limited borehole assessments (e.g. [12]). This
approach has resulted in virtually unexplored areas where the borehole coverage is poor or the
boreholes are shallow. Seismic data could potentially have resolved the extent of deeply emplaced
sills, but have proved to be of limited use due to imaging issues resulting from the similarities in
physical properties and seismic responses between dolerite and dolostone.

Sill emplacement within the Siberian LIP led to contact metamorphism, widespread
magma-sediment interactions, the formation of degassing pipes and precipitation of ores
(e.g. [7,18,29-32]). The timing of sill emplacement overlaps the global negative carbon isotope
excursion that characterizes the End-Permian event and is potentially preceded by the
first extrusive phase [14]. The most profound results of the magma-sediment interaction
are the spectacular magnetite-rich pipes rooted in the Cambrian evaporites or possibly
deeper [7,18,32,33]. These degassing pipes are numerous in the southern parts of the basin
(figure 1) where they are associated with up to 700m deep and 1.6km wide crater-lake
deposits [18,26,27]. The pipes may have played a key role as degassing structures linking the
Siberian Traps to the End-Permian event [7,8]. The distribution of these pipes and indeed the
extent of dolerite outcrops (figure 1) indicates that the sub-volcanic parts of the Siberian trap LIP
are extensive, but just how thick and widespread are the sediment-hosted sills?

3. Data and methods

Data and material from 284 parametric and petroleum exploration boreholes were used to
investigate the sills emplaced in the Siberian Traps (figure 3a). The boreholes cover large parts
of the basin, from Norilsk in the north (N 69°) to Bratsk in the south (N 55°), with a bias
towards petroleum-bearing regions. The boreholes are mainly from the Krasnoyarsk Territory
and are characteristic of the western half of the Tunguska Basin where volcanism was particularly
widespread during the End-Permian. The main source of data was an industry catalogue
available at the Moscow State University showing stratigraphic subdivisions and logs from
deep wells, but additional sources were used to get good information from other territories
(Turukhansk-Norilsk Range, Bakhta Nose and Kureika Basin). The boreholes were then grouped
according to the six main oil-exploration zones of the Krasnoyarsk Territory. Overall, these zones
match the large structural elements of the Siberian Platform (figure 3a): (I) 28 wells, all deeper
than 1.5km, from the north of Cis-Sayany-Yenisei Syneclise together with Angara Dislocations
Zone (sometimes the former is included into Baikit High); (II) 85 wells, all deeper than 2 km, from
the Katanga Nose of Nepa-Botuoba High (sometimes referred to as the Katanga Saddle) and the
adjacent part of Vanavara embayment (i.e. the southwestern part of the Kureika Basin); (III) 114
wells from the Kamo Uplift of the Baikit High and the adjacent part of the Vanavara embayment,
all deeper than 2km; (IV) 16 wells from the Turukhansk-Norilsk Range, 60% deeper than 2.5 km;
(V) 24 wells from the Bakhta Nose of Baikit High, all deeper than 2km; and (VI) 17 wells from
the Kureika Basin (excluding the Vanavara embayment) and the adjacent part of the Anabar
High (Putoran Nose), 90% are deeper than 3km. A selection of 14 of the logs from these areas
are shown in figure 3¢ and additional boreholes are presented in the electronic supplementary
material, figure S1.

Additional simplified logs from seven boreholes are compiled in figure 4, where one borehole
log (MD-48) is from [31] and the rest are from the Siberian Scientific Research Institute of Geology,
Geophysics and Mineral Resources, Novosibirsk.
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Figure 4. Logs from seven boreholes, five are from the E-W transect shown in figure 1. Three of these boreholes (219, 275, 277)
are used for thermal modelling as detailed lithological logs are available. (Online version in colour.)

We have used the SILLi 1.0 1D numerical model [34] to recreate the thermal effects of sill
emplacement in three selected boreholes. The general aspects of the model are described here
and further details are given in [34]. First, each sedimentary layer, including eroded layers, is
deposited sequentially in time based on the depositional age. The rate of sedimentation for each
layer is then determined by the thickness of the layer and the difference in time between its top
age and that of the layer deposited before it. A thermal solver computes the temperature within
the deposited sedimentary column by applying fixed temperatures at the top and bottom at every
step, calculated from the prescribed geotherm and the energy diffusion equation. In contrast to
many published thermal models (e.g. [35]), this enables us to compare and separate the thermal
effects of sills with the normal burial effects. Sills are emplaced instantaneously at a given time.
The effective rock heat capacity accounts for the latent heat of fusion in the crystallizing parts
of the sill [35-37]. Dehydration reactions in the host rocks are implemented by modifying the
thermal diffusion equation when temperatures of the sediments are increasing within a certain
range [36,38]. Deposition of an erosional layer occurs in the same way as the layers in the present-
day sedimentary column. Erosion occurs instantly at the prescribed time and the top and bottom
temperature boundary conditions are accordingly adjusted for the new sedimentary column. The
EASY%Ro method [39] is used to calculate the thermal maturity of the sedimentary rocks. Organic
CO; generated from the breakdown of organic matter is calculated from the difference in TOC
content before and after sill emplacement [35], but note that the EASY%Ro method leaves 15%
of the TOC behind, even close to the sill where maximum conversion occurs. The amount of
inorganic carbon released during decarbonation reactions from carbonate-bearing rocks is based
on interpolation on the pressure-temperature phase diagrams generated by Perple_X using pre-
defined rock geochemistry for marls [40]. Note that the carbon gas speciation is calculated as
CO;-equivalents even though CHy is a common product of sediment metamorphism.
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4. Results

The two key aspects of the sub-volcanic system that are addressed in this contribution are: (i) a
better constrained account of the distribution and thickness of sill intrusions, with specific detail
on the types of host sediment, and (ii) improved thermal modelling to better estimate gas outputs
due to the metamorphic aureoles around the intrusions. Results from these two main aspects are
described in detail below and will form the basis for the discussion sections.

(a) Sill distribution and thickness

In total, 93.5% of the 284 boreholes from the database contain sill intrusions (figure 3¢ and
electronic supplementary material, figure S1), and all of the additional boreholes in figure 4.
Owing to the depositional and erosional history of the Tunguska Basin, we cannot determine the
potential preference for sills in specific lithologies, ages or with depth. We do not have access to
the thickness variations along strike of individual sills in the database. However, as shown in the
geological profile in figure 3b, there are abundant and thick sills in the central parts of the basin,
in particular in post-Ordovician strata (cf. figure 5). The thickest average sills are emplaced in
the marl-bearing Ordovician in area III (the Kamo Uplift of the Baikit High; 190 m), whereas sills
are generally thick in the Cambrian evaporites across the basin as well. The thickest individual
sill in the presented logs is 428 m (borehole ZMI-216), emplaced in Cambrian strata. In areas I, II
and IV, the thickest sills (on average) are within the Cambrian (figure 5), even when considering
that we have subdivided the Cambrian into salt- and anhydrite-dominated evaporites (Cm2-
3ev) and dolostones (Cm1-2). Note that towards the anticline along the profile in the south (the
border zone between areas I, II and III; figure 3b), sills are less abundant, as also demonstrated
by borehole 260 in figure 4 (located near Bratsk). As shown in the log overview (figures 3c and
4; electronic supplementary material, figure S1) the Carboniferous to Permian sedimentary rocks,
dominantly sandstone and siltstone with coal beds, are heavily intruded by sills.

The boreholes in figure 4 (excluding MD-48) contain a total of 26 sills with an average sill
thickness of 120+ 81 m. Among these logs, the thickest sill is 300m (borehole 274), emplaced
within the Permian coal-bearing Tunguska Series.

Owing to the relatively few boreholes available from areas I and IV, and the range in average
sill thicknesses with basin structure, it is not possible to calculate reliable sill volumes for the entire
Tunguska Basin, or the exact contributions from the various lithological units (e.g. coal versus
marl metamorphism). As a consequence, estimating accurate LIP-scale degassing from contact
metamorphism around the sills is still challenging. Thus, instead of calculating a full basin-scale
metamorphic CO; production value (cf. [7]), we focus on thermal modelling of specific boreholes
and the equivalent areas needed to produce 1000 Gt CO;. The reason for choosing 1000 Gt CO,
as a benchmark value is that it can easily be scaled to the carbon mass required to cause global
changes, and that a flux of 1 Gt/yr may be obtained when generated within a realistic timeframe
of contact metamorphic gas production (cf. [16,19]).

(b) Thermal modelling

As an example of our approach to calculate gas generation from contact metamorphism, we
use a thermal model (see table 1 for input details) calibrated to three borehole cases (boreholes
275, 277, 219; figure 4). These boreholes intersected sills emplaced in Cambrian and younger
sedimentary rocks. The model calculates the aureole temperatures, vitrinite reflectance, TOC
reduction from pre-intrusion values, and the generated CO, from TOC and marl metamorphism.
Note that the marl metamorphism releases CO, at temperatures primarily above ca 400°C due
to calc-silicate reactions and is, thus, restricted to the innermost parts of the contact aureoles.
The calculated TOC is compared to measured TOC where data are available. Total organic
carbon (TOC) data from the six boreholes in figure 4 (not including MD48) shows that the
content is generally low in evaporites and dolostones (0-0.3 wt%), with occasional high-TOC
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Figure 5. Average sill thicknesses in individual boreholes sorted according to the age of the enclosing sedimentary strata and
the regional division from figure 2. (Online version in colour.)

shale intervals peaking at above 6 wt% (unpublished data from the Siberian Scientific Research
Institute of Geology, Geophysics and Mineral Resources; electronic supplementary material, table
s1). Note that the TOC values represent present-day values that were considerable higher at
the time of sediment deposition and the time of sill emplacement (cf. [22]). Moreover, vitrinite
reflectance measurements are not available from our boreholes. Both vitrinite and TOC borehole
measurements are needed in order to more accurately calibrate the sill model, including the
relative emplacement time of the sills.

The model output from borehole 219 is shown in figure 6 and demonstrates increasing vitrinite
reflectance and reduced TOC near the sills. The maximum temperature obtained is about 800°C
in between the closely spaced sills at 1200-2000 m. Note that if closely spaced sills are emplaced at
the same time, as in the 219 case (252 Ma), the result is higher temperatures between the sills (and
more CO; generation) compared with sills emplaced with greater than 50 000-yr spacing (cf. [41]).

The cumulative CO; production from the metamorphism in borehole 219 is shown in the last
two panels of figure 6. In this borehole, CO; is only produced in the upper aureole of one sill
where marl is present. The TOC-derived CO; is, as mentioned, generally low due to the low
initial TOC content and the values are reproduced when the initial TOC in the Cambrian strata
are set to 0.5 wt% TOC. The highest TOC values are within the upper 200 m of borehole 219 where
the sedimentary rocks are coal-bearing. We have used 2wt% TOC throughout the 200m as an
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Figure 6. Thermal model results from borehole 219. Note that the high-TOC content in the 2315-2325 m interval is due to the
presence of bitumen introduced during migration. (Online version in colour.)

Table 1. Rock properties.

density heat capacity thermal Cond. latent heat Org.

lithology (kgm~3) ( kg~'C) Wm=TKk
sandstone w/coal 2500 1000 18 376

3Includes: solidus T, 950°C; liquidus T, 1150°C; latent heat of crystallization, 375°C.
bMelt/solid.

approximation for a realistic bulk rock lower endmember scenario (electronic supplementary
material, table s2). The results show that the cumulative CO, production is 40 ton m—2 (organic)
and 12tonm™2 (inorganic; table 2), with peak values reached shortly after sill emplacement
(figure 7). The area needed to produce 1000 Gt CO; from sill metamorphism is about 19 000 km?.
The results from the two other boreholes are given in table 2 and show that 1000 Gt CO; is
reached at 12-13 000 km?. These areas represent 0.7-1.2% of the total area in the Tunguska Basin
containing sills.

5. Discussion
(a) Sill distribution

Our data show that sills are found in all of the six regions in East Siberia and in 93.5% of the
boreholes in the database. Deep boreholes without sills signify that sills may pinch out laterally.
Since our database does not allow the study of individual sill thicknesses along strike, we cannot
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Figure 7. The thermal gas generation following metamorphism in borehole 219. The inorganic (0, is derived from
metamorphism of impure carbonates (marl), whereas the organic (0, is ultimately derived from the TOC. (Online version
in colour.)

determine whether very thick sills are stratigraphically associated with thin sills (offshoots) as
is the case for the Karoo Basin sills in South Africa [42]. Except for the MD-48 borehole where
very thin sills are repeatedly emplaced within a 1000 m thick zone, the other boreholes (figure 4)
do not suggest the presence of offshoots. Very thick sills (greater than 200 m) are emplaced at
all stratigraphic levels except in the Precambrian, but note the scarcity of wells penetrating such
deep levels. The largest area in our study, region IV, The Kureika Basin, is also where the borehole
coverage is the lowest (figure 3), showing the limits of our knowledge about the sub-volcanic
domain of the Siberian Traps, in particular where the basin is deepest and the thickness of
extrusives is highest.

The 27 simplified logs published by Vasiliev ef al. [12] shows a bias towards very high sill
percentages in relatively short boreholes, whereas the more representative deep boreholes have
surprisingly high percentages of sills (estimated to 20—40%). Note also that the Vasiliev et al.
(2000) logs are biased towards petroleum-producing areas and that many of the boreholes have
greater than 500 m of sills in the stratigraphy, with a maximum reported individual sill thickness
as high as 1180 m (emplaced within the coal-bearing Tunguska Series). Systematic studies of sill
thicknesses in other sedimentary basins are few, but a recent study from the Karoo Basin shows
that only four out of about 30 boreholes have greater than 500 m of sills [42]. In the Karoo case,
the sills comprise less than 20-30% of the basin stratigraphy, and the borehole depth represents
a major factor in the sill percentage. Short boreholes give an overestimation of the sill percentage
in the basin. Biases due to short boreholes are not a problem in our East Siberia dataset, as most
boreholes were drilled to 2-2.5km depth—or deeper (including the boreholes presented in the
electronic supplementary material, figure S1). The comparison between the Tunguska Basin and
the Karoo Basin is interesting for several reasons and is further discussed below.

First, a significantly larger volume of melt was emplaced in the lower stratigraphic levels in the
Tunguska Basin, potentially related to the type of sedimentary rocks present. The evaporites may
have acted as preferred lithologies for melt accumulation and storage due to their thermal and
mechanical anomalies compared with the overlying limestones and clastic sedimentary rocks.
The melt accumulation in the evaporites is suggested as the main process leading to explosive
pipe eruptions (e.g. [7,18,43]). In the Karoo Basin, the entire lithological column is composed of
clastic sedimentary rocks. Although deep aureole degassing via breccia pipes was widespread,
the pipes are much smaller than in the Tunguska Basin and are not associated with abnormal
melt accumulation or unusually thick sills [44].
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Second, comparisons between the Tunguska Basin and the Karoo Basin stress the role of the
composition of the sedimentary rocks subjected to contact metamorphism. As pointed out a
decade ago [7], the two biggest mass extinctions on record (the End-Permian and the End-Triassic)
took place at the same time as sill emplacement in vast evaporite-dominated sedimentary basins.
During the End-Triassic, the Central Atlantic Magmatic Province was emplaced in the onshore
and evaporite-rich basins in Brazil (e.g. [10]). Moreover, sill-evaporite interactions on these scales
(greater than 1 Mkm?) are unique to the End-Permian and End-Triassic events, suggesting a causal
relationship between mass extinctions and large-scale evaporite degassing [7]. The other major
LIPs that are known to correlate with environmental changes, such as the Karoo LIP, the Northeast
Atlantic Igneous Province and the High Arctic LIP, likely triggered rapid climatic changes and
hyperthermals, but not big mass extinctions (e.g. [1]). The association between LIPs and climatic
change (but not big mass extinction) is suggested to relate to CO, and CHy4 degassing from contact
aureoles around sills emplaced in organic-rich sedimentary rocks (e.g. [6,45]). Furthermore, the
emplacement of sills within predominantly sandstone-rich lithologies may even act as a sink
to outgassing CO; from the LIP magmas, thereby reducing the possible climatic impacts [9].
This emphasizes the fundamental role of sediment composition in large-scale LIP-perturbed
geochemical cycling.

(b) Sills and contact metamorphism

The emplacement of igneous sills in the Tunguska Basins led to rapid heating of the host
sedimentary rocks. Dolerites have emplacement temperatures of about 1100°C and cool to
background temperatures on timescales of 1000-50 000 years (figure 7), depending on a range
of variables such as sill thickness, emplacement depth and thermal conductivity (e.g. [34,35,38]).
During prograde heating, volatiles such as CO, and HyO will be released during mineral
reactions and organic matter maturation. Depending on the type of organic matter and the
temperature, the heated rocks generate CO, and CHy plus higher hydrocarbon gases (e.g. [44]).
In addition, depending on the temperature and initial maturity conditions, liquid hydrocarbons
may have been generated further out into the thermal aureole as well, resembling natural
organic maturation. Note that the innermost aureoles around thick sills are often barren
of TOC (e.g. [34,41,46]), suggesting complete conversion of the TOC to gas. If the volatile
production is sufficient and permeability of the system relatively low, the result may be
the formation of a fracture system that expands towards the surface and eventually the
formation of a pipe structure [47-50]. The pipes in the Tunguska Basin (figure 1) acted
as gas transport channels connecting the deep reservoirs of volatiles with the End-Permian
atmosphere [7,18].

One of the unique aspects of the geology of East Siberia is the abundance of evaporites in
the contact aureoles around thick sills. Evaporites have a very high thermal conductivity (a
value of 4W/m/K is used in this study; table 1) which results in an efficient heat transport
out of the sills (e.g. [10]). Heat is transferred more efficiently through salts compared to
carbonates and clastic sedimentary rocks. As a result, the maximum temperatures in the
contact aureoles are lower, but also the wider zones around the sills experienced elevated
temperatures compared with the background geothermal gradient (figure 6). The effect of contact
metamorphism of halite-rich lithologies includes grain coarsening of halite and breakdown of
pyrite to iron oxides, resulting in coarse and brown evaporites close to the contacts with sills
(e.g. [7,51]).

In other basins where dykes and sills have intruded into salts, sills appear to preferentially
propagate laterally away from sub-vertical dykes into zones of hydrous salt such as carnalite
(KMgCl3-6H,0) (e.g. [52]). This lithological control appears primarily related to the heating and
subsequent dehydration reaction of carnallite which causes the carnallite to behave as viscous
fluidal horizons resulting in the non-brittle emplacement of magma and spectacular peperitic
salt-magma mingling textures [52].
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(c) Volatile volumes

One of the challenges in understanding the impact of sills on sedimentary basins is to estimate
how many volatiles were generated during heating. The volatile budget is important for
constraining fluid migration and for the fate of organic matter in sedimentary basins, but also for
understanding the environmental effects in cases where gases were emitted to the atmosphere.
There are several approaches to calculating gas volumes: (i) using the estimated sill volume in
the entire basin and up-scaling to aureole volume (usually by using a 2:1 factor). If the carbon
mass mobilized within the aureoles is known, the total carbon production can be calculated. This
will give an estimate of the total volatile production but will not give any information about
fluxes or the temporal evolution of fluid production (e.g. [6,7,46,53]); (ii) a different approach
involves calculating the fluid production per individual sill and aureole [19,54]. Since the duration
of sill cooling can be calculated from thermal modelling, the CO; fluxes can also be estimated.
This approach is robust, but the total area, volume and age of individual sills are generally
poorly constrained unless geophysical data and high-resolution geochronology is available; and
(iii) a third approach is to calculate CO, production estimates from specific borehole cases
following those up-scaled to relevant areas (e.g. [41]), as done in this study. Our results, as
presented in figures 6 and 7 and in table 2, are the first borehole-based modelling estimates of
the contact metamorphic volatile production in East Siberia during the End-Permian. The good
fit between model results and borehole data (figure 6) strengthens the validity of the calculated
50-80 ton CO,/m? (table 2); however, we stress that vitrinite data are not available but would
have provided important additional model calibration. Vitrinite data would have given us the
possibility to optimize the sill emplacement timing and to avoid too high temperatures between
closely spaced sills [34,41].

The ratio of organic- to carbonate-derived CO; is controlled by the presence of marls in the
contact aureoles and the TOC. The up-scaling from borehole to regions, where ca. 19000 km?
is needed to generate 1000 Gt CO, (borehole 219; table 2), is still in broad agreement with the
TOC-based basin-scale estimate (i.e. approach 1 as listed above) from [7]. Since the Siberian
Traps magma also contributed to the CO, fluxes with CO, degassing during ascent, we have
compared our aureole estimates with the theoretical mantle-derived CO, degassing from the
sills. When using the 18 Mt CO, km™3 value for basalt degassing from McCartney et al. [55],
we calculate that an area of about 77000km? is needed to release 1000 Gt CO, using the sill
volume in borehole 219 (table 2). For the three boreholes we have modelled, the aureoles may
generate 4.0-9.2 more CO; than the sill degassing alone (table 2). We stress that our degassing
estimates do not necessarily reflect the mass of gas emitted to the atmosphere. Large-scale and
long-term storage of CO, in contact aureoles is regarded as unlikely, but the degassed versus
stored mass on the timescale of the sill emplacement duration represents a poorly constrained
factor.

As shown for borehole 219, 77% of the generated CO, is TOC-derived (table 2), the rest
is sourced from limestones and marls. This implies that the exact emplacement history and
timing determines the evolution of the §!3C of the generated gas. Pulsed sill emplacement may
thus result in pulsed degassing of TOC-derived '>C-enriched CO;, (§'3C = —35%o) or carbonate-
derived 12C-depleted CO, (§'3C = 0%.) depending on the host rock properties, as recently shown
for the Central Atlantic Magmatic Province in Brazil [10].

A potentially important factor for assessing the environmental effects of the Siberian Traps
not taken into account here is the involvement of gases released from pre-existing oil and gas
accumulations. If sills are emplaced near petroleum reservoirs, the added heat may lead to
enhanced gas production due to oil cracking and/or to reservoir leakage along fractures. As also
shown by basin modelling studies [22], sill emplacement at 252Ma resulted in a pulse of gas
generation from the heating of source rocks and destruction of oil reservoirs [17]. Data from oils in
East Siberia show the presence of polycyclic aromatic hydrocarbons suggesting interactions with
the igneous/metamorphic system [56]. In the southern Tunguska Petroleum region, Kontorovich
et al. [17] estimate that 30-35% of the Lower Cambrian sediments were heated to above 300°C
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following sill emplacement, giving rise to high CO, and H;S concentrations in gas reservoirs and
mercaptan-bearing oils.

(d) Conclusion

— The Siberian Traps formed during the End-Permian extinction event. We present a new
borehole compilation based on 284 boreholes from the Tunguska Basin in East Siberia,
where 93.5% of the boreholes intersected Siberian Traps sills.

— The sills were emplaced predominantly in Cambrian evaporites and younger strata, with
thicknesses in the 20-500 m range. Thick sills were also emplaced in Permian coal-bearing
sedimentary rocks.

— Thermal one-dimensional modelling of three borehole cases shows that metamorphism
of marls and rocks containing organic matter (including coal) resulted in the production
of CO», typically in the 50-80 ton CO; m—2 range.

— When up-scaling the borehole results to a gas production of 1000 Gt CO;, only 12-
19 000 km? is needed, a small fraction (0.7-1.2%) of the known area with sills.

— The contact metamorphism generated 4.0-9.2 times more CO, compared with the sill
degassing (mantle CO,) alone.

— We conclude that the sub-volcanic domains of LIPs represent a key factor linking
volcanism to global environmental changes.

6. Summary

Giant magmatic events, known as LIPs, have occurred at punctuated periods in Earth’s history,
causing environmental disturbances and mass extinctions. The Siberian LIP, which is implicated
in the End-Permian mass extinction (approx. 252Ma), had a vastly increased gas component
generated from reactions between intrusions of magma (sills) with evaporites, carbonates and
organic-rich sediments. A thermal model is used to show that an area of only 12-19000 km? is
needed to produce 1000 Gt CO,, only some 0.7-1.2% of the known coverage of sill intrusions,
highlighting the sub-volcanic part of the LIP as a major gas contributor.
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