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The Late Permian and Early Triassic periods aremarked by large fluctuations in the carbon isotope record, but the
source(s) of the disturbance to the global carbon cycle and the link to the end-Permianmass extinction arewide-
ly debated. This contribution explores the possible isotopic effects of an impact event into the hydrocarbon-rich
rocks of the Paraná–Karoo Basin. Recent U–Pb and 40Ar/39Ar dating of the 40 kmAraguainha impact structure of
central Brazil reveals an age of 254.7 ± 2.5 Ma (2σ error) for this event. The calculated energy (105–106 MT of
TNT equivalent) released by this impact is less than threshold values of 107–108 MT TNT equivalent for global
mass extinctions. Thus, the Araguainha crater is unlikely to have been the cause of the end-Permian biotic crisis.
However, the combined seismic effects from the impact itself and the post-impact collapse of the 20–25 km
diameter transient crater to its present 40 km diameter would result in large magnitude earthquakes
(Mw 9.3–10.5) and tsunamis in the shallowmarine Paraná–Karoo Basin. Slope failure and sediment liquefaction
are predicted to have occurredwithin a 700–3000 km radius of the crater, causing large-scale release ofmethane
from organic-rich sediments of this basin, including the oil shale horizons of the Iratí Formation. New geological
evidence for seismicity in the Paraná Basin at the time of impact is presented, together with a compilation of
existing carbon isotope data from the Paraná Basin, which demonstrate a widespread pattern of disturbance
consistent with the release of methane. These two datasets suggest that both seismicity and methane release
took place within ca.1000 km of the impact site, with mass balance calculations suggesting ca. 1600 GT of
methane were released into the atmosphere at this time. Methane release at this scale would have significant
climate effects and would contribute to a sharp (b1 ka) negative shift in δ13C values at the time of the impact,
which should be distinguishable from the more gradual shift over 0.5–1 Ma caused by contemporaneous intrusion
of the Siberian traps.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The end-Permian mass extinction is the largest of the five mass
extinctions that punctuate the Phanerozoic record of life on Earth
(Raup and Sepkoski, 1982; Erwin et al., 2002; Alroy et al., 2008). The
integration of U–Pb geochronology, isotope chemostratigraphy, and
biostratigraphy have been critical in defining a globally synchronous
Permian–Triassic horizon (e.g., Bowring et al., 1998), which is followed
by the first appearance of the basal Triassic conodont Hindeodus parvus
(Yin et al., 2001). High precision U–Pb analysis of zircon from volcanic
ash layers establishes the 252.6 ± 0.2 Ma timing of the biotic crisis
in the marine realm (Mundil et al., 2004), redefined by Shen et al.
(2011) to 252.28 ± 0.06 Ma. The carbon isotope record demonstrates
a large decrease in 13δC of seawater at this time (Korte and Kozur,
2010), with perturbation continuing into Early Triassic times (Payne
ghts reserved.
et al., 2004; Xie et al., 2007; Tanner, 2010). The global nature of the car-
bon isotope record (Baud et al., 1989; Korte and Kozur, 2010) has been
established by studies of high latitude, Gondwanan sites, e.g., New
Zealand (Krull et al., 2000), Antarctica (Krull and Retallack, 2000), and
South Africa (MacLeod et al., 2000), equatorial sites in the Panthalassan
Ocean (e.g., Japan; Algeo et al., 2008), as well as middle to low latitude
Tethyan sites including the European Alps, Iran, and the type section
in Meishan, eastern China (Magaritz et al., 1992; Wang et al., 1994; Jin
et al., 2000; Xie et al., 2007; Cao et al., 2009).

The recent U–Pb and 40Ar/39Ar dating of the impact melts from
the 40 km Araguainha structure at 254.7 ± 2.5 Ma establishes the
Permian–Triassic age of a mid-sized impact event (Tohver et al.,
2012). The most lethal effects of meteorite impacts are caused by the
sun-blocking blanket of ejecta in the upper atmosphere, resulting in
the catastrophic collapse of primary productivity, known as the “nuclear
winter” scenario (Toon et al., 1997). Global die-off can ensue from im-
pacts that release N106 Mt TNT equivalent of energy, which is estimated
from crater size; e.g., the 180 km diameter Chicxulub crater released
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ca.108 Mt TNT equivalent (Toon et al., 1997). Thus, the energy release
from the 40 km diameter Araguainha crater was likely too small to
have been the cause of the end-Permian mass extinction. However,
the hydrocarbon-rich target rocks of the Paraná Basin present a poten-
tial source of disturbance to the Permian–Triassic carbon cycle triggered
by the Araguainha impact event. This contribution examines the mech-
anism and magnitude of impactogenic seismicity and the potential for
carbon release, demonstrating that even moderate impact events can
provide substantial inputs to the global carbon cycle,with consequences
beyond the throttling off of primary productivity.

This paper constrains the possible effects of the Araguainha impact
event on the global carbon budget by establishing limits to the
amount of isotopically light carbon that could have been released by
impactogenic seismicity. First, the magnitude of seismic effects from
the impact event and the subsequent collapse of the transient crater
to form the final multi-ring structure are calculated. Second, new
evidence for widespread seismicity in the Paraná Basin within a
1000 km radius of the impact site at the time of the Araguainha
event is presented. Third, potential sources for the release of carbon
from the impact event are discussed, followed by a summary of
existing evidence for large-scale release of isotopically light carbon
from the organic-rich rocks of the Passa Dois Group of the northern
Paraná Basin. Finally, other proposed sources of disturbance to the
Late Permian and Early Triassic carbon cycle are discussed and com-
pared in terms of magnitude and expected duration relative to
impactogenic methane release.

2. Regional stratigraphy and geology of the Araguainha
impact structure

The Araguainha crater is located in the northern Paraná Basin, the
western arm of an ~3 × 106 km2 seaway linked during Permian–
Triassic times to the Karoo Basin of southern Africa (Milani and de
Wit, 2007). The Paraná Basin in South America extends over roughly
1.5 × 106 km2, about three times the area covered by a modern-day
analog, the Black Sea. The common stratigraphy for both the Paraná
and Karoo basins (Gondwana Supersequence II) and the ubiquity of
shallow marine fauna such as the Mesosaurids prove that these basins
were connected prior to opening of the Atlantic Ocean (Milani and de
Wit, 2007). The target rock stratigraphy of the northern Paraná Basin
of Brazil was studied by Lana et al. (2007, 2008) from prominent expo-
sures in the uplifted and folded sedimentary rocks that form the inner-
most collar and two concentric rings around the uplifted granite and
impact melt at the core of the Araguainha impact structure. From bot-
tom to top, the fourmajor groups of sedimentary rocks that were affect-
ed by the impact event are the Silurian–Ordovician Ivaí Group (glacial
diamictites and shales), the Devonian Paraná Group (red sandstone,
siltstones, and arenose conglomerates), the Carboniferous–Permian
Tubarão Group (basal conglomerates, sandstones, glacial diamictites),
and the Middle to Late Permian Passa Dois Group (chert-rich carbon-
ates, bituminous shales, and shales).

The Passa Dois Group comprises the youngest target rocks for the
Araguainha bolide, and therefore provides the most tightly constrained
maximum age for the impact. Volcanic ashes interbedded with the Iratí
Formation in the lowest part of the Pass Dois Group were dated at
278.4 ± 2.2 Ma by U–Pb SHRIMP analysis (Santos et al., 2006). The
youngest target rocks belong to the Corumbataí Formation, which
records a dual polarity (i.e., both normal and reversed directions),
depositional remanentmagnetization (Valencio et al., 1975). Therefore,
deposition of the Corumbataí Formation post-dates the Kiaman
Superchron, which ended at 262–268 Ma (Opdyke and Channell,
1996; Ogg et al., 2008; Lanci et al., 2013). In some regions, a distinctive
stratigraphic unit, the Porongaba bed, forms a brecciated layer up to 5 m
thick at the upper surface of the Corumbataí Formation (Matos and
Coimbra, 1997; M. Schmieder pers. comm.). Unconformably overlying
the Passa Dois Group are dunes of the Piramboia Formation, known as
the Sanga do Cabral Formation in the southern reaches of the Paraná
Basin. The Early Triassic age of these rocks is established by the presence
of Lystrosaurus fossils (Milani et al., 2007).

Beyond the geochronological constraints on the age of the impact,
the Passa Dois Group stratigraphy is significant for the large amounts
of organic carbon sequestered in these rocks, particularly in the Iratí
Formation. Deposited in the wake of the Artinskian deglaciation of
Gondwana (Santos et al., 2006), a time period marked globally by mas-
sive burial of organic carbon (Berner, 2002), the mesosaurid-bearing
black shales of the Iratí Formation record a transgressive marine
sequence with 80 m of limestones, chert, and bituminous black shales
underlain by massive dolomites. The Assistência Member of this forma-
tion is a 30–40 m thick unit that comprises 10 cm-thick beds of inter-
calated bituminous shales and carbonates (Fig. 1). The high organic
content renders this formation a commercially viable oil shale,
exploited by Brazilian state oil company Petrobras. In South America,
this oil shale horizon extends over 700,000 km2 (Araújo et al., 2000);
together with the correlative Whitehill Formation of the Karoo Basin it
constitutes one of the world's largest oil shale reservoirs (Dyni, 2006).
The scale of these hydrocarbon deposits demonstrates a vast source of
geologically sequestered light carbon.

Detailed stratigraphic and structural studies of the Araguainha peak-
ring structure (Lana et al., 2007, 2008) document a central uplift with a
5 km diameter, with two sets of rings with radii of 10–12 km and
14–18 km, respectively, separated by annular basins. The central uplift
is dominated by a shocked, Late Cambrian-aged granite basement
(509.5 ± 12.0 Ma) partly overlain by impact melt, and flanked by a
polymict megabreccia with pseudotachylitic breccia veins. The impact
melt was dated by U–Pb SHRIMP analysis of neoformed zircon and
monazite, in addition to 40Ar/39Ar analysis of biotite and inclusions in
post-impact quartz grains, yielding a mean-weighted age of 254.7 ±
2.5 Ma (Tohver et al., 2012). The central uplift is collared by deformed
sedimentary rocks of the overlying cover sequence, with upturned
beds of the Devonian Furnas Formation sandstones forming prominent
ridges. Based on the thickness of the Rio Ivaí, Paraná, and Passa Dois
Groups, post-impact rebound of the excavated, transient crater ex-
humed ca. 2.5 km of sedimentary rocks around the central uplift. Post-
impact crater modification resulted in thickening of these strata in the
faulted and folded ring structures, with themagnitude of fault displace-
ments decreasing outwards to a maximum of ca. 500 m along the out-
ermost ring structure (Lana et al., 2007, 2008).
3. Impact magnitude and seismicity

3.1. Calculated energy of Araguainha impact event

The magnitude of the energy released by the impact can be inferred
from the 40 km size of the crater, taking into account variables that
include the angle of approach, the bolide velocity and composition
(density), and the nature of the target material (Melosh, 1989). The
impact modeling of Collins et al. (2005) was used to calculate the
magnitude of energy released by the impact event. The model makes
standard assumptions about impact angle (45°was used); possible pro-
jectile compositions (iron or silicate for meteorites and ice for cometary
bodies); and probable velocities (17 km/s for Earth-crossing asteroid
orbits and 50 km/s for long period comet orbits); as well as the nature
of the target material. These calculations show that the size the
Araguainha structure is compatible with a 1–2 km diameter body into
a water target, versus a 3–4 km body for unconsolidated sediments
(loose sand), and would release ca.1–3 × 105 Mt TNT equivalent upon
impact with a water target or 2–6 × 106 Mt TNT equivalent for an
unconsolidated sand target. Given the shallow lagoonal facies of the
Corumbataí Formation in the northern Paraná Basin, the energy
released upon impact was probably somewhere in the middle of the
calculated range, ca. 106 Mt of TNT equivalent.



Fig. 1. (L) Paleogeographic reconstruction of western Gondwana at the time of the Araguainha impact (black star), emphasizing the areal extent of interconnected shallow marine to
intracontinental basins (1 — Amazonas-Solimões, 2 — Parnaíba–São Franciscana, 3 — Parecis, 4 — Paraná, 5 — Kalahari, 6 — Karoo), the known location of clastic dykes and outcrops of
the Porongaba bed (white stars) and the sites of carbon isotope studies (black circles). Dark shaded region represents active margin of SWGondwana. Concentric circles indicate distance
from impact site in 1000 km increments. (R) Generalized stratigraphy of the northern Paraná Basin.
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3.2. Impactogenic seismicity

The first seismic effects of the impact derive from the kinetic energy
of the actual collision. However, only a small proportion of the kinetic
energy of the bolide is converted into seismic motion, with the shock-
to-seismicity coefficient εe ranging from 10−2 for solid basalt to 10−4

for highly fractured material, respectively (Toon et al., 1997). The prox-
imity of crystalline basement to the impact site signifies higher conver-
sion of impact energy into seismic energy, but the seismic energywould
also be attenuated by the sedimentary rocks of the Paraná Basin itself.
Based on the range of both εe and the amount of energy released by
the impact, the moment magnitude of impactogenic seismicity would
range from 8.6 to 10.0, with the true seismic effect of the impact likely
to be near the middle of this range.

The second source of impactogenic seismicity is the post-impact
collapse of the transient crater itself, creating the multi-ring structure
observed today (Fig. 2). The friction-generating displacement of mas-
sive blocks along ring faults would generate considerable seismicity,
and the magnitude of this seismicity can be calculated from the total
area of the slip surface (Day an Maslin, 2005). Displacement along the
ring faults was measured in the field using the stratigraphy of the
Paraná Basin sediments (Lana et al., 2007, 2008), with 500 m of offset
observed along the 20 km radius outer rim of the crater, ca. 1500 m
offset along the 12 km radius interior ring, and at least 2500 m
offset along the 2.5 km radius central uplift where the Araguainha gran-
ite basement denuded the entire sedimentary overburden. These
dimensions yield a total displaced area of 2 × 102 km2 for a simple
cylindrical model of the fault geometry, where the displacement is
equivalent to the height of the cylinder. For comparison, the 2004
Andaman–Sumatran earthquake (Mw 9.0–9.3) was marked by 15 m
displacement along a 1600 km long fault section, an area equivalent to
ca. 24 km2 (Lay et al., 2005). A more realistic conical geometry for the
ring faults accounts for faults that sole into listric, low angle structures
at depth (Spray, 1997). In this case, the total amount of displacement
indicates the height of the cone, and the total equivalent area of dis-
placement is equivalent to 3.5 × 103 km2. The totalmomentmagnitude
from motion along these faults ranges from 9.2 to 9.5 (Day and Maslin,
2005).

The total seismic effects from both the impact and the collapse of the
transient crater are equivalent to a 9.3–10.1 magnitude earthquake,
similar to, or up to anorder ofmagnitude larger than the largest tectonic
earthquakes. Empirical observations of landslides caused by earth-
quakes by Keefer (1984) suggest a relationship between the time-
integrated intensity of ground shaking (acceleration squared) and the
severity and distribution of mechanical failure of various sediment
types. Using the technique outlined by Keefer (1984) and Wilson and
Keefer (1985), the seismic moment magnitude can be converted to
Arias intensity and used to predict the distance over which ground-
shaking will exceed the shear strength of the target material (0.2 m/s
for water-saturated, unconsolidated sediments). Thus, the summed
seismic effects of the Araguainha crater could provoke landslides within
a 700–3600 km radius of the impact site (Fig. 3). This is in keepingwith
the observed 900 km radius of landslides for the 1755 Lisbon earth-
quake, or the 7000 km radius of slope failure for the Chicxulub impact
(Day and Maslin, 2005). In the following discussion, the calculated
size for the “ring of destruction” constrains the search for geological
evidence of ground shaking. Secondary effects of the impact wrought
by ejecta and tsunamis could affect a still larger area.

3.3. Observations of impactogenic seismicity

The stratigraphic record of the Paraná Basin contains clear evidence
for environmental changes from end Permian to Early Triassic time,
with the sedimentary environment switching from saline lagoons (up-
permost Corumbataí Formation) to the aeolian dunes of the Early
Triassic Piramboia Formation (Assine et al., 2004). This secular transi-
tion has been ascribed to a global sea level fall (e.g., Hallam, 1992)
with the regional emergence of dry land in the interior of Gondwana
during the early Mesozoic. However, evidence for an abrupt, singular
event within the northern and central Paraná Basin can be found
at the contact between the uppermost Passa Dois Group and the over-
lying Piramboia Formation. The nature of this contact varies with in-
creasing distance from the Araguainha structure, the point source for
impactogenic seismicity. In the vicinity of the crater, the Piramboia
Formation is absent (Lana et al., 2007), probably reflecting the positive
relief of the multi-ring Araguainha structure.

At distances of 800–1000 km from the crater, evidence for wide-
spread seismicity in the Permian–Triassic interval is found in the
Porongaba bed, which is observed only at the contact between the late
Paleozoic and early Mesozoic sedimentary sequences (Matos and



Fig. 3. Calculated radii for the landslide-prone ring of destruction according to various
estimates of the seismic effects of the Araguainha impact event and subsequent collapse
of the transient crater.

Fig. 2. (Top) Colored, shaded relief digital elevationmodel of theAraguainha impact crater,
with the A–A′ cross-section (Middle) demonstrating the modern topographical signature
of the two concentric rings and the uplifted core of the crater. The preserved topography
of the multi-ring structure demonstrates the significant motion along fault zones during
the centripetal collapse of the transient crater in the immediate aftermath of the impact.
(Bottom) Schematic geology of the Araguainha target rocks before (left) and after post-
impact crater modification (right) shows the ring faults and displaced stratigraphy of the
modern impact structure.
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Coimbra, 1997; unpub. data. M. Schmieder). This bed is characterized by
amatrix- or clast-supported breccia that ranges in thickness from 0.5 to
4.5 m,with angulose clasts diminishing in size up through the thickness
of the bed, grading into a unbedded sandstone (Almeida, 1964) The
clasts consist of siltstones, sandstone, cherts, and carbonates derived
from various facies of the Passa Dois Group (Almeida, 1964; Matos
and Coimbra, 1997). Thus, the breccia is not restricted to, nor
diagnostic of any depositional environment. The clast fabric within the
Porongaba bed is weakly oriented to chaotic; in some localities, the
angulose clasts of the brecciated bed have been re-oriented by strong
water currents (Matos and Coimbra, 1997), but we have also observed
fitted clasts that indicate minimal reworking after brecciation. Matos
and Coimbra (1997) describe lateral gradations of the Porongaba bed
into moderately fractured or even undisturbed beds. The upper contact
with the Piramboia Formation is abrupt and planar, contrary to features
in breccias caused by dissolution of evaporite horizons. No paleosols are
observed, nor is there any other evidence of significant subaerial expo-
sures, dessication horizons, or possible fault-related genesis for the
breccia bed.

Some of the features of the Porongaba Bed are consistent with an
autoclastic breccia created during seismic shaking by the contrasting
rheological response of intercalations of brittle and viscous horizons
(Montenat et al., 2006). However, the diversity of clast lithologies sug-
gests another origin for the Porongaba bed as a “water blow breccia”
such as that described by Lindström et al. (p.43, 2008) in the vicinity
of the Lockne structure. These deposits reflect sediment excavation
and deposition by a radially propagating, sediment-saturated surge de-
posit caused by a bolide impact into a shallowwater environment. Sim-
ilar sedimentary facies were described byWitzke and Anderson (1996)
associated with the Manson crater of the central U.S.A., who described
the action of a “ground-hugging debris surge” (p. 119). An additional
factor for the subaqueous deposits would have been traction developed
during eventual resurgence of water in the aqueous equivalent of crater
collapse.

Additional evidence for seismicity at the time of the Araguainha
impact is presented by swarms of hundreds of individual clastic dykes
within the thinly bedded units of the Corumbataí Formation (Turra,
2009), observed at three localities ranging from 800 to 1200 km dis-
tance from the Araguainha crater (Fig. 4 (left)). These dykeswere creat-
ed by the forceful, upward injection of water-saturated sand into the
overlying mudstones by seismic liquefaction (Surlyk et al., 2007;
Turra, 2009). The timing of this seismicity is constrained to Permian–
Triassic times, as the dykes cross-cut only latest Permian sediments
but not the overlying Triassic rocks (Riccomini et al., 2005). These
same authors speculated about the possible episodic nature of this seis-
micity, given that at least three separate stratigraphic horizons within
the Corumbataí Formation are affected, although this might reflect a
single event affecting three separate, thixotropic horizons. Themappat-
tern of dykes indicates a NNW–NNE orientation approximately radial to
the impact epicenter. The dykes range in thickness from 5 to 25 cm
(Fig. 4 (right)), with many dykes demonstrating a post-emplacement
vertical shortening that signifies compaction of unlithified sediments.
Tectonic seismicity is unlikely in the region, because the nearest active
plate boundary was approximately 2000 km away, so these dykes are
interpreted as the result of impactogenic seismicity.

In the central portion of the Paraná Basin, at distances of
1000–1500 km from the impact, the contact between the Passa Dois
Group and Piramboia Formation is more gradational (Riccomini et al.,
1992). Here, the uppermost Corumbataí Formation hosts thick sand-
stone bodies interpreted as tempestites, and the lowermost Piramboia
Formation is characterized by the development of chaotic, intrafor-
mational folds, sand injections, and tubular structures interpreted
as the results of sediment liquefaction (Chamani et al., 1992) or as
dewatering structures by Fernandes and Coimbra (1993). The inferred
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Fig. 4. (L) Swarm of injected, clastic dykes emplaced in upper layers of Corumbataí Formation near Limeira, São Paulo, approximately 800 km from the impact crater. The orientation of
observed dykes is roughly radial to the impact site. (R) Vertical compaction of the dyke indicates the unlithified nature of the sediments at the time of dyke formation.
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water depths at the center of the basin are at odds with thick sand
bodies, and are suggestive of strong, subaqueous currents consistent
with tsunami deposits.

4. Discussion

The link between the Araguainha impact seismicity and the global
carbon cycle lies in the unusual, hydrocarbon-rich rocks of the Paraná
Basin. First, the sources and size of the carbon input need to be identified
and quantified.

4.1. Potential sources of carbon release from an impact event

Carbon from theAraguainha impactwould have been liberated from
three sources, volatilization of the bolide itself, volatilization of the
target rocks, and methane released by impactogenic seismicity. The
magnitude of thefirst source can be estimated froma simple volumetric
calculation of the amount of carbon likely to be present in meteorites of
various bulk compositions and assuming chondritic values for the isoto-
pic composition of carbon in the body. Our previous calculations of the
probable size of the bolide indicate that Araguainha crater is consistent
with a 2–3 km diameter stony meteorite with 3–5% carbon (Kerridge,
1985) yielding 1–5 Gt of carbon with δ13CPDB = −10‰, or a 2–5 km
comet containing 25% C with δ13CPDB = −45‰ (Messenger, 2000),
which could contribute 3–80 Gt of carbon. The second source of carbon
release is the evaporated target rocks, notably, the organic-C rich rocks
of the Iratí Formation with δ13CPDB values that range from −20 to
−24‰ (Faure and Cole, 1999). A cylindrical approximation of the
40 m thick Assistência Member within the 10–12 km radius transient
cavity contains ca. 25 Gt of carbon. Since not all of the rock material
in the transient cavity is vaporized, some material having been either
ejected from the crater or incorporated into the ring structure, this
25 Gt figure is probably a maximum value.

The third source of carbon, methane released from the sediment
column as a result of impactogenic seismicity, is the largest volumetri-
cally and presents the greatest potential for perturbation of the carbon
isotope record. The Iratí Formation contains a large reservoir of organic
carbon, the Assistencia Member. Methane from the Iratí Formation
would exist as either a free gas in pore space in the sediment column,
or as a solid CH4 clathrate in a zone bounded at the top by the
sediment-water interface and at the bottom by the intersection of the
local geothermal gradient and the clathrate-water equilibrium curve.
The chemical phase of methane in the sediment column depends on
intrinsic variables for the methane-H2O phase diagram: temperature,
(water) pressure, gas concentration, and water salinity (Buffett, 2006).
The dominant geological factor is the water depth of the Paraná–
Karoo Basin, with methane clathrates stable in the sediment column
at water depths greater than ca. 300 m for high latitude marine sites,
and in subtropical marine waters at depths greater than ca. 600 m
(Macleod, 1982). For example, the ca. 30° paleolatitude of the Paraná
Basin in Permian–Triassic times would require an intermediate water
depth (ca. 450 m) for the stability of methane clathrate, whereas the
brackish water of the Paraná Basin would favor the stability of methane
clathrate (Dickens and Quinby-Hunt, 1997). The presence of methane
clathrate in the Paraná Basin is an important, open question, though
possibly moot, because the low permeability of the overlying mud-
stones of the Corumbataí Formation would serve as a stratigraphic
trap for even gaseous methane before the Araguainha impact event.

The stratigraphic record of impacts includes slumping and lique-
faction of unconsolidated sediments (e.g., Soria et al., 2001; Simms,
2003). Conventional tectonic earthquakes are known to cause turbidity
currents by slope failure, causing sediment liquefaction and removing
the overburden from pressure-sensitive methane clathrates (Rothwell
et al., 1998; Katz et al., 1999). The resultant release of gaseous methane
from disturbed subaqueous sediments presents an enormous potential
source of isotopically light carbon as well as a potent greenhouse gas.
The subdued slope of the Paraná and Parnaíba basins relative to the
continental rise of marine basins dictates some modifications to the
continental slope failure model. In view of this, we assume a conserva-
tive cross-sectional area of 3 km2 per km of margin was liable to slope
failure, versus the 35 km2 per km used for standard continental mar-
gin (Dickens, 2001). Likewise, we assume 10% of available pore space
in basin sediments was filled with methane in the solid clathrate form.
The previously determined 700–3600 km radius of slump-inducing
seismic shaking provides boundary conditions for our search for
evidence of methane release. Given the perimeter of the basins within
the seismic range of the impact (Fig. 1), the range in magnitude
of seismic effects indicates the potential release of 600 to 3000 Gt of
methane. This estimate will be revisited in the Discussion section
with mass balance calculations for isotopic fractionation of methane
inferred from the disturbed C-isotope values of the Assistência
Member.

image of Fig.�4
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4.2. Geological evidence for methane release in the Paraná Basin

Normally, the carbon isotope value of primary carbonate minerals
precipitated inorganically in equilibrium with seawater will reflect the
isotopic values of dissolved C in the form of CO2

−2 or HCO3
−. Recent com-

pilations of carbon isotopes (Veizer et al., 1999) suggest a global average
of+4 δ13C for Artinskian seawater, the timeof thedeposition of the Iratí
Formation. It is expected that the high organic content of the Iratí
Formation will affect the isotopic values of the bulk rock carbon reser-
voir, assuming closed system behavior. Indeed, the correlation between
total organic carbon content and negative isotopic δ13C values in the
carbonate matrix was confirmed by Rodrigues et al. (2010) for samples
of the Iratí Formation in the southern ParanáBasin, ca.1200 km from the
Araguainha impact. A final consideration is the fermenting role of
bacteria in the breakdown of organic material and the resultant 75‰
fractionation of isotopically light CH4 from CO2, a process that leads
to the formation of heavy carbonates with highly positive δ13C of up
to +15‰ in residual carbonate (Irwin et al., 1977; Whiticar, 1999).
Methane released by this process would reside in pore water at low
pressure/high temperature, or form methane clathrate under high
pressure/low temperature conditions (Macleod, 1982).

A review of the available inorganic carbon isotope data from the
Paraná Basin reveals a wide range of values that correspond to distance
from the Araguainha impact site (Fig. 5a). In an early study of the Iratí
Formation, de Giovani et al. (1974) identified a pattern of highly posi-
tive values for the thinly bedded limestone (δ13C values of +10 to
+20‰) andmoremoderate values of−7‰ to+2‰ for the underlying
massive dolostones. The highly positive δ13C values are caused by the
post-diagenetic dissociation of methane, given its great mobility and
extreme enrichment in 12C, leaving the residual inorganic carbonate
enriched in 13C (de Giovani et al., 1974). At the basin scale, the evidence
for this methane dissociation pattern is marked by predominantly
13C-rich carbonates (mean-weighted δ13C of +5) within 1000 km of
the Araguainha impact site (Fig. 5a), with the “heavy” carbonates not
found outside a 1500 km radius of the impact site. This pattern is de-
monstrably not a thermal effect of the Cretaceous emplacement of the
Paraná flood basalts and associated mafic intrusives, which are found
uniformly throughout the basin. For example, at a site 120 km from
the Araguainha impact site, Santos et al. (2009) demonstrate extreme
depletion in light carbon for thinly-bedded limestones (δ13C +8–
12‰). Isotopic effects from the intrusion of a 13 m thick Cretaceous
sill are restricted to a 2–4 m thick thermal halo above and below the
sill where δ13C values were less positive, closer to 0.

Evidence for methane loss from carbonates within the oil shale
horizon diminishes at distances greater than 1000 km from the
Araguainha impact site. Rodrigues et al. (2010) reported negative δ13C
values from organic-rich carbonates of the Iratí Formation, replicating
the results of de Giovani et al. (1974) who credited primary carbon
isotope values to sites located ca.1400 km distance from the crater, in
the southernmost portion of the Paraná Basin. Similarly, in their study
of the organic-rich Whitehill Formation of the Karoo Basin, Faure and
Cole (1999) report chiefly negative δ13C values for inorganic carbonates.

A similar pattern consistent with methane loss can also be seen in
the variation of organic C isotopic values, with the heaviest δ13C values
(mean-weighted value of −24) found at distances 500–1000 km from
the crater, and increasingly light values at distances of ca.1500 km
(Fig. 5b). This variation is larger than what would be expected for the
ca. 10° of paleolatitudinal distance between sample sites in the sub-
tropical to low temperate zone occupied by the Permian–Triassic
Paraná Basin. In modern ocean waters, this zone is marked by low
variation in the δ13C of organic C, with the effect of temperature on
C fractionation becoming evident at latitudes N45° (Goericke and
Fry, 1994; Andrusevich et al., 2000). Further evidence of the post-
diagenetic decoupling of carbon between the organic and carbonate
reservoir in the Paraná Basin is observed in the variation of εTOC values
(δ13Ccarbonate–δ13Corganic) for paired samples (Fig. 5c) reported byAraújo
(2000). According to Hayes et al. (1999), the isotopic fractionation of
carbon between organic material and inorganic carbonate should be
constant for a given phytoplankton assemblage under uniform pCO2

and temperature conditions. Thus, the observed departure from con-
stant εTOC in the Paraná Basin reflects secondary, post-diagenetic effects
that are consistent with methane loss in the ca.1000 km vicinity of the
Araguainha impact site.

4.3. Magnitude of impactogenic methane release

Evidence from the Paraná-Karoo Basin points to widespread seis-
micity at the time of the Araguainha impact. Clearly documented
seismites, soft-sediment deformation, and possible tsunami deposits
are foundwithin 1200 km of the impact crater and are stratigraphically
constrained to have occurred at the time of the Araguainha impact. Reg-
isters of seismicity within the central Paraná Basin are located at least
2000 km from the nearest Permian–Triassic plate boundary, and are
thus unlikely to be the result of conventional tectonic earthquakes.
Existing carbon isotope data also indicate the widespread occurrence
of methane release within the northern portion of the Paraná Basin,
although the timing of this methane release is difficult to establish
directly. Mass balance calculations can be used to estimate the amount
of methane fractionation required to generate highly positive δ13C
values from the thinly-bedded carbonates of the Iratí Formation. The
fractionation of methane during bacterial fermentation processes is
described by Irwin et al. (1977). At distances of ca. 1500 km from the
impact, the measured values in massive dolomites and interbedded
black shales and carbonates of the Iratí Formation demonstrate isotopic
reequilibration of carbon during diagenesis, i.e., generally negative δ13C
values. Given a total organic content for the Iratí Formation of ~35%,
and δ13Ccarb and δ13Corg values of +4‰ and −20‰, respectively,
we calculate a bulk isotopic value of roughly −6‰. In order to gener-
ate the +15‰ signatures found in the inorganic carbonates, mass
balance indicates that 30% of the original carbon reservoir could have
been incorporated into CH4. Loss of methane appears to affect an
area within a minimum distance of ~1100 km radius from the crater,
the area in seismic activity and heavy Iratí Formation carbonates are
both observed. This equates to ~60% of the Paraná Basin, or roughly
1 × 106 km2. Restricting methane loss to the upper 20 m of thinly bed-
ded, carbonate-black shale horizons (TOC 30%) of the Assistência
Member of the Iratí Formation, and the 0.9 tons/m3 density of methane
clathrate, the mass of methane release is calculated to be ca. 1600 Gt.
This value is in the middle of the less constrained 600–3000 Gigaton
range previously suggested by the generic liquefaction-slope failure
model.

4.4. Implications for the Permian–Triassic carbon isotope record

The record of carbon isotope excursions in the Late Permian and
Early Triassic is marked by a smooth, long wavelength decrease in
δ13C that predates the mass extinction horizon (Xie et al., 2007; Cao
et al., 2009) and continues into the Early Triassic (Payne et al., 2004;
Payne and Kump, 2007). This relatively smooth decrease is marked by
dramatic fluctuations at the mass extinction horizon itself, where a
sharp 3–5‰ drop (Jin et al., 2000) is observed, with recovery followed
by a second decrease (Xie et al., 2007; Korte and Kozur, 2010). Using
high precision U–Pb TIMS dating of volcanic zircon in ashbeds above
and below the mass extinction horizon, Shen et al. (2011) calculated
a duration for this first excursion of b20 ka. Multiple excursions con-
tinuing through the Early Triassic could also reflect similarly short
timescales.

The close timing of the carbon isotope excursions and the Permian–
Triassic mass extinction raises the question of how these two phenom-
ena are related. The most direct link conceivable would be if the shift
was due to carbon release from oxidation of dead biomass such as in
the Strangelove ocean hypothesis (Hsü and McKenzie, 1990), with



Fig. 5. a) Compiled carbonate isotope data for inorganic carbonate of the Iratí Formation, plotted as a function of distance from the Araguainha impact site. Mean-weighted values were calculated from n samples for sites binned at 100 km intervals.
Black line error bar for mean-weighted value is the standard deviation. Data sources: a, Santos et al., 2009; b, Araújo, 2001; c— de Giovani et al., 1974; d — Cernuschi et al., 2006; e, Faure and Cole, 1999. b) Isotopic values of organic C plotted as a
function of distance from impact site showingmore abundant 13C in residual organic material. Data is fromAraújo (2001). c) Calculated εTOC values (δ13Ccarbonate–δ13Corganic) for samples with reported inorganic and organic C isotope values reported
by Araújo (2001). Variation in εTOC is interpreted as the result of post-diagenetic dissociation of methane from vicinity of impact site.
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more sustained and significant isotopic shifts caused by the suppression
of primary productivity and low burial rates of organic carbon (Kump,
1991). Many of the proposed kill mechanisms are explicitly linked
to the carbon isotope record: massive volcanic outgassing of mantle
CO2 (Renne and Basu, 1991; Renne et al., 1995); the devolatilization of
coal, organic-rich shales, and evaporites in the Tunguska basin country
rocks during emplacement of the Permian–Triassic Siberian traps
(Retallack and Jahren, 2008; Ganino and Arndt, 2009; Svensen et al.,
2009; Korte et al., 2010; Aarnes et al., 2011) or degassing of the plume
head itself (Sobolev et al., 2011); the development of anoxic ocean
waters leading to convective overturn of a stratified ocean (Knoll
et al., 1996) or direct degassing of CH4 and CO2 from decomposing or-
ganic material in euxinic waters (Isozaki, 1997; Ryskin, 2003; Grice
et al., 2005; Kump et al., 2005; Algeo et al., 2008; Kump); or massive re-
lease ofmethane (Erwin, 1993; Bowring et al., 1998; Krull and Retallack,
2000; Retallack and Krull, 2006), possibly caused by warming of ocean
waters and destabilization of methane clathrate (Berner, 2002).

The smooth decline of carbon isotope values from the Late Permian
and continuing into the Early Triassic is adequately explained by
Siberian Traps magmatism (Svensen et al., 2009; Korte and Kozur,
2010). Modeling of the thermal effects of basaltic intrusions into sedi-
ments by Aarnes et al. (2010, 2011) indicates the predominance of
degassing of CH4 (and H2O) from shales over coals, which tend to de-
compose to CO2, given the lower order kerogen present in coal. These
modeling studies demonstrate the largest potential for release of
CH4 from devolatilization of shales with TOC N5% (12,000–66,000 Gt;
Aarnes et al., 2011). Although the magnitude of degassing on this scale
is clearly sufficient to measurably disturb the carbon isotope record,
the duration of metamorphic devolatilization is more problematic.
Given the thermal diffusivity of shale, the amount of time necessary
for 100% devolatilization reactions is on the order of 10–50 ka, with
~50% of gases produced in approximately one-tenth the time (Aarnes
et al., 2011). In terms of the exhalation of gases at the surface, these
calculated times probably represent minimum values, given the time
necessary for magma emplacement, assumed to be instantaneous in
the models, and the depth-dependent time for passage of subterranean
gases through the rock column to the surface. Given the 106 year time-
scale for the development of large igneous provinces such as the
Siberian traps (Renne and Basu, 1991; Renne et al., 1995; Reichow
et al., 2009; Saunders and Reichow, 2009), it is reasonable to impute
the isotopic effects to a similar 106 Ma period of time, probably account-
ing for the smooth drift to lower δ13C values for 500 ka preceding the
mass extinction horizon and continuing into the Early Triassic (Payne
et al., 2004; Payne and Kump, 2007).

Of the proposed mechanisms, methane release is distinguished
by its rapid and substantial effect on δ13C of seawater, given the ex-
tremely light values that characterize biogenic methane (−60‰)
versus −35‰ for thermogenic methane from contact metamorphism
of organic-rich shales, or mantle-derived volcanic CO2 (−6‰), or CO2

from metamorphic combustion of coal (−2 to 0‰). The 10 year time-
scale for oxidation of methane provides an instantaneous source of
isotopically light, atmospheric carbon dioxide (Berner, 2002). Mass
balance calculations for the negative 2–3‰ shift in carbon isotopes
at the Paleocene–Eocene transition suggest that 1000–3000 Gt bio-
genic CH4 is required (Dickens et al., 1995), which drops by a factor
of 4–5 if the reservoir is restricted to the atmosphere and surface
ocean carbon reservoirs (Kent et al., 2003). The extremely short dura-
tion of the isotopic excursion at the mass extinction horizon event
(b20 ka) is more consistent with the timescale of methane release
from an impact event, where timescales for methane release from
impactogenic earthquakes and tsunamis would be on order of mi-
nutes to days. The ca.103 Gt of methane calculated to have been re-
leased from the seismically-disturbed sediments of the Paraná Basin
could account for some of this sharp isotopic shift, superimposed on
the more gradual decline caused by metamorphic devolatilization
associated with Siberian traps magmatism.
5. Conclusions

Geological evidence for seismic and carbon isotope perturbation in
the northern Paraná Basin suggests that the Araguainha impact event
affected areas up to 1100 km distant from the crater. Mass balance
calculations indicate that approximately 1600 Gt of methane were lib-
erated by impactogenic seismicity, whereas a more generalized slope
failure model suggests a range of 600–3000 Gt of methane release.
These observations confirm the viability of large-scale methane release
by a mid-sized impact event, given organic C-rich target rocks. Massive
release of methane at this scale would have immediate consequences
for the biosphere, with climate perturbation effected by a rapid spike
in greenhouse gases. Given the established Permian–Triassic age of
the Araguainha crater, it is proposed that this methane release was re-
sponsible for some of the observed isotopic shift at the Permian–Triassic
boundary. The rapid isotopic shift would be distinguished from the
more gradual 105–106 year shift caused by outgassing of the Siberian
Traps and devolatilization of mature organic material in country rocks.
The cascading effects of the impact represent a possible, large-scale per-
turbation to the Earth's carbon budget, suggesting that the carbon iso-
tope shift may not be related to primary productivity during the mass
extinction.
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