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Evaporite interactions with magma
Part 2 of 3: Nature of volatile exhalations from saline giants?
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of the world's five most significant extinction events. It also looks at possi- Figure 1. Intensity of extinction at the genera level across geologic time (replotted from data table
ble evaporite associations with a sub- in Rohde and Muller, 2005). Shows the five main extinction events (1-5) as first defined by Raup,
stantial bolide impact that marks the 1982. Extinction intensity (%) is defined as the precent of genera, from a well-resolved diversity curve
are in their last appearance (diversity curves were published by Sepkoski, 2002). Igneous trap
end of the Cretaceous. The next article which
emplacement times are from Jones et al., 2016).
presents the geological details and imand near the lithosphere's surface across most other lithologies,
plications of the various magma-evapevaporite act not as creators of enrichment but as facilitators of
orite-volatile associations tied to major extinction events.
enrichment (Warren, 2016 Chapters 9, 10, 14, 15 and Salty MatAs we have seen for evaporite interactions with giant and super- ters, March 31, 2017).
giant volumes of commodities in particular deposits, such as hydrocarbons, base metals (Cu, Pb-Zn and IOCG deposits) evap- End-Permian event
orites do not form a commodity accumulation. But if evaporites
are involved in the accumulation and enrichment processes, the The end-Permian extinction event, colloquially known as the
size and strength of the accumulation are much improved. Be- Great Dying, occurred around 252 Ma (million years) ago, and
cause of their high reactivity compared to the kinetic stability at defines the boundary between the Permian and Triassic geologic
periods, as well as between the Palaeozoic and Mesozoic eras.
It is the Earth's most severe extinction
families
genera
event, when up to 96% of all marine
Mass extinction
species, 70% of terrestrial vertebrate
Observed extinction
Calculated (%)
Species loss obCalculated species
(%)
served extinction (%)
loss (%)
species disappeared (Table 1, Figure 1).
It also involves the only known mass
End-Ordovician (439* Ma)
26 ± 1.9
84 ±7
60 ± 4.4
85 ±3
extinction of a number of insect species
Late Devonian (367* Ma)
22 ± 1.7
79 ±9
57 ±3.3
83 ±4
(≈25%). Some 57% of all biological
End-Permian (245* Ma)
51 ±2.3
95 ±2
82 ±3.8
95 ±2
families and 83% of all genera became
End-Triassic (208* Ma)
22 ±2.2
79 ±9
53 ± 4.4
80 ±4
extinct. The end-Cretaceous extinction,
End-Cretaceous (65* Ma)
16 ± 1.5
70 ± 13
47 ±4.1
76 ±5
which marks the demise of dinosaurs,
Table 1. Extinction intensities (percent extinction) at the five major mass extinctions events noted in is less severe, although it probably has
the fossil record (redrawn from Jablonski, 1994). * listed dates are modified by more recent studies. a stronger hold on the western zeitgeist,
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Figure 2. Summary of the global geologic, paleobiologic and ocean chemical events associated with
the Permian-Triassic boundary (PTB - blue dashed line) interval mapped onto the Meishan Global
Stratotype Section, China and the relevant data points. Meishan geochronology and carbon isotope
record from Burgess et al. (2014). U-Pb ages for the Siberian Traps from Burgess and Bowring (2015).
Grey vertical line and the blue dashed line signify the end-Permian mass extinction interval and the
Permian-Triassic boundary, respectively. EPME—end-Permian mass extinction; LIP—large igneous province. (Figure was redrafted after Cao et al., 2018).

while on land, the end-Triassic event marks the ascendancy of
the dinosaurs.

Interestingly, there is indirect evidence for a synchronous antipodeal
impact crater that some argue may
have instigated the Siberian volcanism, in much the same way that the end-Cretaceous bolide im-
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The end-Permian event follows on
closely from the Capitanian (Emeishan) extinction event when in south
China fusulinacean foraminifers and
brachiopods lost 82% and 87% of
species, respectively (Bond et al.,
2015). Proximity in time of the two
events may explain why the breadth
of the end-Permian extinction event
was so severe. The Earth's biota was
still recovering from the Emeishan

Both the Emeishan and end-Permian extinction events tie to elevated
mercury levels in sediments that encompass their respective boundaries
(Grasby et al., 2016). Astride both
boundaries, the mercury stratigraphy
shows relatively constant background
values of 0.005–0.010 μg g–1. However, there are notable spikes in Hg
concentration over an order of magnitude above background associated
with the two extinction events. The
Hg/total organic carbon (TOC) ratio
shows similar large spikes, indicating
that they represent a real increase in
Hg loading to the environment. These
Hg loading events are associated
with enhanced Hg emissions created
by the outflows of the Emeishan and
end-Permian large igneous province
(LIP) magmas.

Bajocian

TRIASSIC

Suggested mechanisms driving the
end-Permian extinction event include; massive volcanism centred
on the Emeishan and Siberian Traps
and the ensuing coal or gas fires and
explosions, along with a runaway
greenhouse effect that was triggered
by temperature increases in marine
waters (Figure 2). It also may have
involved one or more large meteor
impact events and a rise in oceanic
water temperatures that drove a sudden release of methane from the sea
floor due to methane-clathrate dissociation.

event when the vicissitudes of the
End-Permian calamity further decimated the world's biota.

REPTILES AND AMPHIBIA

DINOSAURS

Figure 3. Ranges of tetrapods at the family level across the Triassic-Jurassic boundary at the stage level.
All archosaurs other than crocodylomorphs (Sphenosuchia and Crocodyliformes) and Avemetatarsalia
(pterosaurs and dinosaurs), some remaining therapsids, and many of the large amphibians became
extinct. About 42% of all terrestrial tetrapods went extinct at the boundary.
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pact on the Yucatan Peninsula is considered by some to be the
antipodeal driver of the Deccan Trap volcanism (von Frese et al.,
2009). Other contributing, but likely more gradual tiebacks to
the Great Dying, include sea-level variations, increasing oceanic
anoxia, increasing aridity tied to the accretion of the Pangean
supercontinent, and shifts in ocean circulation driven by climate
change (Figure 2).

A.

End-Triassic event

The end-Triassic extinction event, some 201.3 Ma, defines the
Triassic-Jurassic boundary. In the oceans, a whole class (conodonts) and 23-34% of marine genera disappeared. On land, all
archosaurs other than crocodylomorphs (Sphenosuchia and
Crocodyliformes) and Avemetatarsalia (pterosaurs and dinosaurs), some remaining therapsids, and many of the large amphibians became extinct. About 42% of all terrestrial tetrapods
went extinct (Figure 3). This event vacated terrestrial ecological
niches, allowing the dinosaurs to assume the dominant roles in
the Jurassic period. It happened in less than 10,000 years and occurred just before the Pangaean supercontinent started to break
apart (Tanner, 2018).
The extinction event marks a floral turnover as well. About 60%
of the diverse monosaccate and bisaccate pollen assemblages
disappear at the T-J boundary, indicating a significant extinction
of plant genera. Early Jurassic pollen assemblages are dominated by Corollina, a new genus that took advantage of the empty
niches left by the extinction.
Worldwide the end-Triassic extinction horizon is marked by perturbations in ocean and atmosphere geochemistry, including the
global carbon cycle, as expressed by significant fluctuations in
carbon isotope ratios (Korte et al., 2019). At this time the Central Atlantic Magmatic Province (CAMP) volcanism triggered
environmental changes and likely played a crucial role in this biotic crisis (Schoene et al., 2010). Biostratigraphic and chronostratigraphic studies link the end-Triassic mass extinction with
the early phases of CAMP volcanism, and notable mercury enrichments in geographically distributed marine and continental
strata are shown to be coeval with the onset of the extrusive emplacement of CAMP (Percival et al. 2017; Marzoli et al., 2018).
Sulphuric acid induced atmospheric aerosol clouds from subaerial CAMP volcanism can explain a brief, relatively cool seawater temperature pulse in the mid-paleolatitude Pan-European
seaway across the T–J transition. The occurrence of CAMP-induced carbon degassing may explain the overall longterm shift
toward much warmer conditions.

End-Cretaceous event

The end-Cretaceous extinction event defines Cretaceous-Tertiary (K–T) boundary, and was a sudden mass extinction event
some 66 million years ago. Except for some ectothermic species, such as the leatherback sea turtle and crocodiles, no tetrapods weighing more than 25 kilograms survived. The K-T event

B.

Figure 4. Chicxulub crater, Mexico. A) Location of drill site M0077 in the
Chicxulub crater as seen using gravity data. Black dots are cenotes. B)
Reconstruction of the impact crater (modified from Lowery et al., 2018;
Gulick et al., 2008).

marked the end of the Cretaceous period and with it, the entire
Mesozoic Era, opening the Cenozoic Era.
A wide range of species perished in the K–T extinction, the bestknown being the non-avian dinosaurs. It also destroyed a plethora of other terrestrial organisms, including certain mammals,
all pterosaurs, some birds, lizards, insects, and plants. In the
oceans, the extinction event killed off plesiosaurs and the giant marine lizards (Mosasauridae) as well as devastating fish,
sharks, molluscs (especially ammonites, which became extinct)
populations, and many species of plankton. It is estimated that
75% or more of all species on Earth vanished in the end-Cretaceous event.
In its wake, the same extinction event also provided evolutionary opportunities as many groups underwent remarkable adap-
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tive radiation—sudden and prolific divergence into new forms
and species within the disrupted and emptied ecological niches.
Mammals in particular diversified in the Paleogene, evolving
new forms such as horses, whales, bats, and primates. Birds,
fish, and perhaps lizards also radiated in newly vacant niches.
In the geologic record, the K–T event is marked by a thin layer
of sediment called the K–Pg (Cretaceous - Paleogene) boundary,
that is found throughout the world in both marine and terrestrial
rocks. The boundary clay shows high levels of the metal iridium
and is widely interpreted as indicating the impact of a massive
comet or asteroid 10 to 15 km (6 to 9 mi) wide some 66 million
years ago (Figure 4a,b). The impact devastated the global environment, mainly through a lingering impact winter, which halted
photosynthesis in plants and plankton.
The impact hypothesis, also known as the Alvarez hypothesis (Alvarez et al., 1980), was bolstered by the discovery of
the 180-kilometer-wide (112 mi) Chicxulub crater in the Gulf
of Mexico in the early 1990s, which provided conclusive evidence that the K–Pg boundary clay represented debris from an
asteroid impact. In a 2013 paper, Paul Renne dated the impact
at 66.043±0.011 million years ago, based on argon-argon dating
(Renne, 2013). He went on to conclude that the main end-Cretaceous mass extinction event occurred within 32,000 years of this
date. A 2016 drilling project into the Chicxulub peak ring, confirmed that the peak ring was comprised of granite, likely ejected
within minutes from deep in the earth, but the well contained
hardly any anhydrite/gypsum, the usual sulphate-containing seafloor rock across the region (Figure 4a, b). As we shall see in part
3, the missing CaSO4 was vaporised in the impact and dispersed
as sulphurous aerosols into the atmosphere, causing longer-term
deleterious effects on the climate and food chain. Another causal

?

Particular sets of assimilations and metamorphic alterations of
evaporites occur within the explosive milieu associated with
both igneous interactions and pressurised heating of salts tied to
a bolide impact. Any carbonate and organic matter layers present
in the saline sequence or adjacent strata generates additional volatiles that will quickly enter the earth's atmosphere. Figure 5 is
a schematic of the estimated amount of volatiles released during
contact metamorphism of different types of sedimentary rocks in
contact with an igneous sill or magma body (after Ganino et al.,
2009; Pang et al., 2013). More catastrophic volumes of similar
volatile suites enter the atmosphere if a large bolide impacts a
region underlain by a saline giant.
Hence, salty interactions must be considered and quantified
when attempting to understand earth-scale environmental changes whenever large evaporite masses are caught up in regions of
LIP emplacement or bolide impact. In such areas:
• Basalt and granitoids do not release large volumes of volatiles,
as compared to the amounts of volatiles that are released by the
heating or assimilation of saliniferous country rock (heat transfer and hydrothermal circulation).
• Most porous sandstones and organic-lean shales caught up in a
contact aureole or consumed in a magma, release water vapour;
a release that has little effect on global climate.
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or contributing factors to the end-Cretaceous extinction event
may have been the synchronous outflows of the Deccan Traps
and other volcanic eruptions, so driving climate change, and
possibly sea level change (von Frese et al., 2009).
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Figure 5. Theoretical thermal profile in a contact aureole (in part after Ganino et al., 2009). The horizontal bars indicate the maximum distance
into the aureole where the metamorphic reactions take place. The red portion of each bar represents the proportion of gas released by the reaction
assuming a Panzhihua-like contact aureole in a the CAMP of Brazil.
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• During desulphation of a magma, gypsum or anhydrite masses
are assimilated into a rising magma chamber or the emplacement of a thick sill. If anhydrite beds are consumed (melted and
absorbed) by a magma batholith, the reaction releases abundant
SO2 constituting up to 47 wt% of the bedded sulphate (Gorman
et al., 1984). Direct melting requires high temperatures (≈ 13001400 °C). Such widespread desulphation of thick Devonian anhydrite beds occurred during the emplacement of the supergiant
Noril'sk nickel deposit in Siberia (Black et al., 2014; Warren,
2016, Chapter 16).
But such elevated temperatures (≈1400°C) are not typical of
most contact aureoles where a sill or dyke intrudes anhydritic
country rock. However, similar high-volume SO2 releases can
proceed at temperatures as low as 615°C if the anhydrite is
impure and contains interlayers rich in organics and hydrocarbons (e.g., West and Sutton, 1954; Pang et al., 2013). This is
especially so if the interacting calcium sulphate is gypsum (hydrated salt) rather than anhydrite. Experiments by Newton and
Manning (2005) demonstrated that the solubility of anhydrite
increases enormously with NaCl activity (salinity) in hydrothermal solutions at ≈600 to 800°C (Figure 6).
• Pure limestone contains large amounts of CO2, but like anhydrite the thermal decomposition of limestone or dolomite into
CaO, MgO and CO2 takes place at high temperatures (>950
°C) that are typical when blocks of sedimentary carbonate are
assimilated into a magma chamber, but less typical of contact
aureoles tied to dykes and sills. Impure limestones can release
large amounts of CO2 (up to 29 wt%) during the formation of
calc-silicates in the contact aureole at moderate temperatures of
450–500 °C. As early as 1940, Bowen documented the release of
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Figure 6. Anhydrite solubility in NaCl solutions at 10 kbar. The isothermal
curves are terminated by halite saturation (filled circles). The enormous
increase in anhydrite solubility with NaCl concentration is evident. The
predicted increase at 900°C is so large that critical mixing between
hydrosaline melts and concentrated salt solutions may be expected in
the neighborhood of XNaCl = 0.3. (after Newton and Manning, 2005)

CO2 by decarbonisation reactions during progressive metamorphism of siliceous dolomites (Bowen, 1940)
• Likewise, devolatilization of fine-grained calcareous and saline sedimentary rocks during contact metamorphism directly
generates fluids rich in CO2 (i.e., decarbonisation) and SO2 (i.e.,
desulphatation), which in theory can enter the magmatic system.
• When heated at a relatively low temperature (<300-400 °C),
contact metamorphism and hydrothermal leaching of bituminous halite and organic-carbon-rich saline mudstones releases
large volumes of chlorohalogens and methane (Visscher et al.,
2004; Beerling et al., 2007). Halocarbon compounds (aka halogenated hydrocarbons) are chemicals in which one or more
carbon atoms are linked by covalent bonds with one or more
halogen atoms (fluorine, chlorine, bromine or iodine). Methyl
chloride (CH3Cl) and methyl bromide (CH3Br) are commonplace halocarbons when a halite-dominant saline giant interacts
with igneous sill emplacement. When thermally-derived chlorohalogens enter the upper atmosphere, they tend to be reactive
and will degrade ozone.
• Buring coal and coal gas release abundant CO2. Depending on
its grade, coal can ignite at temperatures between 400-530°C.
Methane will auto-ignite at temperatures around 550-600°C and
in an oxygenated setting produces large volumes of carbon dioxide and water vapour. Flashpoints are much lower than these
ignition temperatures.
• Sulphidic (pyritic) sediments release abundant SO2 when heated at lower temperatures (<400°C).
• Heating of hydrated salts at moderate temperatures (90-250°C)
can release pressurised pulses of hypersaline chloride or sulphate brine, with the dominant ionic proportions dependent on
predominant hydrated salt; e.g., carnallite incongruently alters
as it releases an MgCl2 brine, gypsum incongruently alters as it
releases a Ca-SO4 brine (see part 1). Such pressurised pulses are
essential in the generation of explosive breccia pipes sourced at
the sill penetration level in the hydrated evaporite interval (discussed in detail for the Siberian Traps in part 3).

Getting volatiles into the atmosphere

When a saline giant is heated during emplacement of a large
igneous province (LIP) or during the impact of a large bolide,
it and adjacent carbonates and organic-rich mudstones release
large volumes of volatiles that can have short and long term
harmful effects on the Earth's biosystems (Black et al., 2012,
2014; Jones et al., 2016; Part 3 this series). The volume of volatiles released to the atmosphere by these interactions, especially
sulphurous products (SO2, H2S), thermogenic CH4, organohalogens and CO2, are considered primary contributors to three or
four of the major extinction events outlined in Figure 1, and perhaps others, as discussed in part 3.
Height and volume of various volatile injections into the layers
of Earth's atmosphere controls the longevity and intensity of climatic effects and are tied to the chemistry of particular volatiles
(Figure 7; Textor et al., 2003; Robock, 2000). The low concen-
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A. Stratospheric sulphur injection

B. Tropospheric sulphur injection

Figure 7. Schematic illustration of the dispersal of sulphur and radiative forcing in the atmosphere (after Robock, 2000; Jones et al., 2016). A)
Effect of a strongly explosive eruption injecting sulphur into the stratosphere. B) The tropospheric effects of weakly explosive and effusive eruptions.
CCN stands for cloud condensation nuclei. Top of modern troposphere is ≈20km near equator and ≈7km in winter in polar regions.

tration of water in typical modern volcanic plumes results in the
formation of relatively dry aggregates entering the atmosphere.
More than 99% of these aggregates are frozen because of their
fast ascent to low-temperature regions of the atmosphere. With
increased salinities, the salinity effect increases the amount of
liquid water attaining the stratosphere by one order of magnitude, but the ice phase is still highly dominant. Consequently,
the scavenging efficiency for HCl is very low, and only 1% is
dissolved in liquid water.

Tropospheric sulphate aerosols have an atmospheric lifetime of
a couple of weeks due to the rapid incorporation as precipitation
into the hydrological cycle (Figure 7b; Robock, 2000). However, if the intensity of the escaping volatile plume is capable
of injecting sulphurous material above the tropopause into the
stratosphere, then due to the lack of removal by precipitation,
the lifetimes of sulphurous aerosols and the associated cooling
effects are considerably extended (years rather than weeks: Figure 7a versus 7b).

Scavenging by ice particles via direct gas incorporation during
diffusional growth is a significant process for volatile transport.
The salinity effect increases the total scavenging efficiency for
HCl from about 50% to about 90%. The sulfur-containing gases
SO2 and H2S are only slightly soluble in liquid water; however,
these gases are incorporated into ice particles in the atmosphere
with an efficiency of 10 to 30%. Despite scavenging, more than
25% of the HCl and 80% of the sulphur gases reach the stratosphere during a more intense modern explosive eruption because
most of the particles containing these species are typically lifted
there by the force of the eruption (Figure 7b).

Modern eruptions

Sedimentation of the particles tends to remove the volcanic gases from the stratosphere. Hence, the final quantity of volcanic
gases injected in a particular eruption depends on the fate of the
particles containing them, which is in turn dependent on the volcanic eruption intensity and environmental conditions at the site
of the eruption.
Today, volcanically-derived SO2 and H2S are the dominant
sources for sulphur species in the atmosphere (Jones et al., 2016;
Robock, 2000). Conversion of SO2 to aerosols is one of the critical drivers of climatic cooling during recent eruptions (Figure
7a; Robock, 2000). For SO2 to be effective in causing cooling
in the atmosphere, escaping hydrogen sulphide quickly oxidises
to SO2. Over hours to weeks following its eruptive escape the
ongoing reaction of SO2 with atmospheric H2O forms a H2SO4
(sulphuric acid) aerosol, and this is a major cause of the acid
rains tied to volcanism (Figure 7a, b).

World-scale cooling has been observed following a number of
modest (by large igneous province standards) volcanic eruptions
over the past few centuries (Figure 8; Bond and Wignall, 2014;
Sigurdsson, 1990; and references therein). A recent example is
provided by the Mount Pinatubo eruption of 1991, which injected 20 megatons of SO2 more than 30 km into the stratosphere.
The result was a global temperature decrease approaching 0.5
°C for three years (although this cooling was probably exacerbated contemporaneous Mount Hudson eruption in Chile). One
of the largest historical eruptions occurred in 1783-1784 from
the Laki fissure in Iceland when a ≈15 km3 volume of basaltic
magma was extruded, releasing ≈122 Mt of SO2, 15 Mt of HF,
and 7 Mt of HCl. Laki’s eruption columns extended vertically up
to 13 km, injecting sulfate aerosols into the upper troposphere
and lower stratosphere, where they reacted with atmospheric
moisture to produce ≈200 Mt of H2SO4. This aerosol-rich fog
hung over the Northern Hemisphere for five months, leading to
short-term cooling, and harmful acid rain in both Europe and
North America. Additionally, HCl and HF emissions damaged
terrestrial life in Iceland and mainland Europe, as this low-level
fluorine-rich haze stunted plant growth and acidified soils.
By causing or aiding in the collapse of food chains during the
more intense sulphurous releases involved in the heating of large
volumes of anhydrite held in ancient saline giants, vast quantities of acid rain may have killed much of the vegetation on land
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For halocarbons to form in a volcanic eruption requires the
combination halogens with organic matter/methane or other hydrocarbons. We shall consider the levels and origins of two of
the more common halocarbons in today's atmosphere; methyl
chloride (CH3Cl) and methyl bromide (CH3Br) although many
other species of halogenated hydrocarbons are present both naturally and anthropogenically (Schwandner, 2002; Visscher et al.,
2004).
The average Cl concentration of the Earth has been estimated to
be 17 ppm (Worden, 2018 and references therein). Chlorine is
the dominant anion in seawater, most modern and ancient evaporite beds and associated brines. Chlorine is present in most igneous rocks at low concentrations with little difference in level
shown between granite and basic igneous rocks (both have a Clconcentration of about 0.02%). However, igneous glass typically
has higher Cl concentrations (≈0.08%). Chlorine is concentrated
within any residual vapour phase during volcanic eruptions so
can be independent of the volatiles created by heating of saline
giants. Without the latter, the contribution of volcanically-erupted Cl to the atmosphere is still considerable. For example, the
estimated current global volcanic emission of Cl is between 0.4
and 170 mt/year, while individual eruptions can produce hundreds of kilotons of Cl. For example, in 1980, St Helens emitted
670 kt of Cl into the atmosphere.

The hinterlands of sedimentary basins that predominantly enriched in primary igneous rocks will provide only small quantities
of Br into the sediment supply but rocks enriched in glass-bearing igneous rocks may supply relatively greater amounts of Br
(Worden, 2018). Bromine is found in sedimentary basins as
dissolved Br-, in solid solution in halite (NaClxBr1−x), or in less
common salts resulting from potash-facies evaporites, such as
sylvite. Bromine is also associated with organic-rich sediments,
especially in marine settings, including organic-rich mudstone
and coal. At a concentration of 65 mg/L, Br- is the second most
abundant halogen in modern seawater.
Organic matter and its more evolved forms –kerogen and hydrocarbons– are typical of most large evaporite basins. Mesohaline carbonates interlayered with anhydrite and halite beds can
entrain high levels of organic matter to form high-yield source
rocks, while the brine inclusions in some halites contain high
amounts of volatile hydrocarbons and pyrobitumens. Evaporite beds composed of anhydrite or halite make excellent seals
holding back large volumes of hydrocarbons (for literature documentation of these observations see Warren, 2016, Chapters 9
and 10). In combination, saline giants and their heat-responsive
lithologies will contain vast volumes of potential volatiles, including halocarbons.
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Ozone Destruction Cycle

Ozone in the atmosphere
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Figure 9. Ozone in the Earth’s atmosphere (after Fahey 2007). A) Atmospheric profile. B) Ozone destruction involves two separate chemical
(catalytic) reactions. The net or overall reaction is that of atomic oxygen with ozone, forming two oxygen molecules. The cycle can be considered
to begin with either ClO or Cl. When starting with ClO, the first reaction is ClO with O to form Cl. Cl then reacts with (and thereby destroys) ozone
and reforms ClO. The cycle then begins again with another reaction of ClO with O. Because Cl or ClO is reformed each time an ozone molecule
is destroyed, chlorine is considered a catalyst for ozone destruction. Atomic oxygen (O) is formed when ultraviolet sunlight reacts with ozone and
oxygen molecules. This reaction is most important in the stratosphere at tropical and middle latitudes where ultraviolet sunlight is most intense.

Ozone (O3) destruction

When halocarbons enter the stratosphere, they decimate the
ozone layer, allowing harmful levels of ultraviolet (UV) radiation to reach the earth's surface (Figures 7a, 9a). Ozone is destroyed by the entry of a number of free radical catalysts into the
stratosphere; today the most important catalysts are the hydroxyl
radical (OH·), nitric oxide radical (NO·), chlorine radical (Cl·)
and the bromine radical (Br·). Each radical is characterised by an
unpaired electron in its molecular structure and is thus extremely
reactive. All of these radicals have both natural and man-made
sources; at present, most of the OH· and NO· in the stratosphere
is naturally occurring, but human activity has drastically increased the levels of chlorine and bromine.
The elements that form radicals in the stratosphere are found in
stable organic compounds, especially halocarbons, which reach
the stratosphere without being destroyed in the troposphere due
to their low reactivity. Once in the stratosphere, the Cl and Br
atoms are released from the parent halocarbon by the action of
ultraviolet light.
Ozone (O3) is a highly reactive molecule that quickly reduces to
the more stable oxygen (O2) form with the assistance of a catalyst (radical). Cl and Br atoms destroy ozone molecules through
a variety of catalytic cycles. The simplest example of such a reaction is when a chlorine atom reacts with an ozone molecule,
taking an oxygen atom to form chlorine monoxide (ClO) and
leaving behind an oxygen molecule (O2) (Figure 9b). The ClO
can then react with another molecule of ozone, once more releasing the chlorine atom as ClO, so far yielding two molecules

of oxygen. This ClO reaction can be repeated until the ClO is
flushed from the stratosphere (Figure 9b, Fahey, 2007)
Thus the overall effect of halocarbons entering the stratosphere
is a decrease in the amount of ozone. A single chlorine radical
can continuously destroy ozone for up to two years (this the time
scale for its transport back down into the troposphere; Figure
7a). But there are other stratopheric reactions that remove CLO
from this catalytic cycle by forming reservoir species such as
hydrogen chloride (HCl) and chlorine nitrate (ClONO).
Bromine radicals are even more efficient than chlorine at destroying ozone on a per-atom basis, but at present there is much
less bromine than chlorine in the atmosphere. Laboratory studies have shown that fluorine and iodine atoms can participate in
similar catalytic cycles. However, fluorine atoms react rapidly
with water and methane to form strongly bound HF in the Earth's
stratosphere, while organic molecules containing iodine react so
quickly in the lower atmosphere that they do not reach the stratosphere in significant quantities.
Halocarbon concentrations below the tropopause are always
higher by several orders of magnitude than in the stratosphere,
which contains the seasonally and locally variable ozone layer responsible for absorption of incident solar UV radiation
(Schwandner, 2002). Penetration of the tropopause allows the
ascent of long-lived halocarbons and today occurs primarily as a
result of rising tropical air masses in a Hadley cell, rare turnover
events, or large Plinian volcanic eruptions.
Over the two to three years a chlorine or bromine radical can
remain in the stratosphere, it reacts with ozone and converts
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Implications

However, there are additional deep-time implications for the
health of the Earth's biota when natural events of the past drastically increased the amount of halocarbons entering the stratosphere, along with increased levels of sulphurous volatiles and
greenhouse gases. We know modern volcanic exhalations containing relatively high levels of chlorine and bromine. But times
of intense magmatic/volcanogenic or bolide heating of evaporites in a saline giant will contribute even greater volumes of
halocarbons to the stratospheric levels of the atmosphere (Figure
10). If coals and peats are also present (typically not in the saline
portion of the basin's sediment fill), then the heating of these additional organic-rich sediments will contribute even more carbon
to the vast volumes of the halocarbons created by heating of the
evaporites. Heating reactions in the saline giant and associated
deposits can also supply elevated levels of the greenhouse gases CO2 and CH4. Explosive volcanism tied to the emplacement
of LIPs in the region of a saline giant or the atmosphere-scale
disturbance linked to the impact of a large bolide in an area underlain by a saline giant are efficient mechanisms to move large
volumes of halocarbons, sulphurous volatiles and greenhouse
gasses to the troposphere. The third article in this series will document the specific evaporite geology that contributed to four of
the five major Phanerozoic extinction events (Figure 10).
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