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When subjected to stress, the Earth’s 
crust responds by breaking or bending, 
depending on how hot the going gets. 
When the crust breaks, it develops ruptures, 
and rock masses are displaced along these 
faults. Where exactly and how faulting 
will occur depends to a large extent on 
the nature of the stresses. But pre-existing 
fl aws within the crust could also make it 
more susceptible to breaking.

To fi nd out how important the 
pre-existing fl aws are, Rob Butler 
of the University of Leeds and his 
colleagues headed to the remote 
Nanga Parbat region of Pakistan 
(Jour. Geol. Soc. 165, 449–452; 2008), 
an ideal spot to observe the Earth’s 
crust under stress because the Indian 
subcontinent is thrusting into Eurasia 
here at a speed of a few centimetres per 
year. Moreover, until about a million 
years ago, the Nanga Parbat rocks 
lay at depth within the crust. When 
they popped up to the surface, they 
lacked signifi cant faults or fractures. 
Th erefore, all faults that we see today 
formed under the same stress regime.

Th e researchers measured the 
orientations of smaller faults that formed 
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in the vicinity of the Liachar Th rust — a 
major fault where a massive slab of rock 
is being shoved upon another. Th ey also 
investigated the direction of movement 
along these smaller associated faults, along 
with the pre-faulting fabric of the rocks and 
the nature of the present-day stress regime.

It turns out that even the Nanga Parbat 
rock mass was not entirely fl awless prior 
to the latest faulting episode, which began 
about a million years ago. Deformation 
at high temperatures in the geologic 
past had forced it to fl ow in a ductile 
manner. Th e minerals within the rock 
aligned in response to this fl ow, resulting 
in numerous parallel weak planes, or 

foliation. Butler and colleagues found 
that during the more recent brittle 
faulting related to the Liachar Th rust, the 
foliation has aff ected faulting on either 
side of the thrust diff erently.

Th e orientations of faults in the 
rock mass above or in the hanging wall 
of the Liachar Th rust match those of 
the foliation closely, and most faults 
are parallel to each other. Here, the 
foliation is gently inclined and aligned 
favourably with the stress regime and 
was therefore easily reactivated as faults. 
Contrarily, in the rock mass constituting 
the footwall of the Liachar Th rust, the 
more steeply inclined foliation is aligned 
almost perpendicular to the direction of 
the regional stresses and thus escaped 
reactivation. Faults that developed in 
the footwall cut across the foliation, 
intersect each other and are randomly 
oriented.

Faults are important conduits for 
water, oil and mineralizing fluids. The 
different dispositions of the faults 
above and below the Liachar Thrust 
could give clues on the pattern of fluid 
flow in these masses.
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the very high NOx conditions encountered 
in the recent measurements. At least 
one model5 does produce a very effi  cient 
conversion of N2O5 into ClNO2, as well as 
ClNO2 levels of up to 200 pmol mol–1 under 
more polluted conditions (unpublished 
result), with the reaction of N2O5 on 
sulphate aerosol accounting for roughly 
10–15 times more ClNO2 release than 
reaction on sea salt aerosol.

Once produced, ClNO2 does not have 
any known signifi cant sinks at night. Under 
the infl uence of sunlight, however, ClNO2 is 
photolysed very rapidly, releasing chlorine 
radicals and NO2. Chlorine radicals react 
very rapidly with volatile organic compounds 
such as alkanes, which are abundant in 
polluted air. Th e reaction products are 
peroxy radicals, which lead to ozone 
formation in the presence of NOx. Th e mix 
of anthropogenic emissions and sea spray 
can thus result in enhanced ozone formation 
aft er sunrise, as discussed by Osthoff  et al. 
An increase of ozone production in cities due 
to chlorine chemistry had been suggested 
previously6–8. However, the study by 
Osthoff  et al. now identifi es a key precursor 
compound from experimental evidence.

In coastal megacities, enhanced 
ozone production due to the combination 
of anthropogenic emissions and sea 
spray could prove to be very important. 
Megacities are projected to grow both in size 
and in number in the coming decades, and 
most present and potential future megacities 
are located near the coast. Th erefore 
chlorine-mediated ozone production might 
have to be addressed in future air-quality 
strategies for coastal areas with high 
population densities.

Ship plumes are regions that might 
indicate a global relevance for this work 
beyond megacities as they provide a ‘perfect’ 
combination of concentrated pollution from 
the ship’s exhaust and sea spray particles. As 
shown by an increasing amount of studies 
in the last decade, ship tracks cover large 
areas of the oceans9, so one might expect to 
see elevated gaseous chlorine levels in these 
regions. Notably, some of the measurements 
reported by Osthoff  and colleagues have 
been made in ship plumes.

Th e cycling of compounds between the 
gas phase and aerosol (or cloud) particles 
plays a signifi cant role not only in the release 
and conversion of gases but also in increasing 

the lifetime of gases. In this way, reactive 
chlorine, released in ship plumes for example, 
could survive for several days or even a week, 
implying that a large region can be aff ected 
by the chemical processes described above. 
Recycling of chemical components between 
the gas phase and particles might also be 
the explanation for previous measurements 
of very high Cl2 mixing ratios on Long 
Island5,10. Furthermore, this general concept 
of recycling chemicals between the gas 
phase and the solid phase is not limited to 
halogen compounds. 
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