






Fig. 10. (a) Panoramic view of the southern limb of the Bóixols anticline, showing vertical to overturned Upper
Cretaceous strata (Santa Fe to Collada Gassó lithostratigraphic units) (Figs 2 & 3). The Bóixols outcrop is located
along the roadside, in the footwall of the thrust. (b) Detail of the footwall damage zone of the Bóixols outcrop in the
Collada Gassó Formation.

J. GUTMANIS ET AL.

 by guest on June 14, 2017http://sp.lyellcollection.org/Downloaded from 



(b) sets of large veins oriented at low angle to bed-
ding with composite crack-seal calcite fills
(Bons et al. 2012), implying episodic extension
in a direction oblique to the bedding and prob-
ably associated with early fold growth and
limb tilt;

(c) conjugate vein arrays of calcite-filled tension
gashes whose bisector implies a subhorizontal
maximum stress (SHmax), interpreted as a
record of the maximum shortening phase;

(d) stylolite reactivation causing offsets of (c), also
associated with maximum shortening; and

(e) late brittle fractures indicating dip-slip to
strike-slip movement, interpreted as late- to
post-tectonic relaxation.

The stylolites, extensional veins and conjugate vein
arrays are numerous and highly localized in the foot-
wall of the fault, forming a damage zone, but
become rare some 50–100 m below the thrust. In
general, they do not occur in the hanging wall except
where a minor secondary splay fault appears to inter-
sect the main fault downdip to the north. The late
brittle fractures are more pervasively distributed.

In summary, the Bóixols outcrop is interpreted
as a good example of a ‘fossilized’ fault damage
zone. The fracture system has been well preserved
by the high percentage of calcite fills. Subsequent
brittle fracturing imposed some younger porosity,
but the footwall damage zone is essentially a zone
of low fracture porosity and permeability.

Discussion

The Bóixols reverse fault is a splay thrust which
breaches the steeply dipping to overturned southern
limb of the Bóixols anticline and cuts Upper Creta-
ceous strata. We interpret the fracture pattern in the
footwall damage zone as a record of transient frac-
turing with relatively rapid ‘self-sealing’ by precip-
itation of calcite fills. The fracturing was initiated by
short-term trapping of pore fluids in a dilational
zone below the propagating fault plane. This mech-
anism of transient fracturing has been described as
pressure release by ‘fault-valving’ (e.g. Sibson
2004) and been described in other geological set-
tings, for example during burial of mudrocks in an
extensional basin (Cosgrove 2001) and in associa-
tion with episodic fault rupture and propagation dur-
ing the seismic cycle (Woodcock et al. 2007). For
this interpretation to hold true, the Bóixols thrust
fault plane must have acted as a transient low-
permeability sealing structure at this locality, sug-
gesting that it was in a relatively low-stress, dormant
stage of the seismic cycle at that time. A similar
structural history and associated damage zone has
been described in footwall outcrops of the Absaroka
Thrust in the USA (Wiltschko et al. 2009).

Many outcrop studies have shown that fault
zones usually consist of a central zone of fault
rock, representing the fault rupture planes, sur-
rounded by other zones of high strain termed ‘dam-
age zones’ (e.g. Caine et al. 1996; Childs et al. 2009;
Faulkner et al. 2010). The latter contain enhanced
fracture intensity at both matrix-scale (grain-scale
micro-fracturing) and meso-scale. Fault rocks typi-
cally have reduced porosity and permeability due
to cataclasis and thermo-chemical alteration of the
hostrock during fault propagation, whereas the adja-
cent damage zones tend to be relatively permeable
volumes with open and connected fractures. In
fact, damage zones are often a prime target for
exploration or development wells.

The Bóixols outcrop is a good example of the
opposite case, in which the damage zone would
be largely characterized as poor-quality reservoir
because any porosity created during fracturing was
largely destroyed by the self-sealing process. Simi-
lar zones can be inferred in hydrocarbon wells
where clusters of sealed fractures occur adjacent
to fault planes that are associated with pressure
boundaries. Two factors could potentially counter
this negative scenario. Firstly, the damage zone
could have become charged with hydrocarbon
prior to the self-sealing process, in which case
some reservoir potential could still be preserved.
Faults are believed to be important routes for hydro-
carbon migration during their active phases (e.g.
Muir-Wood 1994; Moretti 1998). Secondly, new
fracture porosity may be created during a subse-
quent tectonic phase at shallower depth and in the
absence of mineral precipitation from formation or
hydrothermal fluids, or during exhumation and dis-
solution. The timing of these porosity-creating and
porosity-occluding processes relative to hydrocar-
bon migration and charging is crucial.

The Bóixols outcrop therefore provides a useful
analogue for image log interpretation in hydrocar-
bon wells. It also indicates that good storage or pro-
duction properties cannot be assumed for fault
damage zones in advance of drilling and testing,
and that an evaluation of hydrocarbon migration his-
tory, fault activity history, the current in situ stress
regime and analogue properties should be part of a
workflow aimed at identifying the subset of faults
with the best potential.

Conclusions

The fractured carbonate outcrops described here
all provide useful analogue observations, data and
concepts to support subsurface hydrocarbon reser-
voir characterization from well and seismic data.
Aramunt provides insights into the scale and distri-
bution of fractures in the subseismic volume;
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Hortoneda illustrates the coupled behaviour
between active stress and litho-mechanical proper-
ties at the time of fracture development; and Bóixols
provides information about fracture evolution and
distribution in fault damage zones, especially the
delicate balance between porosity-creating pro-
cesses and porosity-occluding processes.

Given that much subsurface data interpretation
involves a relatively high degree of subjectivity
and expert judgement, we suggest that analogues
such as these (and many others around the world)
are at the very least useful and, at best, essential to
the success of the process. Many routine methods
for reservoir evaluation in 1D datasets such as the
logging of core, interpretation of borehole image
logs or full waveform sonic data, and the interpreta-
tion of in situ stress and pore fluid profiles could be
enhanced and calibrated by the application of ana-
logues such as those described here.

Fracture parameters which are difficult or impos-
sible to quantify in subsurface data, especially
length and height (aspect ratio), connectivity and
relationship to mechanical units, spacings and
dimensions of meso-scale structures (fracture corri-
dors) can all be evaluated at the outcrops. In addi-
tion, the analogues can be applied in the workflow
for building and verifying reservoir models, and in
‘ground-truthing’ the outputs from software and
seismic analysis techniques that generate interpreta-
tions from limited input data. Analogue information
can be useful in many contexts beyond fractured
carbonate hydrocarbon reservoirs, for example frac-
tured clastic or basement reservoirs and, potentially,
geothermal reservoirs or carbon storage projects,
wherever it is necessary to understand how the frac-
ture system influences performance.
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Xavier Solé for their assistance in field work. Logistic sup-
port is acknowledged from Jordi Pascual and the SAM
mountaineering club of Tremp, who enabled the authors
to climb the Hortoneda outcrop safely. Alvar Braathen
and an anonymous reviewer are thanked for their useful
comments. Steven Robinson reviewed and improved the
final version of the manuscript.

References

Arthur, J.M., Lawton, D.C. & Wong, J. 2015. Physical
modeling of a near-vertical fault zone. Search and Dis-
covery, Article #41515.

Aydin, A., Antonellini, M., Tondi, E. & Agosta, F.
2010. Deformation along the leading edge of the
Maiella thrust sheet in central Italy. Journal of Struc-
tural Geology, 32, 1291–1304.

Bazalgette, L. & Petit, J.P. 2007. Fold amplification
and style transition involving fractured dip-domain
boundaries: buckling experiments in brittle paraffin
wax multilayers and comparison with natural exam-
ples. In: Lonergan, L., Jolly, R.J.H., Rawnsley,
K. & Sanderson, D.J. (eds) Fractured Reservoirs.
Geological Society, London, Special Publications,
270, 157–169, https://doi.org/10.1144/GSL.SP.2007.
270.01.11

Belayneh, M., Matthai, S.K. & Cosgrove, J.W.
2007. The implications of fracture swarms in the
Chalk of SE England on the tectonic history of the
basin and their impact on fluid flow in high-porosity,
low-permeability rocks. In: Ries, A.C., Butler,
R.W.H. & Graham, R.H. (eds) Deformation of the
Continental Crust: The Legacy of Mike Coward.
Geological Society, London, Special Publications,
272, 499–517, https://doi.org/10.1144/GSL.SP.
2007.272.01.25
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