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1. Demonstrate that faults are seismogenic in the Andean foreland lower crust.

2. Calculate the forces needed to break these faults in earthquakes.

3. Discuss the implications for the controls on fault strength and its links with water.
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B) Depths
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1. Most lower-crustal earthquakes occur in 
reactivated Mesozoic rift systems.

Faults remain seismogenic in the 
lower crust after protracted periods of 

reactivation over ~Myr time-scales.
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⇢ = density

Buoyancy Force:
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2. Earthquake-generating faults in the lower 
crust have a low effective friction of <0.2



3. Geological observations of lower-crustal psuedotachylytes show that:

- Grain-size reduction leads to mylonitisation.
- Tiny amounts of fluid infiltration during fault slip causes mylonitisation.Earthquake source parameters. Type-2 pseudotachylytes were

formed by earthquake ruptures <~15m in apparent length. Pseu-
dotachylyte pull-aparts (Fig. 3f) record single-event displacements
in the range of 1 to 26 cm, with the highest displacements observed
along longer faults (Fig. 4a). The displacement/length ratio of these
single-slip faults ranges between 10−3 and 10−1, well exceeding the
typical ratios of 10−7-10−4 seen in kilometre-scale earthquake
ruptures (Fig. 4a)22,33. This may indicate that, due to interaction
with the bounding shear zones, ruptures terminated prematurely.
Assuming a circular rupture area, the type-2 pseudotachylytes
record moment magnitudes (Mw) ranging from 0.2 to 1.8 and their
slip/length ratios imply static stress drops between 0.1 and 4.2 GPa
(Fig. 4b). This assumption of a circular rupture may underestimate
the true rupture area. Although we have no observation of the
vertical dimension of the pseudotachylyte-bearing faults, it is
unlikely that their aspect ratio is >10, because the maximum ver-
tical extent of anorthosite blocks with widths ~10m is neither
observed nor projected to extend much over 100m (Fig. 1c).
Therefore, an elliptical fault with a long axis ten times the mea-
sured fault length provides an upper bound for rupture area and
moment magnitude (Mw 0.8–2.6), and a lower bound for stress
drop (0.06–2.5 GPa) (Fig. 4b, Supplementary Fig. 5).

These minimum stress drops calculated from type-2 pseudo-
tachylytes are still high when compared to seismological records
(Fig. 4b) of upper crustal-34,35 and intracontinental lower crustal-
seismicity36,37. These stress drops are also generally higher than
other values calculated from pseudotachylyte-bearing faults38,
including those recording continental lower crustal and mantle
seismicity11,39, although are on the same order as those derived
from pseudotachylytes at depths of 7–10 km40 and in lawsonite-
eclogite facies peridotites41. We note, however, that the calculated
stress drops may be elevated because the rupture area is limited to

the size of the block, analogous to large stress drops seen in some
laboratory shear experiments42. The large stress drops imply that
the failure shear strength of the intact anorthosite must be
>1 GPa, consistent with both the high strength of anorthite
reported from experimental studies43 and the stresses required for
failure of intact anorthosite and subsequent frictional sliding at
high lower crustal confining pressures. High viscous strength in
the anorthosite blocks would enable seismic failure through
elastic energy accumulation, because the dry, coarse-grained
plagioclase could not flow viscously—even at geological strain
rates—without a reduction in grain size, changed mineralogy, or
fluid influx43,44.

Discussion
Our results imply that lower crustal earthquake nucleation may
result from localised viscous creep along shear zone networks
within dry granulitic lower crust. In the Nusfjord anorthosite,
local high differential stresses are inferred to have arisen from
the interaction of localised viscous shear zones at lower crustal
levels, where a high viscosity block experienced stress amplifi-
cation imposed by flow of the surrounding, weaker material
(cf. refs. 45–48).

We argue that strain incompatibility across the deforming
system was accommodated by transient seismic failure along new
faults nucleating at sites of stress amplification within the strong
anorthosite blocks. Over long timescales, the effect of episodic
seismic activity was to approximate strain compatibility across
the shear zones, at least enough to facilitate ongoing viscous
deformation. A similar model was hypothesised to explain the
cyclic generation of pseudotachylytes in the lower crustal rocks
of the Musgrave Ranges14. Here we provide the first evidence for
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Fig. 2 Shear zones and sheared pseudotachylytes in the Nusfjord anorthosite. a Pseudotachylyte localised along the margin of a relatively fine-grained
anorthosite dyke. A viscous overprint in the pseudotachylyte can be seen in the apparently sheared geometry of the injection veins [68.0563°N 13.3648°E];
b pseudotachylyte fault breccia with viscous overprint shown by alignment of deformed, elongate clasts parallel to the shear zone foliation [68.0572°N
13.3687°E]; c well-foliated mylonite consisting of significant proportions of pseudotachylyte—interpreted to be a high strain equivalent to the breccia in b.
Outside the sheared pseudotachylyte, the anorthosite is undeformed [68.0572 °N 13.3687 °E]; d view looking west of an internal anorthosite block (with
orange overlay) between two bounding shear zones emphasised in white and detailed in Fig. 3a [68.0557°N 13.3746°E].
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small fractures, along which ductile deformation was also accommodated (Figure 5d). In area I (Figure 3), a
biotite-rich layer with feldspar augen is observed in a low-strain domain (Figure 6a). The initial orientation,
trending NW-SE, should promote deformation of the layer, if it was weaker, or localize deformation at the
boundaries, if it was stronger than the surrounding granite. Instead, the layer shows a thinned intersection
zone (compare Pennacchioni & Mancktelow, 2007; their Figure 10), caused by the interaction of a set of
narrow, conjugate shear zones crosscutting the boundaries of the layer (Figures 6a and 6b). The resulting
reorientation into an E-W trend is accommodated by a mylonitic foliation both inside the biotite-rich layer
and the host rock, with no preferential shearing in either of them. Inside the layer, deformation can be
mapped using the feldspar augen as qualitative strain markers, revealing a very heterogeneous
distribution of strain along narrow zones of various orientation (Figure 6b). Outside the high strain zones,
two parallel fractures are observed, of which only one shows ductile reactivation (Figure 6c). The
unsheared fracture is interpreted as an incipient shear fracture (Lockwood & Moore, 1979; Pennacchioni &
Mancktelow, 2013; Pennacchioni & Zucchi, 2013), and because the resolved shear stress on these parallel
features is presumed to be the same, the favored interpretation is that fracturing was progressive in time
and that the unsheared fractures developed after ductile shearing.

The relationship between fractures and shear zones can be further illustrated in low-strain domains. The out-
crop shown in Figure 7a is located in a Musgravian granite that shows almost no background foliation (area II
in Figure 3). The granite hosts aplite dykes, which do not show localization either inside or at the boundaries.
The mapped foliation pattern in Figure 7a is consistent with a dominantly dextral shear zone, with a few
minor conjugate sinistral zones. Parallel to these shear zones, fractures are observed, which show reactivation
by ductile shear. In most cases, ductile shearing is restricted to the initial length of the fracture (Figure 7b),

Figure 5. (a) Polished hand specimen of a pseudotachylyte-bearing fault crosscutting a mylonitic granitic host rock, with a preserved injection vein (upper right),
showing minor ductile shearing (FSZ, 26.4371°S, 131.9707°E). (b) Polished hand specimen of a sheared pseudotachylyte at the boundary between a little over-
printed felsic granulite and a dolerite dyke, which is brecciated by a second generation of pseudotachylyte (NDSZ, N is up, 26.2793°S, 131.4968°E). (c) Sheared
pseudotachylyte vein with unsheared injection vein in coarse-grained charnockite (FSZ, 26.4454°S, 131.9588°E). (d) Strongly sheared pseudotachylyte vein in an
otherwise undeformed gabbro (26.3550°S, 131.8398°E). Lower left insets show, in addition to the scale and sample number, the orientation of the schistosity (S; dip
direction/dip) and lineation (L; plunge direction/plunge) for (a) and (b).
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A pervasive water phase in the lower crust unlikely to make faults both 
frictionally weak and seismogenic.
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1. Seismogenic faults within the lower crust have low effective frictional strength (<0.2)

2. These weak faults are reactivated and potentially have a protracted history of slip.

3. A pervasive water phase on seismogenic lower-crustal faults is inconsistent geological 
evidence of the effects of water on deformation mechanisms at lower-crustal P-T.

Conclusions

Contact: sew57@cam.ac.uk

Wimpenny et al., 2022, Weak, Seismogenic Faults Control Mountain Building in the Andean 
Forelands, G-cubed, 3, https://doi.org/10.1029/2021GC010270.

mailto:sew57@cam.ac.uk
https://doi.org/10.1029/2021GC010270

