
We collected a continuous sample of the fault core and 23 samples of the 
fault zone out to 52 m across the rupture trace of the 2010 M7.2 El May-
or-Cucapah earthquake to characterize the physical damage and chemical 
transformations associated with this active seismic source. In addition to 
quantifying fracture intensity from macroscopic analysis, we studied thin 
sections from the fault core and damage zone, and analyzed samples for 
clay mineralogy, bulk geochemistry, and bulk and grain density from which 
porosities and volumetric strains were derived. The parent rock is a deuteri-
cally-altered tonalite, containing a chlorite, epidote, and titanite assem-
blage. The presence of epidote with chlorite suggests that during deuteric 
alteration parental rocks were subjected to relatively high temperatures of 
330-340° C. Adjacent to the outermost damage zone is a chaotic breccia 
with distinct physical characteristics. These distinctive features suggest a 
possible connection to an ancestral fault to the southwest. The damage 
zone consists of an outer zone of protocataclasite, grading inward to meso-
cataclasite with seams of ultracataclasite. The fault core is largely com-
posed of marble that has been translated along the fault, so direct compar-
ison with the tonalitic damage zone is impractical. Porosity reaches maxi-
mum values in the damage zone adjacent to the core, and closely follows 
trends in fracture intensity. Volumetric strain tracks porosity, and increases 
towards the core. Elemental mass redistribution patterns reveal losses in Ca 
and P mass, suggesting an acidic character to �uids traversing the damage 
zone. In addition, increases in Mg and Na mass across the damage zone 
likely re�ect chloritization of biotite and albitization of plagioclase at tem-
peratures that probably were ~200° C. Parallel losses of Ti and Fe mass likely 
re�ect leaching from biotite as it was converted to chlorite. Gains in LOI 
mass are attributed to an increase in clay content, and alteration of pla-
gioclase to illite was likely aided by the introduction of some K mass. These 
patterns are interpreted to re�ect a Na- and Mg-rich hydrothermal brine 
percolating across the damage zone and likely driving the chloritization 
and albitization observed in thin sections of the damage zone. Such brines 
are well-documented in the Cerro Prieto geothermal system and other hy-
drothermal systems in Baja California, Mexico.

3. Parent Rock Petrology
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Fig. 2: A.) Map of area outlined by green box in Figure 1A.  B.) Aerial pho-
tograph including locations of 3 samples. Sample Z-2 was collected just 
o� the map, west of Z-1, on the arroyo wall. Width of bold box is ~20 m 
and is the area shown in Fig. 2C. C). Outcrop map of study area showing 
fractures traced by Ostermeijer et al. (2017) along with sample locations. 
Gridding is 1x1 m spacing.

Fig. 1: A.) Regional geological map of Sierra de Los Cucapah modi�ed 
from Barnard (1968). Points A and A’ are approximate locations for Figure 
1B. B.) Cross-section with no vertical exaggeration of the horst block of 
this study. Note, for sake of clarity, cross section is enlarged relative to 
scale of map.

Fig. 3: Photomicrographs A.) Parent rock (INT2) show-
ing representative relic igneous texture with unaltered 
biotite. B.) Representative deuteric alteration assem-
blage of parent rock. Plagioclase and biotite are partial-
ly altered to chlorite, epidote, and titanite. A = apatite; 
B = biotite; C = chlorite; E = epidote; K = K-feldspar; P = 
plagioclase; Q = quartz; T = titanite; W = white mica.

Fig. 4: Samples from this study plotted on IUGS QAP ternary diagram for 
plutonic rocks (Le Maitre et al., 2005). Note that the geometric mean of 
point counts by Barnard (1968) derived from same unit is similar to that 
derived from this study. 

Fig. 5: A.) Sample MD42 displaying a breccia-protocataclasite tex-
ture. B.) Representative mesocataclasite texture of inner damage 
zone (C2-2). C.) Representative chaotic breccia zone (Z-1) texture. 
In addition, this photomicrograph shows healing of fractures by 
calcite. Note, in this image, all biotite has been replaced by chlo-
rite. fm = �ne-grained matrix; Op = opaque cement; S = sericite

Fig. 6: Breccia and damage zone samples plotted on the fault 
rock classi�cation scheme of Woodcock and Mort (2008). Dis-
tances from fault core written next to pairs of points.

Fig. 7: X-ray di�ractograms of the <2 µm fraction of 
three samples in a transect from parent rock through 
damage zone. Note that the y-axis varies from plot to 
plot due to the variability in amounts of clay in each 
sample and quality of clay slide. 

Fig. 8: Fracture density decay data from Ostermeijer et al. (2017) calculated 
with FracPaQ (Healy et al., 2017). Best-�t trendlines calculated using Microsoft 
Excel. Edge of fault core is represented by the y-axis (x = 0). Note the bold lines 
separating each graph and their di�ering y-axes scales. 

Fig. 9: A.) Geological inter-
pretation of the edge of the 
fault core as pictured in 
Figure 2C. The 2010 rupture 
scarp is indicated and frac-
tures have been traced. B.) 
Fracture intensities calculat-
ed with high resolution frac-
ture tracing by Ostermeijer 
et al. (2017) using FracPaQ 
(Healy et al., 2017).

Fig. 10: Elemental mass redistribution represented by τ, in percent change. If 2σ values fall completely above zero, then elemental mass gain has occurred. In 
contrast, if they fall below zero then elemental mass loss has occurred. 

Fig. 11: Photomicrographs A.) Calcite vein in 
sample Z-1 showing an alteration halo of low 
An oligoclase to pure albite. The low An oligo-
clase has not been sericitized and the albite 
remains unstained. B.) Plagioclase fragment in 
sample C5-1 displaying low An oligoclase to 
albite rim with sericitized core. C.) Plagioclase 
clast and a broken-o� clast displaying unal-
tered albite rims with sericitized cores. Alb = 
albite; low An = low An oligoclase

In summary, a deuterically altered parent 
melanocratic tonalite has been signi�-
cantly fractured and fragmented in the 
Borrego fault zone, as well as adjacent to 
an older ancestral fault to the west, which 
has increased the porosity and fracture 
interconnectivity in these rocks. This, in 
turn, has increased the permeability for 
hydrothermal brine solutions, rich in Mg 
and Na, to percolate through the fault 
zone and drive albitization and chloritiza-
tion, which appears to be best developed 
along the Borrego and Laguna Salada 
faults. Thus, the alterations that would 
normally be associated with higher tem-
peratures and deeper levels of exhuma-
tion are present at the surface in the rising 
fault block between these two Plio-Qua-
ternary faults. Such �uids are common in 
hydrothermal systems throughout Baja 
Mexico. For example, Truesdell et al. 
(1981) documented a geothermal brine 
that transferred Mg and Na to rock while 
leaching Ca in the Cerro Prieto system, 
just ~30 km to the SE of this study site. 
Additionally, Gutiérrez-Negrín (2015) doc-
umented that �uids within one sector of 
the Cerro Prieto system are acidic, while 
McLelland et al. (2002) documented albiti-
zation resulting from the in�ltration of 
sodic brines in part of a regional hydro-
thermal system located in the Adiron-
dacks, New York, USA.
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