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Hot and fast versus cold and slow: 

 Transition element thermometry of seismic slip 

Technical Summary 
 

We have developed a new fault surface paleothermometer that exploits the temperature-
sensitive oxidation state changes in transition metals that are a result of shear heating during 
seismic slip (Evans et al., 2014). We use transition metal surface chemistry to document iron and 
Mn oxidation state changes and determine the peak temperatures attained during slip on faults 
coated by Fe-oxides.  We have also developed methods to directly date the slip on faults using U-
Th/He geochronology.  With these methods, we are dating several faults of the San Andreas 
Fault, exhumed in the Mecca Hills, and determining the likely peak temperatures of faults of the 
San Andreas fault system.  We have examined fault-related textures with optical and scanning 
electron microscopy from the Painted Canyon, Platform, Eagle Canyon, and Hidden Spring fault, 
all part of the San Andreas fault system in the Mecca Hills.  

We	  have	  used,	   for	   the	   first	   time,	  XANES	  analyses	  of	  natural	   fault	   surfaces	   fron	   the	  
San	  Andreas	  system	  to	  examine	  the	  microchemical	  and	  microtextural	  nature	  of	  seismic	  slip	  
surfaces	  and	  estimate	  frictional	  ΔT of ~450°C. 	  

	  We use the results of the microstructural study and geochemistry to select aliquots to test 
the U-Th/he thermochronology method on the Painted Canyon and Platform Faults, and show that 
they were heated 400,000 – 650,000 years ago.  The thermochronology method appears to be 
robust, and we are currently separating seven other sample sites to examine the evolution of the 
Mecca Hills, and to further estimate fault heating temperatures.  
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Introduction   The Mecca Hills, Southern California, is an area of localized uplift and 
contractional deformation related to transpression along the adjacent San Andreas Fault (Fig. 1). 
It is the location for seminal studies on transpressional deformation and deformation along the 
San Andreas (Sylvester and Smith, 1976), and San Andreas Fault geophysics (Lindsey et al., 
2014, Fattaruso et al., 2014). While an iconic area for studying transpressional deformation, 
manifested in Quaternary sedimentary rocks, and deformation along the San Andreas Fault zone, 
the history and timing of faulting in the Mecca Hills remains unclear. We determine the 
relationship between the subsidiary faults that parallel the San Andreas in the Mecca Hills and the 
adjacent San Andreas Fault. We pose the question: what can the timing and history of faulting in 
the Mecca Hills tell us about the development of the San Andreas Fault in the area? To do so, we 
have developed new geochronologic methods, and methods to estimate temperatures that were 
the result of fault slip.  
 We focus on faults in the crystalline basement:  Precambrian gneisses and the Late 
Cretaceous/Early Tertiary Orocopia Schist was exhumed via a series of normal faults during the 
Late Tertiary and Early Cretaceous, while transpression is responsible for very recent 
exhumation. 
 The Mecca Hills (Figure 1) lie at the northern end of a north-plunging anticlinorium and 
consist of several high-angle faults accommodating transpression along the sub-parallel San 
Andreas Fault zone (Dibblee, 1954; Sylvester and Smith, 1976; Sheridan et al., 1994 a and b). 
These faults include the Skeleton Canyon Fault (SCF), Painted Canyon Fault (PCF), Platform 
Fault (PF), Eagle Canyon Fault (ECF) and Hidden Spring Fault (HSF)(Fig. 1). Sylvester and 
Smith (1976) propose these faults bound three distinct structural domains, or blocks, in the Mecca 
Hills: a downfaulted crustal block west of the San Andreas Fault, a 1.5 km wide zone of intensely 
deformed basement and sedimentary rocks between the San Andreas Fault and the Painted 
Canyon Fault, and a relatively undeformed crustal block east of the Painted Canyon Fault (Figure 
from Sylvester and Smith, 1976). Their observations revealed the crystalline basement rocks 
between the San Andreas Fault and the Painted Canyon Fault (exposed in Painted Canyon) are 
highly sheared and fractured, providing evidence of cataclastic deformation in response to 
transpressional forces from the adjacent San Andreas Fault. While it appears horizontal shear 
strain dominated during cataclastic flow of the basement rocks, the basement was uplifted due to 
compressional stresses from the lateral and convergent slip of the crustal blocks east and west of 
the Mecca Hills (Sylvester and Smith, 1976). It is clear from their work that the crystalline 
basement rocks of the Mecca Hills record a rich history of deformation related to the adjacent San 
Andreas Fault.   
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Figure 1.   Generalized geologic map of the Mecca Hills, California, showing the study area and 
study sites, adapted from Fattaruso (2014).  The sample sites indicate the locations where samples 
and outcrop studies examined the faults. We also show the preliminary results of the 
thermochronology of the fault zones, by Amy Moser.  Here, she has determined the cooling ages 
with U-Th/He thermochronology methods for apatite (A), Hematite (He) and Sircon (Z). Each 
element has a different closure temperature to He loss, and the different ages show that the fault-
zone ages like represent the age of fault-related hydrothermal alteration and/ or frictional heating.  
We show that the zone we samples in the Painted Canyon fault slipped ~ 400,000 yrs ago, 
whereas the Platform Fault slipped ~ 600,000 years age.  These results provide excellent 
motivation to examine the   
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Results 
 

Microstructural and Geochemical Analyses 
 
We have sampled deformed crystalline rocks associated with all five of the faults in the Mecca 
Hills.  The faults exhibit a range of outcrop expressions that indicate geochemical alteration 
(Figure 2) and the presence of alteration patterns that can be used to estimate the 
paleotemperatures of the fault slip.  The fault surface characteristics consist of a range of 
expressions), striated mineralized surfaces (Figure 2B) thin iridescent faults (Figure 2C). 
A.                 B. 

 
C 

A.                                                                                                B. 
 
 
 
 
 
 
 
 
 

 
Figure 3.  A. View to the east of the Platform Fault.  Here crystalline rocks are juxtaposed on 
Quarternary sedimentary rocks in the foreground.  B. Narrow clayey mineralized slip surface 
within the fault zone sampled form geochemistry and geochronology.   
 
   
 
 

Figure	  2.	  	  A.	  	  Outcrop	  expression	  of	  the	  Painted	  
Canyon	  Fault,	  Mecca	  Hills	  	  Precambrian	  /	  
Cretaceous	  rocks	  on	  the	  left	  and	  Cretaceous	  
crystalline	  rocks	  on	  the	  right;	  	  the	  left	  block	  has	  
moved	  away	  from	  the	  viewpoint.	  	  B.	  	  ~	  5	  cm	  thick	  
mineralized	  fault	  surface	  in	  the	  Painted	  Canyon	  
Fault	  that	  exhibits	  red-‐blue-‐great	  alteration.	  	  C.	  
Thin	  mineralized	  fault	  surface	  in	  the	  Painted	  
Canyon	  Fault	  with	  iridescence.	  	  
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A.     B. 

 
 
Figure 4.   A.  View to the north of the Hidden Spring fault.  The HSF is in all sites in the study 
area coated by white-grey calcite-gypsum surfaces that may be a mark of weakening.  B.  Thin 
section from the Hidden Spring Fault, showing the combination of gypsum and calcite along the 
fault surface.  
 
 
 
 
 
 
Fault 
Fault The surfaces also 

exhibit clay-rich 
surfaces (Figure 3) 
where delicate clay 
coated faults appear to 
be associated with 
trace element 
alteration.  The Hidden 
Spring fault (Figure 4) 
is the most outboard 
fault in the system, and 
in all sites studied 

exhibit  large white-gray striated surfaces that are coated 
with calcite and gypsum, perhaps indicating the weakening mechanism along the fault. 
 Alteration patterns can be deciphered from whole-rock mineralogic studies (Figure 5) 
where alteration minerals from the Painted Canyon Fault include a range of alteration minerals, 
including chlinochlore, gismondine, calcite, and zeolites.  This alteration can be further quantified 
by whole-rock geochemical analyses (Figure 6).    
 
 

Figure	  5.	  Example	  X-‐
Ray	  Diffraction	  
analyses	  from	  the	  
Painted	  Canyon	  Fault.	  	  
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Figure 7.  Photomosaic of hematite-coated slip surfaces in thin section from PCF S2. Relative 
timing of events: (1) Initial calcite precipitation after a slip event. (2) Hematite precipitation 
following calcite precipitation. Incorporation of the first generation of calcite. Second slip event 
occurrs after precipitation of first calicite and hematite generations. (3) Second generation of 
calcite precipitates post-second slip event. Incorporation of the first generation of hematite.  (4) 
Second generation of hematite precipitates, cross-cutting existing calcite and hematite 
generations. Host rock is incoporated in this generation.  
 
We summarize these observations to show that hydrothermal alteration is ubiquitious 
within all of the faults in the Mecca Hills area, and that these faults are excellent candidates 
for trace-elemtn thermometry and U-He-Th thermochronology of hematite in the faults.  
 
 
 
 
 

	  

Figure	  6.	  	  Whole	  rock	  geochemical	  
analyses	  from	  Painted	  Canyon	  and	  
Platform	  Faults.	  	  Significant	  enrichment	  
of	  a	  host	  of	  trace	  elements	  that	  are	  
pathfinders	  for	  hydrothermal	  alteration	  
/	  mineralization	  within	  and	  adjacent	  to	  
the	  fault	  zones.	  	  
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Surface Chemistry Analyses  In order to determine the nature of the surface chemistry of the 
fault surfaces, we use X-Ray Near Edge Spectroscopy (XANES) at the Stanford Linear 
Accelerator Synchrotron Research Lab (SSRL).  The XANES method has been used in a range of 
geochemical studies, but to our knowledge, we are the first to successful use the method to 
determine details of surface chemistry of the fault zones.  The method uses a high-energy X-
ray beam from the SLAC storage ring that can be focused over very narrow wavelength bands in 
order to scan surfaces for elements within that band.  Because of the highly focused beam and the 
narrow wavelength range, along with some technical aspects of X-ray- surface-element 
interactions, XANES at SSRL enables us to scan surfaces up to 2x3 cm for the distribution of 
elements, and the oxidation states of these elements, while only penetrating the upper few 
microns of the material.  XANES in a non-destructive surface chemistry method that allows us to 
directly examine fault surfaces, and unlike almost all other microbeam methods, allows us to 
examine the natural slip surfaces.  We have examined a number of fault surfaces over 2.5 days of 
beamtime in 2016 
 We (Evans et al., 2014) showed that various fault surfaces of the Wasatch Fault were 
comprised of 30%  Fe 2+ and 70 % Fe 3+ , due to shear heating of at least 300°C.  With our current 
work, we model the oxidation state transition with constraints on the oxygen fugacity in the host 
rocks; this yields a minimum temperature increase above background of ~ 400-450°C along the 
fault surfaces.  Figure 8 reveals the preliminary results for the Painted Canyon Fault and the 
Platform Fault where we can estimate the temperature rise associated with asperities. Analyses of 
a fault surface with Fe and V indicates that transition element pairs map heated asperities, and 
because V reduction occurs at lower temperatures, we estimate ΔT here was ~ 350°C.  
 
Geochronology 
 
 Amy Moser has used the hematite U-Th/He thermorchronometer to determine if the 
Mecca Hills faults can be directly dated.  The theory behind these methods are laid out in other 
litherature, and is predicated on the accumulation of He in the crystal lattice of minerals due to 
the radiometric decay of U and Th, which in the fault zones, lies in hematite.  Other minerals that 
can be used to determine the age of cooling includes apatite and zircon.  Each mineral has a 
different closure temperature, and can be used to determine the cooling history due to uplift.  IF 
fault-zone ages = uplift ages, this shows that the faults were simply cooled by uplift.  Moser’s 
analysesincludes the measurement of He from 4 aliquots from two samples in the Painted Canyon 
Fault, and 4 aliquots for one sample in the Platform fault.  Her analyses also include the cooling 
ages for zircon and apatite, and the fault-related samples are statistically younger than the apatite 
helium cooling ages.  The Painted Canyon Fault results show that the fault slipped or was 
hydrothermally heated at 0.432 mya ±0.069 mya, and the Platform Fault was heated at 0.633 mya 
±0.097 mya.   
 Moser will continue this work with NSF-sponsored wortk throughout the Mecca Hills, to 
test the hypothesis that the fault ages are clearly distinct from uplift cooling ages, and to examine 
the hypothesis that fault slip ages are different for the different faults.   
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Figure 8.  Results from XANES analyses for Mecca Hills samples.  A.  Striated fault surface 
(lines indicate the orientation of the striae) and the color pallet indicates the relative ratios of Fe2+ 
/Fe3+, where red is ~ 40% Fe2+, yellow is 30%, and blue is 10% or less Fe2+.  These are 
preliminary results and some added datareduction needs to be done, along with some data 
modeling.  The high values of Fe 2+ are associated with the slip plane, and we estimate that the 
temperature increase was ~ 450°C above the background.  B.  Fault surface imaged with XANES 
where the blue region is a window into the host rock below the red, Fe 2+ rich fault surface.  C.  
To better estimate temperature, an ideal fault surface has multiple transition elements.  Here we 
map Fe2-Fe3, and V2-V5.  V tends to experience reduction at lower temperatures that Fe, and this 
analysis suggests ΔT = 350°C.  
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Summary 
 

Our detailed structural analysis focuses on the Mecca Hills, where faults cut the 
crystalline rocks exposed in blocks between these faults as well as the Quaternary sedimentary 
rocks.  We have examined 5 major faults of the area, at 12 study sites, and this detailed structural 
mapping at a large scale and characterizing the fault structure (i.e. determining if fault core and 
damage zones are present, mapping their widths, sampling along transects) of the faults in the 
Mecca Hills. We have examined the microstructures and geochemistry of the major strike-slip 
faults in the Mecca Hills. Mineralization patterns from major fault zones, in fractures, and in 
veins provided intriguing observations from field work, including hematite-filled fractures, 
epidote-coated slip surfaces, interesting oxidation patterns, polished silica-rich surfaces in the 
sedimentary rocks, and other evidence for fluid-rock interaction. These observations imply that 
the geochemical and microstructural elements of the fault system in the Mecca Hills have played 
a large role in the development of fault structure, fault processes, and deformational mechanisms. 
Microstructural and geochemical analyses will therefore add an important element to the 
deformation history story of the area. The trace-element chemistry of the faults approach the 
signature of pathfinder analyses for ore-deposits.   

We used extremely high-resolution X-Ray mapping (XANES) of fault slip surfaces that 
are only a few microns thick to show that frictional fault heating is the best explanation for the 
reduction.  Finally, we use these analyses to  
 
Broader impacts 
 This work supports one MSc student, Amy Moser, and travel and field expenses for 
Postdoctoral researcher Kelly Bradbury.  Communication with the general public occurred through 
the fieldwork season, where the general public, hiking in the popular canyons of the Mecca Hills, 
asked a range of questions.  Moser, Bradbury, Evans, and field assistant Simona Clausnitzer answered 
a range of questions and gave impromptu talks ranging from 5 to 20 minutes in length on topics such 
as the tectonic, rock, and seismic cycles; the San Andreas fault and seismic hazards; southern 
California geology;  ock mechanics; seismology;  and the nature of the SCEC program. We estimate 
having had substantive discussions with ~ 50 people in January and February.   
 In addition, Amy Moser presented a five minute IGNITE talk at the Utah State University 
Research Week in April, 2016 (https://ignite.usu.edu/portfolio-items/amy-moser/), AND a USU 
Sunrise session talk in Salt Lake City in April, 2016 (http://sunrise.usu.edu/sunrise/portfolio-
items/ignite-usu-presenters/).  The Ignite talk was attended by 300-400 people, and the Sunrise 
session talk reached ~ 100 USU alumni in the Salt Lake area.  The Ignite talk will be posted on 
Youtube.  These incredibly energentic presentations will reach > 1000 viewers and attendees, and the 
SCEC-sponsored research is a core of these talks.  


