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Introduction 
 
This report summarises the results of a workshop held in conjunction with the annual meeting 
of the Southern California Earthquake Center (SCEC) on 8 September 2019. The half-day 
workshop was held in recognition of the growing body of work on the use of fragile geologic 
features (FGFs) to evaluate probabilistic seismic hazard (PSH) models, and emergence of 
different methods of application and evaluation.  The actual workshop goal was to determine 
the state of the art of FGF-PSH model evaluation, and identify the work and resources needed 
in order to achieve defensible evaluation methods for future industry application. While FGF 
research has long sat in the fringe of practical hazards science, recent industry-funded efforts 
in New Zealand and California  have been focused on developing defensible methods for using 
FGFs to evaluate and modify PSH models.  
 
For our workshop we assembled a group of 44 scientists either possessing experience in studies 
of FGFs, or not currently involved in FGF work but possessing relevant expertise. The main 
areas of expertise were: geology and surficial processes relevant to the formation and 
identification of FGFs; alternative methods for fragility and age estimation; statistical methods 
of PSH model evaluation; and experience with the setting of guidelines criteria. The workshop 
was consequently subdivided into the following sessions: (1) geomorphology and age 
estimation; (2) fragility estimation; (3) evaluation of seismic hazard models; and (4) ethical 
considerations.   
 
Geomorphology and age estimation 

A number of studies of FGF geomorphology and dating have taken place over the last decade. 
Studies of granitic precariously-balanced rocks (PBRs) in the Mojave Desert have used 
cosmogenic techniques to date the PBRs through modelling the observed radionuclide 
concentrations according to a simple vertical exhumation model. The exhumation model is well 
suited to describing the progressive exhumation of granitic corestones. The key end result is to 
establish the fragility age, which is the age at which the surrounding weathered rockmass is 
removed and the PBR achieves the present unstable shape. The fragility age distribution for 
PBRs in the Mojave seems to range from the thousands to tens of thousands of years, which is 
assumed to represent a stochastic process of PBR formation and destruction over time. This is 
in contrast to the early studies which suggested the PBRs to have been formed simultaneously 
around the beginning of the Holocene.   

In coastal central California, PBRs that have formed by spallation along the bedding planes of 
steeply-dipping, chert-rich, uplifted seastacks. Cosmogenic dating of the back side of the PBRs 
and seastack walls has yielded fragility ages in the tens of thousands of years. Recent studies 
of fragile sea-stacks in Oregon have been at the reconnaissance level, in that features have been 
documented, but no detailed age dating studies have been conducted as yet. FGF ages have 
only been broadly inferred from estimates of coastal retreat rates. More work on these features 
is warranted, given that these FGFs hold the potential to provide ground motion constraints on 
great Cascadia subduction interface earthquakes. Preliminary results indicate that the present 
seismic hazard estimates for the region should toppled at least 75% of the FGFs, so there is 
work to be done to understand this discrepancy.  

  



Ethical considerations 
 
With the growing interest in FGF research in recent years, the workshop provided an 
opportunity to discuss issues relating to the management and protection of FGFs as delicate, 
spectacular, and scientifically important antique landforms, and guidelines regarding the 
publication of FGF results. FGFs can have aesthetic value (e.g. FGFs within Arches National 
Park), cultural value (e.g. Monument Valley), and scientific value (e.g. Mojave Desert, Double 
Rock and Otago PBRs). The challenges of managing these features in order to preserve them 
from destruction comes down to land use and property ownership. FGFs within national parks, 
national monuments, scientific reserves, and the like are obviously in the best situation 
available for preservation, but FGFs in public or private lands are at risk of damage through 
vandalism or development. In situations where it is not possible to preserve the FGFs then 
archiving of comprehensive records of the FGF is of critical importance. The SCEC PBR 
database, started by James Brune around 15 years ago, is in need of being rejuvenated in order 
to comprehensively document all PBRs, and be a primary resource for facilitating the 
preservation of FGF and the associated records. The workshop discussions used the example 
of archaeological sites as a model for the management of FGFs. The archaeology profession 
has formal policies and procedures in place to ensure the careful documentation, and where 
possible, preservation of important sites.  
 
Fragility  
 
The workshop heard a number of presentations on the various studies of FGF fragility, and 
some observations of toppled FGFs during the M7.1 2019 Ridgecrest earthquake. A recent 
study has involved the use of machine learning methods to examine size-frequency 
distributions of PBRs to quantify how many end up in a precarious state after being subjected 
to ground motion simulations, and modelling fragility according to rigid-body dynamics. The 
revelation that PBRs may be produced as well as destroyed by strong ground motions 
exemplifies the growing understanding of how PBR fragilities evolve over time. Ongoing work 
in central California shows PBR fragility to be sensitive to the following factors: (1) PBR-
pedestal interface geometry, including the overall interface shape and position of the center of 
mass, roughness of the interface and whether the PBR edges are smooth versus rough. (2) The 
type of PBR motion on the pedestal e.g. rocking, sliding, sliding and rocking, or twisting, and 
(3) Peak horizontal velocity as the most important parameter for causing overturning.  

While no fragility studies have been carried out on FGFs in the vicinity of the M7.1 2019 
Ridgecrest earthquake, reconnaissance observations have shown that the earthquake did shake 
some FGFs down at the Trona Pinnacles but also left some standing. Ongoing work at the 
Trona Pinnacles site will model the changes produced by the earthquake from differential 
topography, and track the paths of toppled blocks as a calibration for past major earthquakes 
which may have produced more significant damage at the site in the last few thousand years. 

The concept of what represents a FGF has broadened somewhat in recent years from those of 
PBRs and fragile outcrops. Recent studies in Parkfield and Whittier Narrows suggest that the 
near-surface rock mass in hilly terrain shows a reduction in shear modulus over time, which is 
in essence equivalent to an increase in fragility. The likelihood of gravitational failure during 
strong earthquake shaking would therefore increase as a function of time. This concept of a 
FGF is potentially very useful, as rock slopes are plentiful in the landscape.  
 
  



Seismic hazard model evaluation 
 
A range of studies have addressed ways of evaluating probabilistic seismic hazard models, 
predicted ground motions, and fault rupture models. Studies in Central California (Double 
Rock site) and New Zealand (Clyde site) use minimum PBR ages (both in the 20-30 kyr age) 
to probabilistically evaluate the hazard. Both sites are near active faults, and the PBRs are old 
enough to have experienced multiple large earthquakes generated by these faults. The fragility 
distribution (probability distribution for PBR toppling as a function of input motion) assumed 
for the Double Rock site was based on the most fragile PBR, whereas the Clyde distribution 
was constructed by combining the fragilities of multiple PBRs. The fragility distributions were 
then used to eliminate logic tree branches that would shake down the PBRs with greater than 
95% probability. Both studies showed significant reductions in hazard. The two approaches of 
using the most fragile PBR versus the combined distribution was the topic of debate at the 
workshop, and future applications will require judgement calls based on data quantity and 
quality, and specifics of the application. 

 
While studies of FGFs in intraplate Australia have focused on identifying features and 
understanding their age and genesis, effort has also been put into assessing the utility of FGFs 
for constraining PSH models in intraplate regions. Findings indicate that the surficial processes 
effectively outpace the recurrence of earthquakes, rendering FGFs only marginally useful for 
constraining past earthquake motions. The motions of these earthquakes are obviously strong 
enough to topple PBRs, based on the observations of flipped, tossed and rotated rocks at the 
rupture of the M6.1 2016 Petermen Range earthquake in Northern Territory. These 
observations are effectively the compliment of PBR studies, as they are observations that 
provide information on ground motion exceedance, as well as rupture dynamics.  
 
Rupture and ground motion modelling of San Andreas system faults in Southern California 
have compared factors such as rupture segmentation and directivity to the presence of PBRs 
close to the ruptures. The survival of the PBRs in these situations imply that ground motions 
close to major active strike-slip faults are consistently low from event to event, given that the 
PBRs are old enough to have survived multiple large near-field earthquakes.  
 
 

 

 

 

 


