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ABSTRACT: Unstable bedrock landforms can be regarded as natural low resolution 

seismoscopes that have been in operation for time periods well beyond those of historical 

records. This class of landform includes unstable “unravelling” cliff faces, buttresses, 

pinnacles (“unstable outcrops”), and precariously-balanced rocks (PBRs). By virtue of the 

instability and prehistoric age of these landforms, they have the ability to provide 

information on non-exceedance of ground motions for long return periods (10
4
-10

5
 years), 

and therefore have potential for testing probabilistic seismic hazard (PSH) models. A 

recent study carried out near the Yucca Mountain (YM) proposed high level nuclear 

waste repository in Nevada shows unstable outcrops to have survived 24-40kyrs of 

regional earthquakes. This is inconsistent with ground motion predictions from PSH 

models developed for YM a decade ago, but consistent with a newer and greatly 

simplified PSH model that incorporates the state-of-the-art next generation attenuation 

(NGA) models. A parallel study in the more humid New Zealand environment shows 

PBRs to generally be 10
3
-10

4
 years old, considerably younger than their desert 

counterparts, and therefore more limiting as a criterion for testing long-return-period 

ground motions. In light of these results, future New Zealand-based efforts will focus on 

studying unstable outcrops near major active plate boundary faults (e.g. Alpine Fault), 

where relatively young landforms will have been subjected to multiple near-field 

earthquakes.  

 

1 INTRODUCTION 

In recent years there have been considerable efforts focussed on developing methods to validate 

PSHAs for long return periods (i.e. of the order 10
4
-10

6
 years). Interest in long return period hazard is 

generally confined to studies associated with nuclear and hydro-electric facilities. While PSHAs 

constructed to provide ground motion estimates for shorter return periods (e.g. 10
0
-10

2
 years) are able 

to be compared to historical records (e.g. Schorlemmer & Gerstenberger, 2007), no testing criteria are 

available for longer return periods. The most significant body of research focussed on validating 

PSHAs for long return periods is centred on the proposed YM high-level nuclear waste repository, 

where the mean estimates of peak ground acceleration (PGA) and peak ground velocity (PGV) are 

about 3g and 300cm/sec respectively, for the 10
6
 year return period (Stepp et al. 2001). These are 

ground motions that have not been recorded by strong-motion instruments anywhere in the world to 

date, therefore raising questions as to the physical reality of such “extreme” ground motions. 

Considerable research is now being focussed on studying unstable ancient landforms such as PBRs 

and steep unstable cliff faces in an effort to provide validation criteria for long return-period ground 

motion estimates (e.g. Bell et al. 1998; Purvance et al. 2008, Stirling et al. submitted). In desert 

environments these landform features can be dated by cosmogenic and varnish micro-lamination 

(VML) techniques (e.g. Liu and Broecker, 2007, 2008), and fragility of the landforms to strong ground 

motions can also be calculated (Purvance et al. 2008).  

In this paper we present a brief overview of our ongoing contributions to research on unstable outcrops 

and their potential constraints on long-return-period ground motions. The first is a comparison of the 
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age and threshold ground motions for failure of unstable outcrops to the predicted ground motions 

from PSH models in the vicinity of YM. The second is a progress report on studies of PBRs in New 

Zealand. The two studies therefore contrast in terms of the YM study being in a desert environment, 

and the New Zealand study being in a non-desert environment. The latter study also represents the 

first-ever extension of PBR studies to a non-desert environment, but at the present time is simply 

focussed on age determination of the PBRs. Due to the preliminary nature of this work we exclude any 

application of the PBRs to PSH models in this short paper. 

2 WESTERN UNITED STATES STUDIES 

2.1 Methodology 

The validation criteria targeted in our southwestern United States studies are the age and upper bounds 

of ground motions for unstable outcrops of welded volcanic tuff, (i.e. irregular cliffs with numerous 

open joints and teetering slabs and columns of rock; Fig. 1). Simply put, if the age of an unstable 

outcrop feature is known, and the threshold ground motion level for major outcrop damage (by 

earthquake induced landslides and rockfalls) is also known, then these data can be used to estimate 

ground motion levels that have NOT been exceeded in the time since the unstable outcrop formed. 

Studies of earthquake induced landslide occurrence in relation to earthquake magnitudes and 

intensities show that the onset of earthquake induced landsliding occurs at Modified Mercalli (MM) 7 

or greater (Keefer, 1984 a and b, Hancox et al; 2002), which is equivalent to a mean peak ground 

acceleration (PGA) of about 0.2g and peak ground velocity (PGV) of 20 cm/sec or greater 

(Gerstenberger et al. submitted). Certainly earthquake intensities of MM9 or greater have been 

observed to produce major (large and deep seated) and widespread landslides, which corresponds to a 

mean PGA and PGV of about 0.5g and 60cm/sec, respectively (Gerstenberger et al. submitted). 

Presence of unstable outcrops that have not been destroyed by earthquake induced landsliding would 

therefore imply that ground motions levels greater than about 0.5-0.6g and 50-60cm/sec have not 

occurred since the unstable outcrops formed. The MMI-to-PGA and PGV conversions are 

approximate, given the large uncertainties associated with the relationships developed by 

Gerstenberger et al. (submitted). 

2.2 Study Sites 

Three sites were chosen for our study in the Amargosa Desert area of southern Nevada/California (Fig. 

2). The sites are all underlain by Miocene welded tuffs (e.g. Stewart and Carlson, 1977), as is the case 

at the nearby proposed YM repository site. They are also of similar morphology to outcrops in the area 

of the proposed repository site (example of outcrop morphology in Fig. 1), especially those present on 

the steep west-facing side of YM.  

2.3 Comparison of seismic hazard models to outcrop threshold motions 

VML dates for samples taken from the three sites show that most of the unstable outcrops and 

associated rubble on the slopes beneath them have surface ages of around 24-40kyr (Stirling et al. 

submitted). Boulders resting on the colluvial slopes beneath the outcrops yield ages generally similar 

to those of the outcrops, which indicates consistency in timing of the last outcrop-erosional and slope-

depositional event or phase at each site.  

We compare our unstable outcrop age and ground motion constraints to a PSH model developed 

largely from the simplified PSH model of Anderson and Purvance (2007). The sources used in the 

PSH model comprise the seven most major faults of the YM area, and a single square area source that 

is roughly centred on YM. Simple logic trees are developed for the fault and area sources that capture 

the main epistemic uncertainties in the fault and seismicity parameters. The choice of attenuation 

model is also a major source of epistemic uncertainty, and our treatment of this uncertainty is to 

separately plot and compare hazard estimates that each utilise a particular attenuation model. The 

choices of attenuation model in this study are the Boore and Atkinson (2007) and Campbell and 

Bozorgnia (2007) Next Generation Attenuation (NGA) models. Example hazard curves for peak 



3 

ground acceleration (PGA) and peak ground velocity (PGV) derived from the NGA models are shown 

for one of the sites (South YM site) is shown in Fig. 3. The calculations assume a default shear wave 

velocity of 760 m/sec (a typical value used in PSHA for average rock site conditions in the western 

United States), and the hazard curves show the spread of PGA and PGV derived from 100 hazard 

curves produced by Monte Carlo sampling of the logic trees. We also show the limiting PGA and PGV 

implied from the presence of the unstable outcrops at each site (0.5-0.6g and 50-60cm/sec; the values 

converted from MM9 and referred to hereafter as “mean damage threshold” motions), and these are 

plotted with a probability of exceedance equal to the inverse of the VML age of the outcrops (e.g. 

1/24kyr for the South YM site; Fig. 3).  

Comparing the mean damage threshold PGA and PGV (0.5-0.6g and 50-60cm/sec, respectively) to the 

1/24kyr annual probability of exceedance PGA and PGV from the PSH model for the South YM site 

using the methodology of Anderson & Brune (1999; Fig. 3) shows the mean damage threshold 

motions typically plot above/to the right of the hazard curves. Given that the 100 hazard curves are 

spread across an unbounded distribution of PGA and PGV, the mean damage threshold motions are 

close to, or higher than the 99
th
 percentiles of hazard from the PSH model. What this means is that we 

have high confidence that the predicted PGA and PGV from the PSH model are LESS than the ground 

motions required to destroy the unstable outcrops, for the 24kyr return period.  Simply put, there is no 

discrepancy between the predicted motions from the PSH model and the survival of the unstable 

outcrops, based on the mean damage threshold PGA and PGV, and VML ages for the outcrops. 

Uncertainty bounds on the threshold ground motions estimates are only shown for PGV in Fig. 3, as 

PGA uncertainties are not available in the Gerstenberger et al. relations. 

Contrasting results are obtained when our unstable outcrop data are compared to the hazard curves 

derived from the original YM PSH model of Stepp et al. (2001; Fig. 4). While our outcrop data do not 

come from the actual YM site, but some 20km to the south (Fig. 1), we have verified that the site 

geology of our outcrops is virtually identical to that of the actual YM site. In Fig. 4 the outcrop data 

plot at the lower percentiles of PGA and PGV, meaning that the PSH model predicts outcrop-

damaging motions with high probability. Clearly, the original YM model predicts ground motions that 

would destroy the outcrops with high probability. The comparison therefore indicates that the original 

YM PSH model clearly overestimates the hazard at the site, at least for return periods of 10
4
-10

5
 years.  

3 NEW ZEALAND STUDIES 

Our New Zealand-based studies of unstable landform features thus far have been confined to 

determining the age and upper limits of ground motions implied by the presence of precariously-

balanced rocks (PBRs) in the central Otago region (Fig. 5). The New Zealand-based studies have been 

undertaken with the duel aims of developing methods of validation for New Zealand PSH models, and 

testing whether the PBR methodology can be successfully applied outside of desert environments. 

Early studies of PBRs in New Zealand by Stirling and Anooshehpoor (2006) suggested on the basis of  

just two 
10

Be cosmogenic exposure dates taken from the pedestals of PBRs that the rocks had 

remained in a precariously-balanced state for 10
4
-10

5
 years, and had therefore experienced multiple 

near-field M>7 Dunstan Fault earthquakes. In recent times, more detailed geomorphic and cosmogenic 

exposure dating studies of the PBRs (being finalised at present) instead indicate that the PBRs have 

been precarious for considerably shorter time periods (10
3
-10

4
 years), and may not have experienced 

any large near-field earthquakes (Stirling & Zondervan in prep). In this context the PBRs may develop 

in the time between earthquakes, and then be shaken down when the earthquake eventually occurs. 

The rate of development of PBRs in non-desert environments therefore appears to be an order of 

magnitude faster than in the desert environments of the western United States. Our results therefore 

have implications for the age and rate of development of PBRs in non-desert environments like New 

Zealand, but also areas like coastal central California and the Pacific Northwest.  
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4 CONCLUSIONS 

Our study contributes to a growing body of literature that investigates the utility of ancient, unstable 

bedrock features for providing constraints on prehistoric ground motions in both desert and non-desert 

environments. In the arid western United States, bedrock features such as unstable outcrops provide 

low resolution constraints on limiting ground motions for 10
4
-10

5
 year return periods in the vicinity of 

YM, Nevada. These motions are inconsistent with the predicted ground motions from the Stepp et al 

(2001) PSH model for YM, but consistent with a greatly simplified PSH model that utilises the state-

of-the-art NGA models. In New Zealand, application of PBRs to seismic hazard studies at near fault 

sites may be limited by the apparently rapid rate of development of the PBRs in a non-desert 

environment. PBRs in central Otago appear to develop rapidly relative to counterparts in desert 

environments (over time periods of 10
3
-10

4
 years, cf. 10

4
-10

5
 years in desert environments), so may in 

fact develop in the time between large local earthquakes. Future studies of unstable landforms and 

ground motion non-exceedance in non-desert environments like New Zealand should therefore focus 

on areas near major active faults where 10
3
-10

4
 year old landforms have been subjected to multiple 

near-field earthquakes.  
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Figure 1. Typical unstable outcrop, this particular example being at the south end of YM and composed of 

vesicular welded tuff of Tertiary age. (the case for all of our sample sites). Dimensions of the image are 

approximately 5 X 7 metres.  
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Figure 2. Google Earth image of the study area. Our study sites are marked with white triangles, along with the 

town of Beatty and the proposed YM repository site as white circles. 

 

Figure 3. Hazard curves for the South YM site. The hazard curves are for PGA and PGV for the Campbell and 

Bozorgnia NGA model. A default Vs30 of 760m/sec is assumed for the calculations. Y axes show range of 10
-1

-

10
-8

/yr and X axes show 0 to 2g for PGA and 0 to 300cm/sec for PGV.  

 

Figure 4. Hazard curves for PGA and PGV derived from the Stepp et al (2001) PSH model for the actual YM 

proposed repository site. Y axes show range of 10
-1

-10
-8

/yr,  and X axes show 0 to 14g for PGA and 0 to 

2000cm/sec for PGV. The open circle on each graph shows the position of our unstable outcrop data (i.e. same 

data as those shown in Fig. 3). 
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Figure 5. Precariously-balanced rocks on a plateau near the township of Clyde, central Otago, New Zealand. 


	INTRODUCTION
	WESTERN UNITED STATES STUDIES
	Methodology
	Study Sites
	Comparison of seismic hazard models to outcrop threshold motions

	NEW ZEALAND STUDIES
	CONCLUSIONS
	ACKNOWLEDGEMENTS

