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ABSTRACT

Distributions of lichen-size measurements for rockfall blocks in the Southern Alps 

of New Zealand and Sierra Nevada of California record historical and prehistorical 

earthquakes. Composite probability density, P(X), computed from individual lichen-size 

measurements by using a Gaussian probability density function, is a normalized 

abundance index of the rockfalls on which the lichens grow. Decomposition of 

composite probability density curves into multiple Gaussian subpopulations is a very 

robust method for splitting overlapped peaks. Several standard deviation values were 

used to compute composite probability density curves, rockfall abundance index, and 

amplitude and area. Relative sizes of peaks were used to distinguish regional event peaks 

from local events and to classify lichen-size peaks as being the result o f major, moderate 

and minor rockfall events. Major and moderate peaks occur at many sites in a region and 

generally record coseismic rockfalls, whereas minor peaks may record small and local 

events, or merely statistical noise. The 95% confidence bands for earthquake ages were 

estimated from peak center variation at different standard deviation values, confidence 

errors of decomposed peak center values, and lichen growth calibration errors. The 

uncertainty ranges from ±5 to ±48 years. Seismic shaking index is defined as amplitude 

of event peaks. Maps of seismic shaking index for many event peaks in New Zealand 

reveal nice seismic shaking intensity patterns, which are useful in locating prehistorical 

earthquakes. Seismic shaking index values and maps are improved with high lichen-size 

measurement sampling rate and uniform spacing of lichenometry sites.
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INTRODUCTION

Since its foundation by Roland E. Beschel (1950) during the period 1946-1950, 

lichenometry has developed into a useful dating technique to date features or events of 

the last 500 or 1000 years (Innes, 1985; Locke et al., 1980). Although there is 

disagreement about its validity as a dating tool (Jochimsen, 1973), lichenometry has been 

mainly applied to dating glacial moraines (Andrews and Webber, 1969; Benedict, 1967; 

Beschel, 1950; Beschel, 1957; Beschel, 1961; Beschel, 1973; Denton and Karlen, 1973; 

Matthews, 1977; Webber and Andrews, 1973), but it is also a useful tool for 

archaeologists to date architectures (Benedict, 1967, 1968), for evaluating debris flows 

(Innes, 1983; Winchester and Harrison, 1994), paleofloods (Innes, 1985), or landslide 

hazards (Porter and Orombelli, 1981). However, it was Nikonov and Shebalina (1979) 

who first tried using lichenometry to determine times of past earthquakes in Tadjikistan, 

Middle Asia with the assumption that the yearly rate of lichen growth is constant and that 

lichens settle on a newly exposed rock surface during the first year of exposure. In 1990, 

Smirnova and Nikonov put forward a revised method to date the coseismic landslides in 

Tadjikistan, Middle Asia. They assumed that growth of lichens is proportional to the 

number of lichens that have colonized and that the number of lichens of an age is given 

by an exponential law. They suggested that all lichens larger than a certain diameter 

should be measured and the number of measurements should be at least 50 to 100 for 

young objects but 100 to 300 for old objects. The problem with this method is that many 

lichens die when they become older and they may be killed by snow cover, later rockfalls 

or other factors, which can not be modeled by a single model. As early as 1989, W. B. 

Bull noticed coseismic rockfalls in New Zealand (oral communication, W. B. Bull, 

Univerisity of Arizona, June 1994) and began to collect lichen-size measurements to date



prehistorical earthquakes. Since then, he and his students have developed a coseismic 

rockfall lichenometry model to date and locate earthquakes, determine regional 

earthquake frequency, and describe seismic shaking patterns (Bull et al., 1994).

Purpose and Scope

The purpose of this thesis work is not to address dating or calibration problems, 

but mainly to discuss transforming discrete lichen-size measurements into continuous 

composite probability density curves, decomposing these curves into multiple Gaussian 

subpopulations, establishing criteria to classify peak dominance so as to identify seismic 

events from non-seismic factors because not all decomposed Gaussian subpopulations 

correspond to coseismic rockfalls. A method to reasonably estimate the 95% confidence 

bands for an event age will be discussed and applied. Another important work will be to 

advance the concept of seismic shaking index (SSI), plot maps of seismic shaking index 

distribution, and abstract implications of SSI distribution on seismic shaking intensity and 

faulting.

Lichen-size measurements were made at about 30 sites in the Sierra Nevada, 

California, and at about 85 sites in the Southern Alps of New Zealand. In this thesis 

work, we are going to be discussing results of decomposition of lichen-size distributions 

and peak dominance classification as well as 95% confidence bands estimation primarily 

from the Sierra Nevada of California, with a few examples from the Southern Alps of 

New Zealand. The Laurel Creek, Rock Creek and Ellery sites in the Sierra Nevada of 

California are the important sites we analyzed and reported, together with other sites in 

the Kern River Canyon, Sierra Nevada of California. However, seismic shaking index 

maps were plotted only for the New Zealand sites. The following is a basic introduction 

to lichenometry, as applied to dating and locating prehistorical earthquakes.

15
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Assumptions

Important assumptions for this new lichenometry method and its applications 

include: (1) rockfall abundance for a regional event decreases away from an earthquake 

epicenter; (2) use of the largest lichen maximum diameter assumes that it was the first 

lichen to colonize the fresh substrate and therefore records the time of deposition of the 

rockfall block by seismic or non-seismic processes, and that growth along the longest 

axis has not been constrained; (3) the growth rate is typical of exposed yellow  

Rhizocarpons of the New Zealand study region or of the Sierra Nevada study region; (4) 

each rockfall block on a hillslope may have a different downslope movement and 

microenvironmental history; and (5) use of an appropriately constant sampling area 

assumes similar thalli/m^ density for all blocks, similar microclimates for each measured 

lichen, and similar lichen-bryophyte community growth interactions and successions at 

sites with different altitudes and climates.

Coseismtc Rockfalls in Alpine Mountains

Large piles of rock blocks usually sit at the base of steep, unstable hillslopes in 

rugged alpine mountains, such as the Southern Alps in New Zealand, and the Sierra 

Nevada in California. Rock piles are mostly derived from rockfalls, rock slides, debris 

slides and snow avalanches. Rockfall is defined as transport of rock masses mostly by 

falling, with some bouncing or rolling of individual rocks (Vames, 1978). Rock slides 

are composed of either loose rocks or large intact blocks of rocks, which slide. Debris 

slides are coarse soil and loose rock mixtures that have low intergranular water content 

and slide (Wieczorek et al., 1992). There are many known and unknown triggering 

agents acting on hillslopes. Earthquakes and heavy storms have been frequent triggering 

agents. Some rock piles may be generated from debris flows and snow avalanches during 

strong rainstorms or snow falls, some may have no observable trigger, but many are



generated by earthquakes (Keefer, 1984). In general, rockfall abundance increases 

towards earthquake epicenter (Bull et ah, 1994), he., closer to the epicenter the proportion 

of talus from earthquakes is larger. Every time a rockfall event occurs, rock blocks are 

split to expose new fresh substrate surfaces. The typical rock pile is formed by multiple 

rockfall events; each results in fresh rock surfaces to be colonized by lichens.

Wieczorek and lager's (1994) study in the Yosemite Valley shows that rock slides 

have been the most frequent slope-movement process during the past 150 years, while 

rock falls have been the largest producer of talus deposits. Earthquakes produce the 

greatest cumulative volume of rock piles from known triggers of slope movements in 

the Yosemite Valley (Wieczorek et ah, 1992; Wieczorek and Jager, 1994). These 

earthquakes may be local or distant events.

Major processes generating rock piles can be recognized in field observations. 

The size of rock blocks in a debris flow or a snow avalanche usually ranges from small to 

large, and it is often mixed with mud, wood, and other materials. The slope of debris 

flows and snow avalanches is commonly gentler than rockfall piles. Some of the blocks 

may be slightly rounded. However, earthquake induced rockfalls usually shed large size 

blocks, stacking into a steep talus slope probably close to or even higher than the repose 

angle of material. The typical talus deposit from rockfalls is characterized by an increase 

in block size in the downslope direction. Earthquake-induced slab-splitting features are 

often observed at the base of a hillslope. Therefore, it is not too difficult to recognize 

rockfalls from debris flows, and snow avalanches. Nevertheless, snow avalanches and 

debris flows may also be triggered by seismic shaking.
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Lichens

Newly exposed rock surfaces provide new substrates for lichens to colonize 

appropriate microenvironments. At different, or even the same substrate, a variety of 

lichens may grow.

Lichens are symbiotic mixture of algae and fungal cells. Each individual, termed 

a thallus, consists mainly of fungal cells and a small proportion of algal cells (Benedict, 

1988; Innes, 1985). They usually grow on substrates in layers. The upper layer is termed 

the cortex and consists primarily of cemented fungal hyphae. The bottom layer, called 

medulla, is directly stuck to the rock surface. Between them are the algal cells in a layer 

format (Benedict, 1988). Lichens are divided into many different genuses and 

subgenuses, such as gzmxszs Rhizocarpon, Acarospora chlorophana, and Lecidea 

atrobrunnea. Rhizocarpon genus is divided into two subgenuses, Phaeothallus and 

Rhizocarpon (Benedict, 1988). Rhizocarpon subgenus Rhizocarpon is further divided 

into four sections, such as sections Alpicola, Rhizocarpon, Superficiale and Viridiatrum 

(Benedict, 1988; Innes, 1985). Sections Rhizocarpon, and Superficiale are primarily 

concerned with in New Zealand and in the Sierra Nevada of California. Rhizocarpon 

subgenus Rhizocarpon includes many species with a yellow-green color and so are 

commonly called yellow Rhizocarpon. Different species of yellow Rhizocarpon may 

have different growth rates, however, actual growth rates are similar for many different 

species at many different altitudes with different climatic settings in New Zealand and in 

the Sierra Nevada (Bull et al., 1994).

The commonly used lichens are those within the genus Rhizocarpon, and the 

majority of work in lichenometry has been carried out by using Rhizocarpon subgenus 

Rhizocarpon (Innes, 1985; Bull et al., 1994). In our work in New Zealand, lichen-size 

measurements were made primarily on Rhizocarpon subgenus Rhizocarpon . But in our 

work in the Sierra Nevada of California, lichen-size measurements were made primarily



on Acarospora chlorophana, together with Rhizocarpon subgenus Rhizocarpon and 

genus Lecidea atrobrunnea.

In the field, color, texture, and marginal features of lichens are usually used to 

recognize lichens to section level although identification of species has to be conducted in 

laboratory. Actually some commonly used lichens are very easy to recognize in the field. 

Rhizocarpon subgenus Rhizocarpon has yellow-green colored areolas surrounded by a 

ring of dark black zone of fungal hyphae with no algae, which is termed prothallus— a 

distinctive feature to identify the Rhizocarpon subgenus Rhizocarpon . There are some 

black spots within the thallus. Acarospora chlorophana has a bright yellow color, sharp 

margin, but no dark black marginal zone, which is very distinctive even from a large 

distance. Lecidea atrobrunnea has a greenish brown color.

Site Characteristics

In New Zealand, most sites are in middle-northern South Island. Especially there 

are many sites close to the northeastern segment (Conway segment) of the Hope fault. 

Altitude of data sites ranges from about 400 m to 1600 m, mostly at 750 - 1100 m (Figure

1). It decreases in a general trend towards the southwest, and also towards the middle 

part between the Hope fault and the Brunner segment of the Alpine fault. Climates are 

quite different for the 85 sites, with varying mean annual precipitation, temperature, snow 

cover, and length of growing season. Lichen growth rates should have been affected, but 

test of potential effects of altitude shows that there is no effect of altitude on lichen 

growth (Bull et al., 1994). The lichenometry sites have a wide range of slope aspects 

(Figure 2). Only representatives of the 85 sites are shown. Because shaded lichens were 

avoided in the field measurements, lichens at each site should be able to receive sun light 

for several hours each day; therefore, the influence of slope aspects should not be a 

problem.
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In the Sierra Nevada, California, altitude also has a large range, from 1500 m to 

3650 m. Most hillslopes are towards east or west, but some may be towards north or 

south and some other directions. Although climate is diverse over such an elevation 

range, yet calibration of lichen growth and test of altitude effects also show no effect of 

altitude on lichen growth,

Lichen-Size Measurement

Shapes and margins of lichens are irregular, so selection of parameters is 

important for lichenometric studies. There has always been a controversy about which 

parameter to measure. In the past, two parameters have been used. Locke et al. (1979) 

suggested that the largest inscribed circle on a thallus should be measured, which has 

been accepted and used by several workers (Gellatly, 1983). However, as pointed out by 

Innes (1985), when lichens become older, circularity of the lichens becomes less, so for 

some lichens the measurement of the largest inscribed circle may not record any growth 

change of the lichen over a period of time. Therefore, Innes (1985) recommends 

measurement of the maximum diameter of the largest lichen, but the problem is that the 

block with the maximum lichen diameter might be incorporated into the rock pile from 

other sources or older rock piles. The number of lichens to measure is also controversial. 

Some people prefer to measure the single largest lichen (Webber and Andrews, 1973), 

but others recommend averaging the five largest lichens on an entire deposit (Innes, 

1985). In general, most lichenometrists now use the average diameter of five largest 

lichens on an entire deposit.

Because of the shortcomings of the two methods, a completely different method 

was put forward (Bull et al., 1994). It is called the fixed-area largest lichen (FALL) 

method (Bull and Brandon, 1994), which suggests that many samples of the maximum 

diameter of the largest lichen in a fixed-area, such as 1.0 or 0.5 m2 should be measured.
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In field measurements, lichens on blocks smaller than 0.4 m or larger than 2 m were 

commonly avoided. Usually, sample size ranges from 20 to more than 1000 

measurements (Bull et al., 1994). Lichen sizes represent times since substrate exposure 

and therefore the sum of the colonization time, the amount of growth during the rapid 

exponentially declining great growth phase, and the sustained uniform growth. The 

advantage of this method is that it avoids problems of anomalously small or large lichens. 

Another advantage is that multiple rockfall events may be recognized by measuring many 

samples of the largest lichens at a site. But the FALL method requires more time and 

energy together with greater danger in the rock piles.

The following procedure was adopted in the field to maximize the potential for 

studies of coseismic rockfalls.

1) . Digital calipers were used to measure lichen sizes; they have a manufacturer's 

estimated precision of ±0.01-±0.02 mm.

2) . Steep hillsides at close to the angle of repose are preferred because they are 

sensitive to both nearby and distant seismic shaking.

3) . Where possible avoid debris flows and snow avalanches because they can be 

caused by climatic events as well as seismic shaking. Rockfalls are also caused by a 

variety of processes, but in alpine mountains associated with plate boundary fault systems 

earthquakes are the major cause of rockfalls.

4 ) . If possible, measure both slow-growing and fast-growing lichens at a site. 

Slow-growing lichens allow dating of older events, whereas fast-growing lichens separate 

closely spaced events. Both can be used as a crosscheck against the other.

5) . Measure the longest axis of the largest lichen on each rockfall block within a 

limited range of block sizes.

6) . Classify quality of lichens. Four classes are commonly used. Quality 1 is the 

best lichen with nearly circular shape and sharp margin. Quality 4 is the worst but usable



lichen. Qualities 2 and 3 are intermediate qualities. Actually we don't measure many 

lichens of quality 1. Some sites have none. In most cases, quality 2, and 3 are the most 

observed lichens. Nearly all sites have some quality 4 lichens though.

Bull and his students have collected over 40,000 measurements in New Zealand 

and Sierra Nevada, California (Bull et al., 1994).

Sampling Characteristics of Lichen-Size Measurements

Lichen data are discrete lichen-size measurements taken in the field. Scattergrams 

showing time sequences of lichen-size measurements reveal fairly uniform sampling of 

lichens smaller than about 75 mm at the Laurel Creek and Little Kern Lake sites in the 

Kern River Canyon, Sierra Nevada (Figures 3. a) and b)). Realizing that large lichens 

were poorly represented at the Laurel Creek site, the final measurements were 

concentrated over a large area in order to get more measurements in the 100 to 200 mm 

size range (Figures 3. a)). Scattergrams of sorted lichen-size measurements (Figures 4. a) 

and b)) really do divide nicely into different domains. The pattern of lichen sizes in 

Domain A indicates relatively higher, more constant sampling rate at smaller lichen-size 

range, but that in Domain B indicates lower, non-constant sampling rate at large lichen- 

size range. Non-constant sampling rate here means the sampling rate varies greatly with 

lichen size. For example, the sampling rate in Domain B decreases rapidly and 

exponentially with size.

At the Laurel Creek site, Domain A has roughly a constant sampling rate, which 

is very high with a rate of 96 measurements/10 mm in the 3-80 mm range. Domain B 

shows an exponential decrease with an average sampling rate of 12 measurements/10 

mm, which is much smaller than that in Domain A. Nevertheless, the average sampling 

rate in the 80-125 mm range is relatively larger with an average of 25 measurements/10 

mm. Total sample number in Domain A is 741, but it is only 150 in Domain B.
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Figure 3. a) Discrete lichen size measurements at the Laurel Creek 
site, Kern River Canyon, Sierra Nevada. The horizontal axis is time 
when the observations were taken. Each circle represents one sample 
at a time. Only the 1994 Laurel Creek site data are shown here. At 
later time we didn't take small lichens as shown on the right side. It 
shows that more lichens were measured at smaller lichen size range 
than that at larger lichen size range. Total samples: 382.
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Figure 3. b) Discrete lichen size measurements at the Little Kern Lake 
landslide, Kern River Canyon, Sierra Nevada. The horizontal axis is time 
when the observations were taken. Each circle represents one sample at a 
time. It shows that more lichens were measured at smaller lichen size 
range than that at larger lichen size range. Number of samples at this site 
is much smaller than that of the Laurel Creek site. Total samples: 222.
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Figure 4. a) Univariate scattergram of sorted lichen size measurements 
in ascending manner at the Laurel Creek site, Kern River Canyon, Sierra 
Nevada. Number of samples is 891, including the 1993 and 1994 data.
It shows that the sampling rate in Domain A from 3 to 80 mm, which is 
96 measurements/10 mm, is almost constant. In Domain B above 80 
mm the sampling rate, which is averaged to 12 measurement/10 mm, 
decreases exponentially with lichen size. Acarospora chlorophana was 
used.
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Figure 4. b) Univariate scattergram of sorted lichen size measurements in 
ascending manner at the Little Kern Lake site, Kern River Canyon, Sierra 
Nevada. Number of samples is 222. It shows that the sampling rate in 
Domain A from 5 to 70 mm, which is 26 measurements/10 mm, is almost 
constant. In Domain B above 70 mm the sampling rate, which is 
averaged to 7 measurement/10 mm, decreases exponentially with lichen 
size. Acarospora chlorophana was used.



At the Little Kern Lake site, Domain A also has roughly a constant sampling rate, 

but with larger change in the 5-70 mm lichen-size range. The sampling rate is 26 

measurements/10 mm, which is much smaller than that in Domain A at the Laurel Creek 

site. Domain B also has an exponential decrease with an average sampling rate of 7 

measurements/10 mm, which is also smaller than that in Domain B at the Laurel Creek 

site.

In general, the Laurel Creek site is a much better site and gives us an excellent 

data set with a constant sampling in the 3-80 mm range. Although the sampling rate 

decreases exponentially with size in Domain B, yet the sampling rate is still very large in 

the 80-125 mm range.

Lichen Growth Rates and Calibration

Substrate lithology, moisture availability, temperature, light intensity, altitude, 

aspect, wind direction, snow cover, vegetation, pollution etc. are potential factors that 

possibly have influence on lichen growth rates (Innes, 1985), but not necessarily. Bull et 

al.’s (1994) investigation in New Zealand indicates that “local microenvironment and 

windiness strongly affect growth rates for Rhizocarpon subgenus Rhizocarpon”, but 

“factors such as substrate lithology, mean annual precipitation, temperature, and altitude 

have no discernible effect on lichens growing in exposed microenvironmental settings” 

(Bull, 1992), and that different species of yellow Rhizocarpon grow at the same rate and 

have similar colonization times (Bull et al., 1994). In the Sierra Nevada, California, local 

environments also strongly affect lichen growth rates. For example, lichens close to 

water surface in the Rockslide Lake area grow faster than those away from water. 

Shaded lichens usually grow faster than those unshaded. However, lichen-size 

measurements for Acarospora chlorophana show similar peak sizes with ages indicative 

of San Andreas fault earthquakes from site to site at different altitude and latitude and
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with different substrate lithology, temperature and precipitation. Lichen-size peaks are 

also consistent for Rhizocarpon subgenus Rhizocarpon and Lecidea atrobrunnea from 

site to site. This suggests that the growth rates for Rhizocarpon subgenus Rhizocarpon, 

Acarospora chlorophana and Lecidea atrobrunnea also do not change with altitude, 

latitude, substrate lithology, temperature and precipitation in the Sierra Nevada of 

California. These results greatly simplify the calibration procedures of lichen growth.

Calibrations were done by the least square regression method. The calibrated 

equation for Rhizocarpon subgenus Rhizocarpon in New Zealand (Bull et al., 1994) is:

y = 2027.5 - 6.250 x r2 = 0.990 (1)

where y is age in calendric years A.D. represented by lichen size x (mm). The calibrated 

time range is 1848-1955 A.D. Within this time range, lichen grows at a constant rate, 

however, we cannot say that the growth rate is still the same for any sites older than 1848 

A.D. without extrapolation test.

For the Sierra Nevada data sites, calibration for Rhizocarpon subgenus  

Rhizocarpon is:

y = 2000.6 - 10.409 x r2 = 0.997 (2)

The calibrated time range is 1740-1940 A.D. Calibration for Acarospora chlorophana 

is:
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y = 1982.3 - 8.790 x r2 = 1 (3)

The calibrated time range is also 1740-1940 A.D. Calibration for Lecidea atrobrunnea

is:
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y = 1940.6 - 4.329 x r2 = 0.998 (4)

The calibrated time range is also 1740-1940 A.D. In equations 2, 3 and 4, y is age in 

calendric years A.D. represented by lichen size x (mm). These calibration equations were 

obtained using historical sites and deposits, tree-ring dated deposits (written 

communication, W. B. Bull, University of Arizona, June 1994). All the calibrations 

demonstrate that Acarospora chlorophana, Lecidea atrobrunnea, Rhizocarpon subgenus 

Rhizocarpon grow at different but constant rates in the calibrated time range, i.e. 

roughly between 1700 A.D. and 1950 A.D. The calibration regression lines are almost 

perfect straight lines, however, we can not say the calibrations are valid for sites older 

than 1700 A.D. in the Sierra Nevada, California without considerations of climatic 

changes. The late Holocene climate has been rather variable. The work by Muir (1912) 

in the Sierra Nevada indicates that the Little Ice Ages might have peaked between 1850 

and 1890. Thus, this is well within the calibrated time span of 1740 to 1940. Thus, the 

very least we can say is that our calibration period appears to take in the extremes of 

Little Ice Age maxima and climate that is sufficiently warm as to virtually remove all the 

remaining glaciers at the present time. Tree-ring width variations reflect both 

temperature and precipitation changes. Graumlich's (1993) work showed that climate in 

the Sierra Nevada has had quite a range of changes in late Holocene. Thus, we can 

conclude that the variations of the past 200 years —  our calibration time span —  

encompass the general types of climate that have been typical of the Sierra Nevada for 

the past 1000 years. This means that the constant growth rates in the calibrated time span 

imply the typical climatic variations in late Holocene in the Sierra Nevada have had little 

influence on lichen growth. Thus the calibration curve may be valid for the past 1000 

years, which can be tested by the following methods. Extrapolation of lichen growth



curves yields predictable and usable dates. Extrapolations of the lichen growth curves for 

different lichens were used to date the 1740 A.D. rock avalanche at the Slide Mountain, 

Sierra Nevada that has a historical record. Lichenometry age estimates for the rock 

avalanche from Acarospora chlorophana, Lecidea atrobrunnea, Rhizocarpon subgenus 

Rhizocarpon are 1747.8, 1743.2 and 1748.4 A.D., respectively, which are very close to 

1740 A.D. Furthermore, the older earthquake events dated by precision radiocarbon 

analyses at the Pallett Creek paleoseismic site astride the San Andreas fault 55 km 

northeast of Los Angeles (Sieh et al., 1989) have corresponding lichen-size peaks dated 

close to the Pallett Creek prehistorical earthquake events at many of the Sierra Nevada 

sites. This means that application of these calibrated equations for sites even older than 

1700 A.D. in the Sierra Nevada still gives usable and reliable results. However, 

lichenometry estimated ages within the calibrated time range are more reliable than those 

older than 1700 A.D.

COMPOSITE PROBABILITY DENSITY CURVE AND ITS DECOMPOSITION

People have applied histogram methods to dating glacial moraines and 

prehistorical earthquakes. Innes (1983) suggested use of size-frequency histograms to 

analyze lichen data and concluded that the size-frequency distribution should be 

described by a Poisson model, but the size-frequency distribution ranges from truncated 

log-normal to Poisson in form. However, the Innes method cannot give any other 

information except for relative ages. Bull et al. (1994) used histograms to analyze the 

large volume of data they collected by FALL method, successfully established some of 

the calibration curves, and dated prehistorical earthquakes.

Lichen size-frequency histogram analysis can be done quickly and efficiently 

even for data sets of more than 500 measurements that span more than 100 mm of lichen-
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size range and thereby contain many peaks in a poly-modal distribution. Visual clarity of 

results is another advantage for the histogram method in that it provides images that 

convey conclusions efficiently. However, there are several limitations for the histogram 

method. First of all, histograms force us to use modal values of lichen size rather than 

mean lichen sizes. This means that standard statistical parameters such as standard 

deviation and size of the component population cannot be determined. Secondly, the 

histogram method is not applicable to a small data set. For example the frequency 

histogram of 32 measurements from the Rough Creek site in New Zealand looks like 

utter garbage (Figure 5. a)). Thirdly, class intervals of histograms affect peak shapes and 

peak center values. In Figure 6. a), there is only one big peak at about 40 mm in the 38- 

42 mm range when a class interval of 1.0 mm is applied, but in Figures 6. b), there are 4 

peaks between 38 and 42 mm, which are at 39.75, 40.25, 40.75, 41.75 mm, when a very 

small class interval of 0.125 mm is used. Furthermore, the histogram method cannot be 

used to estimate the 95% error of an event age, and count or frequency of a certain lichen 

size can not be used directly as coseismic rockfall abundance index or seismic shaking 

index. Finally, it is somehow difficult to judge if a peak represents a coseismic rockfall 

event or non-seismic event, such as extreme rainfall storm, snow avalanche, freeze-thaw 

cycle or some unknown factor. Thus, in order to use lichen data to get more information 

of coseismic rockfalls related to earthquake shaking or even faulting, a new method needs 

to be applied.

The composite probability density curve approach is a new method that can 

overcome the limitations of histogram method. Theory and method of the composite 

probability density curve approach will be discussed in detail later. Here we only 

discuss its advantages by displaying some decomposed lichen-size subpopulations. First, 

it provides mean lichen sizes instead of modal values. Second, it allows one to work with 

a much smaller data set. The composite probability density curve computed from the 35
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Largest lichen maximum diameter (mm)
Figure 5. a) Size-frequency histogram of lichen-size measurements at 
the Rough Creek site in New Zealand. Class interval: 0.5 mm. Total 
number of measurements: 35.
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Figure 5. b) Decomposed Gaussian subpopulations from composite 
probability density curve by PeakFit for the same lichen-size measurements 
as in Figure 5. a) at the Rough Creek site in New Zealand. SD=1.5.
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Figure 6. a) Combined rockfall lichen-size measurements along the 
Porters Pass-Motunau fault zone, New Zealand. Class interval: 1.0 
mm. Number of measurements: 89.

39.75 mm 40.25 mm 40.75 mm

Largest lichen maximum diameter (mm)

Figure 6. b) Combined rockfall lichen-size measurements along the 
Porters Pass-Motunau fault zone, New Zealand. Class interval: 0.125 
mm. Number of measurements: 89.



measurements from the Rough Creek site in New Zealand, when decomposed, reveals 

three relatively larger subpopulations (Figure 5. b)) that are statistically identical to the 

mean values for the same subpopulations of a regional data set comprised of thousands of 

lichen-size measurements. Third, class interval of curve points along the lichen-size axis 

has little or minimum influence on decomposed subpopulations because we mainly used 

0.1-0.2 mm for class interval for most of our sites. Fourth, it can separate overlapped 

peaks corresponding to individual rockfall events, such as the 39.90 (A) and 40.69 (B) 

mm peaks in Figure 6. c). Furthermore, this approach will also give us a chance to better 

determine the 95% confidence error of an event age. Finally, peak amplitude is actually a 

normalized abundance index independent of sampling size and can be used as a seismic 

shaking index to locate prehistorical earthquake epicenters. Development of approaches 

to classify peak dominance into major, moderate and minor peaks so as to identify 

coseismic rockfall events is another great advantage over histogram method.

Composite Probability Density Cerve

Probability Density Function

The composite probability density curve (CPDC) method mainly uses a Gaussian 

function and summation to transform discrete lichen-size measurements into continuous 

curves. The reason that we use the Gaussian function is that many samples from a single

event site usually show a nice Gaussian normal distribution and that the residuals of 

errors of lichen-size measurements from our replication tests are also normally 

distributed. The Tasman site in New Zealand is a single-event site with 211 lichen-size 

measurements, which show primarily as a Gaussian distribution in Figure 7. a). The 

Flock Hill site in New Zealand is another single-event site with 286 lichen-size 

measurements, which are plotted in a histogram with a normal distribution curve closest
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Curve-Fit Coefficients
Peak# Type Ampl Ctr Widl

1 Gaussian 0.0113725 38.962075 0.4352129
2 Gaussian 0.0277883 39.896578 0.3126026
3 Gaussian 0.0263623 40.689742 0.3086459
4 Gaussian 0.0202279 41.800448 0.3654205
5 Gaussian 0.0255445 42.818742 0.3078076
6 Gaussian 0.004171 43.961946 0.4888731
7 Gaussian 0.0059936 44.548607 0.2113952
8 Gaussian 0.0186487 45.328672 0.3797222

Figure 6. c) Decomposition of multiple peaks and splitting of overlapped 
peaks from combined rockfall lichen-size measurements along the Porters 
Pass-Motunau fault zone. New Zealand. Lichen sizes are the same as in 
Figures 6. a) and b). Peaks in the 39-41 mm lichen-size range are separated 
into two peaks, such as the 39.90 (A) and the 40.69 (B) mm modes. The 
41.80 mm (C) mode is also clearly shown. Also note that the peak centered 
at 43.96 mm (V) is a wide, valley peak, and the one at 44.55 (S) mm is a 
small peak. Large peaks, such as the ones at 39.90 (A), 40.69 (B), and 
42.82 mm (D), and medium peak, such as that at 41.80 mm (C) are also 
nicely shown. SD=0.25.
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Largest lichen maximum diameter (mm)
Figure 7. a) Histogram and normal distribution curve of lichen-size 
measurements from a single-event site at the Tasman site in New Zealand. 
It shows a nice Gaussian distribution. Number of measurements: 211. 
Class interval: 0.5 mm.

Largest lichen maximum diameter (mm)
Figure 7. b) Histogram and normal distribution curve of lichen-size 
measurements from a single-event site at the Flock Hill site in New 
Zealand. It also shows a nice Gaussian distribution. Number of 
measurements: 286. Class interval: 0.5 mm.



to a Gaussian normal distribution with only a tiny departure (Figure 7. b)). Figure 7. c) is 

the decomposition of the composite probability density curve from the same lichen-size 

data as in Figure 7. b), showing that a single-event lichen-size distribution is almost a 

strict Gaussian distribution. The small peak may correspond to the minor departure from 

a strict normal distribution in Figure 7. b) and may be due to incomplete sampling.

The basic functions we present here are a modification of Brandon’s (1992) 

functions used on decomposition of fission track grain age distribution to fit our lichen- 

size measurements. For N lichen-size measurements, the Gaussian probability density 

function for X (mm) is:
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Pi(X) =
SiV27T

Exp
X -( i \ 2 '

i = 1, 2 ,..., N ( 5)

where Si and |Lti are the parameters of the normal probability density function for the ith 

measurement, and Pi(X) is the Gaussian probability density for the ith measurement. To 

calculate the composite probability density curve for lichen-size distribution, each lichen- 

size measurement is represented by a Gaussian probability density function defined by 

equation 5. The composite probability density for lichen size X (mm) is simply the sum 

of all the lichen-size Gaussian functions divided by N.

P(X) = — lj =  X —Exp 
NV2^i = iSi

X - u . \2
(6)

where P(X) is the composite probability density for lichen size X (mm). The P(X) 

function has a strong smoothing effect on the lichen-size measurements, and describes a

continuous curve.
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0 .05"

0.01

Lichen S ize  (m m )

Curve-Fit Coefficients 
Peak# Type Ampl

1 Gaussian 0.050998
2 Gaussian 0.0014377

Ctr
16.408885
28.205105

Widl
7.6619342
5.1161912

Figure 7. c) Decomposed Gaussian subpopulations for the same data as 
used in Figure 7. b) at the Flock Hill site in New Zealand. The lichen-size 
measurements are closest to a single Gaussian distribution. The very small 
peak may reflect the tiny departure from a strict normal distribution in 
Figure 7. b) and may be caused by sampling. SD=6.28.
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In order to get a composite probability density curve, we need to calculate a series 

of P(X) values over the whole lichen-size range. Suppose that lichen size ranges from 

Xmin to XmaX) and AX is lichen-size class interval, then K = int [( Xmin - Xmax) / AX], 

where K is the total number of points to be calculated over the whole lichen-size range. 

For j = 1, 2 ,..., K:

when AX —> 0, P(Xmjn + j AX) will give us a continuous curve.

For fission track age (Brandon, 1992) or weathering rind data, Sj is estimated by 

repeated measurements of the same sample. However, except at some test sites we 

usually take only one measurement for each single lichen, so we cannot input the Sj value 

from direct measurements. An alternate way is to replace Sj by the square root of lichen- 

size measurement (lj:

Another procedure is to substitute Sj by a value SD for each lichen-size 

measurement, because test shows that the standard deviation of measurements by digital 

caliper doesn’t vary much with lichen size and is almost constant in the duration of 

lichen-size measurement. SD stands for standard deviation of a lichen-size measurement.

i f  Xmin + j A X - g A 2
(7)

(8)
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P(X) = 1
(SD) N V ^r

N

5 - '

1 f x - p , . ) 2"
" 2 1 (SD) J _

( 9)

Equations 8 and 9 are used in our processing of lichen-size measurements to get 

the composite probability density curves. For actual programming and calculation, 

equations 8 and 9 are written as follows:

P(Xmin + j AX) —
N-V^r

/  .Xmin + j AX - (X;

# 7
( 10)

j

and

P(Xmin + j AX) = 1
(SD)NV27r

N
E Exp
i=l

^ Xmin + j AX - JXj- ̂  
(SD) ( 11)

where i = 1, 2 , N and j = 1 ,2 ,..., K.

Factors Affecting P(X) Value and Curve Shape

Both the total size range and the abundance of lichens determine the overall shape 

of a composite probability density curve. If Si is substituted by the square root of pi, only 

one curve is produced, however, if Si is substituted by a SD value, different curves can be 

obtained by inputting small to large SD values. While small SD values produce plots 

showing every detail of the curve with minor peaks (Figure 8. a)), large SD values result 

in curves with relatively larger Gaussian subpopulations (Figure 8. b)). In general, for a 

single Gaussian distribution of lichen-size measurements from a single-event site, its 

standard deviation of the whole lichen-size measurements is used so that the single
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Curve-Fit Coefficients
P e a k #  T y p e  Ampl C t r

1 G a u s s i a n  0 . 0 7 1 3 5 6 1  8 . 1 0 1 1 3 2 7
2 G a u s s i a n  0 . 0 1 4 3 6 0 5  1 4 . 0 5 2 3 1 5
3 G a u s s i a n  0 . 0 3 4 0 0 5 7  2 0 . 5 4 8 4 7 1
4 G a u s s i a n  0 . 0 0 9 6 9 4 4  2 9 . 6 5 6 0 8 6

W i d l
3 . 0 3 5 0 5 5 1
2 . 5 5 1 5 3 4 1
2 . 6 9 9 0 5 5 1
3 . 5 5 7 5 5 0 2

Figure 8. a) Decomposed Gaussian peaks at large SD value of 2.0 for 
lichen-size measurements at the Liberty Cap site. Sierra Nevada, California. 
There are primarily large to moderate peaks with few small peaks.
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0.07"

0.06

<u 0 .05-

£
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0.03 

0.02 

0.01 -

10 20 
L ichen Size ( m m )

Curve-Fit Coefficients
P e a k #  T y p e Ampl C t r W i d l

1 G a u s s i a n 0 . 0 0 1 9 3 2 1 2 . 3 4 0 . 9 8 3 1 7 2 3
2 G a u s s i a n 0 . 0 0 6 4 5 6 8 6 . 3 0 2 8 1 2 6 0 . 6 9 6 3 4 8 8
3 G a u s s i a n 0 . 0 8 5 1 9 6 6 8 . 2 7 1 5 9 0 7 2 . 5 6 3 7 2 8 4
4 G a u s s i a n 0 . 0 2 0 1 2 1 3 1 4 . 2 2 4 9 1 9 1 . 3 7 6 3 1 7 9
5 G a u s s i a n 0 . 0 1 6 6 3 7 2 1 8 . 0 4 2 2 0 1 1 . 1 3 1 0 0 3 2
6 G a u s s i a n 0 . 0 4 4 0 7 7 5 2 1 . 0 2 9 2 6 7 1 . 6 8 9 4 8 2 6
7 G a u s s i a n 0 . 0 0 7 1 2 2 2 5 . 8 7 2 3 8 1 . 0 7 7 7 7 9 7
8 G a u s s i a n 0 . 0 1 2 3 9 3 2 3 0 . 0 1 0 3 8 2 1 . 8 9 6 3 0 5 2

V £ r • '  recomposed Uaussian peaks at relatively smaller SD value of  
1.0 lor lichen-size measurements at the Liberty Cap site. Sierra Nevada 
California. Lichen sizes are the same as in Figure 8. a). There are large 
moderate and small peaks. ’
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Gaussian peak is nicely presented (Figure 7. c)), but for a multiple-peak distribution of 

lichen-size measurements, a much smaller SD value is recommended to show the details 

of the curve. In Figure 6. c), the SD value is 0.25, so large and small peaks all appear. 

When we make the composite probability density computation, another input is 

class interval ~. A small ~X is important to show the details of curves. For a large SD 

value, a small ~X displays every detail of a CPDC curve (Figure 9. a)); relatively larger 

~will not affect decomposed peaks; but too large ~X will distort peaks (Figure 9. b)). 

For smaller SD values, a smaller~ value is needed to show minor peaks (Figure 9. c)); 

but a larger ~ will cause some peak to be· missing and most peaks to be changed (Figure 

9. d)). In general, for SD values larger than 1.0, we used~ of 0.2-0.5 mm at most sites, 

while for small SD values less than 1.0, we used ~X of 0.1-0.2 mm. For a small SD 

value and a large ~ value, only large peaks can be decomposed. 

Implications of P(X) 

P(X) is· the composite probability density of lichen size X (mm), which reflects the 

normalized abundance of lichens at lichen size X, and is independent of sample size N. If 

P(X) is larger it means that more lichens are observed. 

X1 X2 

Lichen Size (mm) 

Figure 10. Lichen size measurement distribution with size 
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C u r v e - F i t  C o e f f i c i e n t s
P e a k #  T y p e

1 G a u s s i a n
2 G a u s s i a n
3 G a u s s i a n
4 G a u s s i a n
5 G a u s s i a n

Arapl
0 . 0 2 7 6 2 2 9
0 . 1 0 7 6 2 5 4
0 . 1 2 9 8 0 9 2
0 . 0 8 3 2 8 4 7
0 . 0 6 8 1 0 1 3

C t r
7 . 5 2 4 0 7 9 5
9 . 1 4 3 5 1 9 4
1 1 . 8 0 5 2 5 2
1 4 . 1 0 3 8 7 6
1 5 . 8 8 8 4 9

W i d l
0 . 8 9 3 2 5 4 7  
0 . 9 1 8 4 2 6  
0 . 9 0 2 8 7 0 1  
0 . 9 5 3 7 7 2 9  
0 . 8 2 6 6 8 4 8

Figure 9. a) Decomposed peaks of lichen-size measurements at the Group 
site. Sierra Nevada, California. SD=1.0. Class interval: 0.1 mm.

s
1

10 12 
Lichen S i z e  ( r r m )

C u r v e - F i t  C o e f f i c i e n t s
P e a k # T y p e Ampl C t r W i d l

1 G a u s s i a n 0 . 0 0 2 6 3 3 7 6 . 5 9 1 . 0 3 5 3 6 6 8
2 G a u s s i a n 0 . 1 1 1 2 7 8 5 9 . 0 6 0 2 6 2 9 1 . 2 3 5 9 7 0 4
3 G a u s s i a n 0 . 1 0 6 6 9 7 9 1 1 . 7 8 6 3 9 9 0 . 7 5 0 0 2 5 2
4 G a u s s i a n 0 . 0 8 9 5 0 2 2 1 3 . 9 7 0 9 1 4 1 . 2 7 3 6 6 1 5
5 G a u s s i a n 0 . 0 5 3 3 8 5 4 1 5 . 9 5 2 3 3 6 0 . 8 3 5 5 0 9 2

Figure 9. b) Decomposed peaks of lichen-size measurements at the Group 
site. Sierra Nevada, California. SD=1.0. Class interval: 0.75 mm. Same 
lichen-size measurement data as used in Figure 9. a).
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Lichen Size (mm)
C u r v e - F i t  C o e f f i c i e n t s
P e a k #  T y p e Anrol C t r W i d l

1 G a u s s i a n 0 . 0 5 0 1 7 9 4 7 . 5 0 2 7 5 2 5 0 . 3 6 2 6 0 4
2 G a u s s i a n 0 . 0 9 6 1 6 9 9 8 . 9 4 9 2 7 7 3 0 . 3 6 9 6 0 2 9
3 G a u s s i a n 0 . 0 8 0 1 2 5 4 9 . 4 5 7 1 5 4 8 1 . 0 1 7 8 7 2 1

' 4 G a u s s i a n 0 . 1 9 1 1 4 5 1 1 . 8 1 1 1 2 7 0 . 4 8 6 9 7 5 5
5 G a u s s i a n 0 . 0 6 8 1 9 9 7 1 3 . 1 9 5 1 1 8 0 . 4 9 3 5 2 2
6 G a u s s i a n 0 . 1 0 4 8 5 0 8 1 4 . 2 9 7 3 7 8 0 . 4 7 6 5 1
7 G a u s s i a n 0 . 1 1 1 5 0 3 3 1 5 . 8 7 2 4 1 3 0 . 5 9 6 3 8 7 7

Figure 9. c) Decomposed peaks of lichen-size measurements at the Group 
site. Sierra Nevada, California. SD=0.4. Class interval: 0.1 mm. Same 
lichen-size measurement data as used in Figure 9. a).

C u r v e - F i t  C o e f f i c i e n t s
P e a k #  T y p e

1 G a u s s i a n
2 G a u s s i a n
3 G a u s s i a n
4 G a u s s i a n
5 G a u s s i a n
6 G a u s s i a n

Ampl
0 . 0 6 4 2 4 6
0 . 1 7 5 8 7 5 5
0 . 0 4 7 0 0 9 9
0 . 1 9 6 1 8 7
0 . 1 0 9 4 7 5 6
0 . 1 0 2 8 8 7 4

C t r
7 . 5 8 1 7 6 5 4
9 . 0 6 6 3 4 9 8
1 0 . 3 6 9 1 1
1 1 . 7 8 4 4 6 4
1 4 . 0 2 7 2 1 5
1 5 . 9 3 7 1 1 4

W idl
0 . 4 0 9 5 6 3 9
0 . 4 7 9 5 9 7 9
0 . 3 2 3 2 9 2 6
0 . 5 3 0 0 9 0 6
0 . 8 3 2 6 6 9 7
0 . 5 2 0 6 6 4 9

Figure 9. d) Decomposed peaks of lichen-size measurements at the Group 
site. Sierra Nevada, California. SD=0.4. Class interval: 0.75 mm. Same 
lichen-size measurement data as used in Figure 9. a).



Suppose that there are more measurements around XI than that around X2 

(Figure 10). From equation 5, we expect that Pi(X) value is much smaller if jij is far 

away from X, but Pi(X) will be much larger if gi is much closer to X, therefore, 

measurement near X will give greater contribution to P(X) value. With much more 

measurements around XI than that around X2, P(X1) will be much larger than P(X2), so 

it is suggested that P(X) value correspond to the abundance of measurements around X. 

Because P(X) is a sum of Pi(X) divided by N, P(X) value is normalized to sample size N, 

P(X) is a normalized abundance index independent of sample size. Usually, P(X) values 

are rather small, on the order of 0.1 to 0.01 or even much smaller.

Programs for computation of composite probability density curves are written in 

Quick Basic, which is very convenient to run, or modify according to our needs. Several 

versions are compiled to fit different situations. Data preparation, parameter input and 

execution of the programs are described in Appendix A.

PeakFit Peak Decomposition

Computation of composite probability density curve produces a series of data 

points, which are written into a X-Y data table in a data file. The X column is lichen size 

in mm, while the Y column is the abundance index P(X). Figure 11 graphically shows 

the X-Y data table (Table 1). The curve in Figure 11 can be decomposed by a software, 

PeakFit from Jandel Scientific. This program provides a variety of functions, including 

the Gaussian function. Multiples of each function can be summed to match a given curve 

that needs to be decomposed. We used the Gaussian function and summed multiple 

Gaussians to match our computed composite probability density curves, because lichen- 

size distribution from a single-event site is closest to a Gaussian distribution (Figures 7.
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4 6

0.025'

Lichen Size (m m )

Figure 11 A graph showing the X-Y points computed for the composite 
probability density curve of the lichen-size measurements at the Knapps 
site. Sierra Nevada, California. SD=1.0.

Table 1. X-Y Data Table Computed for the Composite 
Probability Density Curve of Lichen-Size Measurements 

at the Knapps Site, Sierra Nevada, California
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, where ao is

amplitude, a% is center of peak, a.2 is width of peak (Rundel, 1991).

Data preparation and peak fitting procedures are described in Appendix B. But 

there are some important aspects that I like to discuss here. First of all, PeakFit can only 

fit a maximum of 8 peaks for each section of data. However, most curves have more than 

8 peaks to be decomposed, therefore, data sectioning is inevitable. Inappropriate data 

sectioning may distort peaks, and create non-real peaks. Figure 12. a) used a data section 

from 6 to 22 mm, the peaks are reasonably decomposed, generating several large peaks 

accompanied by several small peaks. Figure 12. b) used a section from 12 to 27 mm. 

Notice the change of peaks. The peak at 19.14 mm (A) in Figure 12. a) now is replaced 

by the peak at 20.25 mm (B), which is a much larger and broader peak. Apparently, the 

peaks are heavily affected by data sectioning. To get reasonable peaks, we have to do 

another section and put the uncertain peaks in the center of the new section. Usually the 

following procedure is applied in data sectioning.

1) . Predict number of peaks to be decomposed, and limit 8 peaks.

2) . Try to put the two ends of a data section at valleys on the curve.

3) . Put target peaks in the middle of the section.

4) . When there are several sections of data, each section should overlap the 

previous section.

5) . On each section, peaks at the ends are usually not usable except when the end 

peak has a complete shape.

Application of variable width and constant width for peaks to be decomposed will 

generate quite different results. Variable width means that widths of decomposed peaks 

are mostly different, but not necessarily. Constant width means that widths of all the

a), b) and c)). The format of the Gaussian function is a0Exp
- m 2
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A  / M0.01 • y / \ A  X
Lichen Size (mm)

C u r v e - ? i c  C o e f f i c i e n t s
P e a k #  T y p e Ampl C t r W i d l

1 G a u s s i a n 0 . 0 1 7 5 8 2 1 7 . 6 4 5 2 0 1 0 . 8 8 9 4 0 3 8
2 G a u s s i a n 0 . 0 0 4 6 9 6 3 8 . 9 3 0 4 2 2 9 0 . 5 0 6 2 0 9 6
3 G a u s s i a n 0 . 0 2 1 8 1 1 7 1 0 . 4 1 8 5 5 8 0 . 8 5 4 2 5 4 1
4 G a u s s i a n 0 . 0 5 0 1 2 2 6 1 2 . 5 7 3 2 0 6 0 . 9 0 5 1 0 8 1
5 G a u s s i a n 0 . 0 2 0 7 7 0 6 1 3 . 9 3 6 6 2 5 0 . 5 1 7 8 2 1 5
6 G a u s s i a n 0 . 0 4 9 5 8 3 2 1 6 . 3 5 6 7 1 7 1 . 3 1 1 5 7 4 3
7 G a u s s i a n 0 . 0 1 8 8 7 8 6 1 9 . 1 3 5 5 2 4 0 . 9 2 2 0 9 3 7
a G a u s s i a n 0 . 0 4 5 6 7 8 5 2 1 . 3 2 6 6 9 2 1 . 2 6 2 2 6 3 3

Figure 12. a) Decomposed peaks from a section of the composite 
probability density curve for all lichen-size measurements of Rhizocarpon 
subgenus Rhizocarpon in the Kern River Canyon, Sierra Nevada. The 
section range is 6-12 mm. Large and small peaks appear. SD=0.5.

Lichen Size (mm)
C u r v e - F i t  C o e f f i c i e n t s
P e a k #  T y p e A m p l C t r W i d l

1 G a u s s i a n 0 . 0 5 1 8 3 9 5 1 2 . 6 1 0 3 5 2 1 . 2 0 7 8 7 4 9
2 G a u s s i a n 0 . 0 1 2 1 6 8 5 1 3 . 9 7 1 5 4 3 0 . 4 5 0 4 9 2 9
3 G a u s s i a n 0 . 0 4 4 3 1 7 9 1 6 . 2 5 1 8 0 8 1 . 1 1 8 8 5 0 2
4 G a u s s i a n 0 . 0 3 8 2 8 7 2 2 0 . 2 4 9 0 3 2 1 . 9 6 6 4 1 3 3
5 G a u s s i a n 0 . 0 1 1 1 1 3 2 1 . 2 6 7 5 4 9 0 . 6 0 2 5 0 4 5
5 G a u s s i a n 0 . 0 1 4 7 9 6 2 2 . 9 0 4 6 6 4 0 . 8 8 2 5 5 5 6
7 G a u s s i a n 0 . 0 0 6 6 1 2 6 2 4 . 2 5 3 4 4 1 0 . 4 8 4 4 6 4 7
8 G a u s s i a n 0 . 0 2 9 3 0 0 5 2 5 . 9 3 7 8 6 5 0 . 9 1 0 5 8 2 2

Figure 12. b) Decomposed peaks from a section of the composite 
probability density curve for all lichen-size measurements of Rhizocarpon 
subgenus Rhizocarpon in the Kern River Canyon, Sierra Nevada. The 
section range is 12-27 mm. The small peak at 19.14 mm in Figure 12. a) 
now appear as a peak with a larger width and amplitude, which is centered 
at 20.25 mm (B) now. SD=0.5.



decomposed peaks are same. When variable width is applied, the computer will 

determine the optimal width for each decomposed peak (Figure 13. a)). Every peak may 

or may not have the same width, therefore, peak shapes may have quite large differences. 

For example, the peak centered at 98.80 mm (A) is a wide peak at valley of the curve, 

while the peak centered at 96.66 mm (B) is a narrow and high peak. If constant width is 

applied, every peak will have the same width (Figure 13. b)). By comparing Figures 13. 

a) and b), we find that from 90 mm to 103 mm, constant width produces more peaks than 

that of variable width. Peak center positions are also different, e.g., the peak at 98.80 mm 

(A) from variable width in Figure 13. a) now is substituted by two smaller peaks centered 

at 98.25 mm (C) and 98.82 mm (D) in Figure 13. b). Peak amplitude is also changed. 

Besides, application of variable width produces better and faster curve fitting with less 

residual errors than that of constant width, thus variable width was used in our work 

because peaks from single-event sites usually show different widths, and it is impossible 

that every peak has the same width in natural conditions.

In PeakFit outputs, peak amplitude, center, width, area, and %area are important 

parameters. Peak centers are usually related to ages. Peak amplitude, area, and %area 

may be related to abundance of lichens.

Peak Dominance Classification—Event Peak Identification

At a data site like the Laurel Creek site there are often too many peaks with 

different amplitudes and widths. A significant work is to classify the peaks according to 

their dominance so that peaks derived from regional events can be identified from local 

events. Before we go through the classification procedure, concepts should be clarified.
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0.008

9 0 95 100 105
Lichen S i z e  ( m m )

P e a k #  T y p e A m p l C t r M i d i
1 G a u s s i a n 0 . 0 0 5 6 6 7 6 9 1 . 4 8 0 3 0 1 0 . 9 4 5 8 4 3 2
2 G a u s s i a n 0 . 0 0 2 1 2 0 6 9 3 . 4 5 2 6 3 0 . 5 6 8 4 4 9 7
3 G a u s s i a n 0 . 0 0 0 8 6 8 5 9 5 . 2 6 4 7 1 4 0 . 5 6 2 2 4 7 1
A G a u s s i a n 0 . 0 0 4 3 8 2 1 9 6 . 6 5 8 9 2 5 0 . 5 5 6 9 7 2 3
5 G a u s s i a n 0 . d 0 3 9 0 6 2 9 8 . 8 0 1 3 1 8 1 . 3 3 1 4 4 6 9
6 G a u s s i a n 0 . 0 0 4 7 7 0 4 1 0 0 . 5 9 3 2 5 0 . 5 1 6 0 1 5 2
7 G a u s s i a n 01. 0 0 5 2 6 4 3 1 0 1 . 7 8 1 7 4 0 . 6 2 6 9 5 8 6

Figure 13. a) Decomposed peaks with varying width for the lichen-size 
range 90-106 mm at the Laurel Creek site. Sierra Nevada. A peak with a 
large width appears at 98.80 mm (A). SD=0.5.

u-i-------------- i—
90 95 100 H

P e a k #  T y p e
L ichen S i z e  ( m m )  

Ampl C t r W i d l
1 G a u s s i a n 0 . 0 0 5 8 0 9 6 9 1 . 4 3 5 5 0 1 0 . 6 7 1 3 8 5 3
2 G a u s s i a n 0 . 0 0 2 9 4 2 1 9 3 . 1 1 8 7 4 5 0 . 6 7 1 3 8 5 3
3 G a u s s i a n 0 . 0 0 0 6 6 2 3 9 4 . 9 5 0 2 8 3 0 . 6 7 1 3 8 5 3
4 G a u s s i a n 0 . 0 0 5 3 0 6 8 9 6 . 7 4 1 2 8 2 0 . 6 7 1 3 8 5 3
5 G a u s s i a n 0 . 0 0 1 2 4 7 6 9 8 . 2 5 2 4 6 6 0 . 6 7 1 3 8 5 3
6 G a u s s i a n 0 . 0 0 2 7 8 8 1 9 8 . 8 1 5 1 5 2 0 . 6 7 1 3 8 5 3
7 G a u s s i a n 0 . 0 0 6 0 3 8 1 1 0 0 . 5 0 4 0 7 0 . 6 7 1 3 8 5 3
8 G a u s s i a n 0 . 0 0 4 8 2 3 5 1 0 1 . 7 9 9 3 9 0 . 6 7 1 3 8 5 3

Figure 13. b) Decomposed peaks with constant width for the same data as 
in Figure 13. a). All peaks have the same width of 0.6714. Note that the 
amplitudes, and even peak center values have changed for some peaks, such 
as those at 100.5 (E), 96.74 (F) mm. The peak at 98.80 mm (A) in Figure 
13. a) is now substituted by two peaks at 98.25 (C) and 98.82 mm (D). 
SD=0.5.
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Glossary of Terms

Peak dominance: Peak dominance is defined as the relative importance and 

standing out of peaks. It is related to many factors that will be introduced in the next 

section. Peak dominance is divided into three categories: major, moderate, minor peaks.

Regional abundance of peak occurrences: It is defined as the percentage of 

peak occurrences over all sites, or as the P(X) value of modes of the composite 

probability density curve computed using all peak modes at all sites in a region. If a 

given peak centered at X i appears at M i sites out of M data sites (Mi < M), regional 

abundance is defined as M i/M . For example, out of the 8 sites in the Kern River 

Canyon, Sierra Nevada, California, the peak dated to 1816 appears at 4 sites, so its 

regional abundance is 50% (4/8). The peak dated to about 1686 occurs at 8 sites, thus, its 

regional abundance is 100%. We can also use P(X) value of modes of a composite 

probability density curve from all peak modes at all sites to represent regional abundance. 

In the Kern River Canyon, the P(18.44)ig 16=0.0059, but P(33.28)i686=0.0133, where 

values in the parentheses represent peak center values of lichen Acarospora chlorophana, 

and subscripts represent dated calendric ages of the peak center values. The larger the 

P(X), the higher the regional abundance, the more possible that this peak is a regional 

event.

Event peak or mode: It is a peak produced by a coseismic rockfall event induced 

by local or distant earthquakes.

Regional event: It is defined as an event occurred as a large event in a very large 

region. The same lichen-size peak usually appears as a major or moderate peak at many 

sites in a large region.



Local event: An event represented by a strong to weak but very local peak, 

probably caused by unusual storm, snow avalanche, freeze-thaw cycles, and some 

unknown factors, locally.

Valley peak: A peak below a valley of a composite probability density curve, 

usually with small amplitude and relatively larger width but not necessarily (Figure 14. 

a)). The peak centered at 72.80 mm (A) is a valley peak, which is below a curve valley.

Wide peak: A peak with a very large width, usually close to or below a valley of 

a composite probability density curve, such as the peak centered at 43.96 mm (V) in 

Figure 6. c) and the one at 30.36 mm (W) in Figure 14. b).

Large peak: A peak with a relatively large amplitude, such as those at 60.47 (B) 

and 78.34 (C) mm in Figure 14. a).

Small peak: A peak with relatively very small amplitude, such as those at 52.51 

(D), 68.90 (E), 72.80 (A) and 84.16 (F) mm in Figure 14. a).

Noise mode: Peaks due to simple statistical scatter from inappropriate computer 

manipulation, such as improper sectioning of data, or redundant number of peaks, such as 

the peak at 8.20 mm (N) in Figure 14. c), which should be deleted during peak fitting 

process.

Any peak with a relatively smaller amplitude will be considered as a small peak, 

which may be a valley peak, a wide peak, a weak local event, or even a noise mode. A 

large peak is a peak with large amplitude, which could not be a valley peak, and usually 

not a noise mode, but possibly an event peak or local event. A noise mode usually is a 

small peak, which can be distinguished from local event or event peak by trying different 

sectioning of data, or by changing the number of peaks to be decomposed in the section. 

Noise modes usually disappear when appropriate sectioning and proper number of peaks 

are applied. Local event usually appears as a real mode even with variable sectioning and 

variable number of peaks, however, it will only appear at one or two sites with a very
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Gaussian
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian

0 . 0 1 2 8 9 4 2  
0 . 0 0 4 9 3 4 6  
0 . 0 1 0 6 6 1 4  
0 . 0 0 5 6 0 3 9  
0 . 0 0 1 2 3 5 3  
0 . 0 0 9 6 6 2 4  
0 . 0 0 1 9 4 2 5  
0 . 0 0 3 9 2 3

4 3 . 8 3 3 3 3 1  
5 2 . 5 0 9 6 7 1  
6 0 . 4 7 4 3 1 6  
6 8 . 8 9 5 1 5 3  
7 2 . 7 9 6 6 0 5  
7 8 . 3 3 9 7 9 5  
8 4 . 1 5 6 4 1 8  
9 0 . 8 1 8 7 7 4

5 . 3 1 9 7 3 9
2 . 9 9 1 8 1 2 2
4 . 0 2 5 4 5 4 2
2 . 7 9 7 5 9 4 9
1 . 7 7 4 7 9 1 1
i T T s m T T
1 . 9 3 8 4 4 7 2
3 . 6 8 9 3 9 4 9

Figure 14. a) A graph showing a typical valley peak at 72.80 mm (A). 
1 his kind ot peak is usually marked as *v to denote valley peaks in Tables 
3. 4. and 5. Another peak at 84.16 mm (F) is a typical small (minor) peak 
close to a curve valley. These kind of peaks arc usually marked as small 
peaks in Tables 3, 4, and 5. The peaks at 52.51 (D), 68.90 (E) mm arc also 
considered as small (minor) peaks, but those at 60.47 (B) and 78.34 (C) 
mm are often regarded as large-medium peaks. Lichen-size measurements 
of Acarospora chloroplwna are from the Laurel Creek site. SD=2.0

Peak* Type
1 Gaussian
2 Gaussian
3 Gaussian
4 Gaussian
5 Gaussian
6 Gaussian

Ampl 
0 . 0 2 8 9 5 3  

0 1 8 4 3 3  
0 1 0 1 2 4 3  
0 1 1 1 7 6 5  
0 1 3 9 6 0 4  
0 1 6 1 2 4 6

2 5 . 7 5 7 2 5 6  
2 £ . 1 4 9 9 1 6  
3 : . 3 5 5 1 5 1  
3 2 . 1 3 - 1 8 5  
3 3 . 7 7 4 7 4 5  
3 5 . 5 6 0 6 0 5

Midi
0 . 9 0 8 4 3 0 6  
0 . 9 1 0 6 8 7 9  
1 . 5 9 3 7 8 7 7  
0 . 6 6 1 1 5 2 5  
C . 6 5 1 3 7 3 3  
0 . 8 0 6 6 4 5 5

Figure 14. b) A wide peak (W) at curve valley. Lichen-size measurements 
of Rhizocarpon sub genus Rhizocorpon are trom all Kern River Canyon 
sites. Siena Nevada. SD=0.5.
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Peak# Type Ampl Ctr Widl
1 Gaussian 0.0480539 7.500031 0.3601926
2 Gaussian 0.0194988 8.2039308 0.7140391
3 Gaussian 0.1059794 8.9509847 0.3800068
4 Gaussian 0.0724825 9.6968754 0.8570395
5 Gaussian 0.1933123 11.809042 0.4926869
6 Gaussian 0.0673617 13.191574 0.4801496
7 Gaussian 0.1058193 14.291345 0.4809616
8 Gaussian 0.1114959 15.873285 0.5946914

Figure 14. c) A noise peak (N) produced in peak fitting process due to 
redundant number of peaks. 7 peaks would be the appropriate number of 
peaks to be decomposed, such as in Figure 9. c). Lichen-size 
measurements are from Group site in Sierra Nevada, California. SD=0.4.



small regional abundance value. Any peak appearing under a valley of a composite 

probability density curve will be considered as a valley peak, which may be a small peak, 

a local event, or even a noise mode.

Three categories of peak dominance division have been used, including major, 

moderate and minor peaks. Detailed explanations of their definitions are discussed later.

Major peak: Major peaks appear as large peaks at all or almost all SD values, not 

as valley peaks. They appear at all or almost all sites in a region with regional abundance 

index between 80%-100%. They are at dominant peak positions of composite probability 

density curves, with large peak amplitudes and areas. They usually have AAV ratios 

larger than 0.01 when sampling rate is high and desirable.

Moderate peak: Moderate peaks usually appear at all SD values below 1.5. They 

occur at more than half of all sites in a region with regional abundance index between 

50%-80%. They usually have AAV ratios in the 0.005-0.01 range. They do not appear at 

curve valley positions, and have intermediate peak amplitude and area at higher sampling 

rate.

Minor peak: Minor peaks commonly disappear at SD values equal to or larger 

than 1.0. They do not show at most of the sites, and usually have regional abundance 

index less than 50%. Peak amplitudes and areas are small with smaller AAV ratios less 

than 0.005. Minor peaks often appear at positions close to curve valley positions or under 

curve valleys. Valley peaks are temporarily categorized into minor peaks, but they could 

be separated and classified as bad peaks. Usually valley peaks have very large widths but 

small AAV ratios.
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Criteria and Method of Peak Dominance Classification

Sites for classification of peak dominance were primarily from the Sierra Nevada 

of California, such as the Laurel Creek and other sites in the Kern River Canyon, the 

Rock Creek and the Ellery sites. These sites are located in the Sierra Nevada, surrounded 

by many fault systems, such as the San Andreas fault system to the west, the Owens 

valley fault system to the east, the Oarlock fault system to the south and some internal 

fault systems in the Sierra Nevada. Paleoseismic investigation and historical records 

reveal that many large earthquakes occurred in the past several hundred years in and 

around the Sierra Nevada (Sieh et al., 1989;), which caused frequent coseismic rockfalls 

in the Sierra Nevada (Bull et al., 1994). Trenching and radiocarbon dating of 

paleoseismic events at Pallett Creek, a paleoseismic site astride the San Andreas fault 55 

km northeast of Los Angeles, revealed 12 large earthquakes preserved in interbedded 

marsh and stream deposits (Sieh et al., 1989). Dates and ages of these events were 

determined by precision radiocarbon dating method (Sieh et al., 1989) (Table 2).

Table 2 Estimated Dates of Earthquakes 
at Pallett Creek (adapted from Sieh et al., 1989)

Event Date Range *,
A.D.

Z Jan. 9,1857
X Dec. 8, 1812

1688 (1675-1701)
V 1480 (1465-1495)

Event Date Range *,
A.D.

T 1346 (1329-1363)
R 1100(1035-1165)
N 1048 (1015-1081)
I 997 (981-1013)

Event Date Range*, 
A.D.

F 797 (775-819)
D 734 (721-747)
C 671 (658-684)
B Before 529

* Numbers followed by numbers in parentheses indicate 95% confidence intervals and 

their midpoints.



The 1688 event was excluded from the Pallett Creek paleoseismic sequence by 

Sieh et al. (1989). Event A was not dated. The Pallett Creek paleoseismic site is about 

230 km from the Laurel Creek site, 250 km from the Rock Creek site, 340 km from the 

Ellery site (Tioga Pass site). Another large earthquake occurred in 1872 in the Owens 

valley. These earthquakes plus other unknown ones produced large amount of and 

multiple rockfalls at our lichen-size measurement sites. Many peaks have been 

decomposed for each site in the Sierra Nevada.

Varying standard deviations and peak occurrences

Before we go on with the discussions, please bear in mind that the integer 

numbers in parentheses are some of the Pallett Creek event ages that are close to the 

dated lichen-size ages, and that integer numbers ahead of the parentheses are dated 

lichen-size ages. Details of a composite probability density curve will be quite different 

at different SD values. With smaller SD values, large and small peaks will all be 

displayed. Small peaks are often close to or at valleys of a curve (Figure 6. c) and Figure 

12. a)). However, with large SD values small and medium peaks will be incorporated 

into large peaks. Therefore, we can input different SD values to get different curves for a 

single site. Decomposition of these curves may help us recognize major, moderate, and 

minor peaks. For our data sets from Sierra Nevada, SD values of 0.5, 0.75, 1.0, 1.25, 

1.50, 2.0 were all or partially applied. Tables 3 ,4  and 5 list the occurrences of each peak 

under different SD values for some peaks at three sites in Sierra Nevada, California. 

Most of the peaks listed correspond to some of the Pallett Creek events. In Table 3, the 

event averaged at about 1873 (1872) A.D. does not show at SD =1.5 and SD = 2.0, so at 

most this will only be a moderate peak, although we know there was an earthquake in the 

Owens Valley in 1872. This peak just does not show very well in the Kern River Canyon 

sites. The peak dated to about 1849 (1857) A.D. appears at all SD values, so it is a
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Table 3. Peak Occurrences at Different Standard Deviation Values
for Lichen Acarospor Chlorophana at the Laurel Creek Site in

the Kern River Canyon, Sierra Nevada, California

Lichen Size (mm) 
(95% Peak Center Error! 

Calendric Age A.D.

SD = 0.5 S D =  1.0 SD =1.25 SD = 1.50 SD = 2.0

11.68 11.99 11.96
(U719) IU132) 10.113) no peak no peak
1875 1872 1873 *s

14.69 15.21 15.34 13.93 14.08
f0.277) f0.483) 11.120) 10.549) 10.205)

1849 1844 1843 1855 1854

18.44 18.49 18.14
10.0661 10.186) f0.560) no peak no peak

1816 1815 1818 *v

32.79 32.60 32.68 32.88 32.80
10.068) 10.116) 10.174) 10.263) (0.42)

1690 1691 1691 1689 1690

55.63 55.52 55.49 55.13
(0.11) 10.109) 10.553) 10.466) no peak
1489 1490 1491 1494 *v

72.20 72.53 72.24 72.26 72.80
10.059) 10.107) 10.314) 10.414) 10.282)

1344 1341 1344 *s 1344 *sv 1339 *sv

100.59 100.92 100.73 100.72 99.86
10.056) 10.086) 10.076) (U149) (U053)

1095 1092 1094 1094 1101

105.34 105.62 105.68 106.45 106.77
10.158) 10.191) 10.448) 10.352) fO.277)

1053 1051 1050 1044 1041

112.13 112.32 111.82 111.28 110.66
10.021) 10.271) 10.852) m.38n 10.367)

994 992 997 1001 1007

*v Valley peak; *sv Small peak close to a curve valley
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Table 4. Peak Occurrences at Different Standard Deviation Values for Lichen
Acarospora Chlorophana at the Rock Creek Site, Sierra Nevada, California

Lichen Size (mm) 
(95% Peak Center Errorl 

Calendric Age A.D.

SD = 0.5 SD = 1.0 SD = 1.25 SD = 1.50 SD = 2.0

11.61 11.58 11.77 11.88 12.40
(•0.063) 10.334) (0.319) 10.211) 10.288)

1877 1876 1874 1873 1869

13.87 14.46 15.09 15.17 no peak
f0.103) 10.458) 10.289) 10.181)

1856 1851 1845 1844

18.92 19.61 19.62 19.59 19.51
C2.113) 10.077) 10.088) 10.037) 10.432)

1811 1805 1805 1806 1806

32.80 32.68 32.10 no peak no peak
10.043) 10.246) 10.948)

1690 1691 1695

55.43 55.50 no peak 56.10 55.10
10.017) 10.268) 10.139) (0.16)

1491 1491 1485 *sv 1494 *sv

72.68 72.41 71.23 71.68 71.71
(0.11) 10.069) 10.783) (0.04) 10.028)
1340 1342 1353 1349 1348

100.66 100.59 100.72 100.78 99.54
(0.06) 10.177) 10.335) (0.36) 10.044)
1094 1095 1094 1093 1104

105.22 105.18 105.59 105.57 105.72
10.022) 10.143) 10.034) (0.02) (0.046)

1054 1055 1051 1051 1050

*v Valley peak; *sv Small peak close to a curve valley
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Table 5. Peak Occurrences at Different Standard Deviation Values for
Lichen Lecidea Atrobrunnea at the Ellery Site, Sierra Nevada, California

Lichen Size (mm) 
(95% Peak Center Error) 

Calendric Age A.D.

SD = 0.5 SD = 1.0 SD = 1.50 SD = 2.0

13.43 13.49 12.93 13.53
('0.048') 10.08) 10.249) 10.149)

1879 1879 1881 1879

17.27 16.93 16.25 16.52
m.066) (U092) 10.25) 10.24)

1862 1864 1867 1866

29.19 29.23 29.03 29.07
CO. 135) (0.055) 10.158) 10.044)

1811 1811 1812 1811

57.99 55.96 56.05 no peak
m.184) 10.069) 10.109)

1680 1695 1695

103.20 105.31 103.61 103.67
fO.108) 11.044) 10.053) (0.054)

1490 1481*w 1489 1488

134.99 134.25 134.23 134.15
10.085) (0.078) 10.104) 10.233)

1353 1356 1356 1356

193.07 193.54 193.35 193.57
10.052) 10.044) 10.024) 10.047)

1101 1099 1099 1099

207.67 208.04 208.26 no peak
10.0003) 10.234) 10.162)

1038 1037 1036

216.94 216.69 216.67 216.32
10.0002) 10.056) 10.048) (0.06)

998 999 999 1001

*w Peak with a very large width
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strong, major peak. The peak dated to about 1816 (1812) A.D. may only be a moderate 

peak. The one dated to about 1690 A.D. shows at all SD values, so it is a major peak at 

this site, though the 1688 date was excluded from the Pallett Creek sequence by Sieh et 

al. (1989). The peak at about 1491 (1480) A.D. appears as a small, valley peak at SD = 

1.25, 1.5 and 2.0, so we can only classify it as a moderate peak. If some peak only 

appears at SD = 0.5 or 0.75, it will be classified as a minor peak. If a peak appears as a 

good peak at all or almost all SD values, it will be considered as a major peak. If a peak 

appears at small and moderate SD values but disappear at larger SD values (1.5, 2.0), it 

will be a moderate peak. However, sensitivity to seismic shaking is not constant from 

site to site so some peak values may be randomly missing. But the varying SD value 

method is still one of the major criteria to classify peak dominance. Results may be 

modified by considering other criteria, such as regional abundance.

Regional abundance

If regional abundance is high, a peak will be a major peak; if regional abundance 

is intermediate, a peak will be a moderate peak; if regional abundance is small it will be 

a minor peak. Using peak occurrence percentage over all sites, we may use the following 

criteria to classify peaks:

For the Kern River Canyon lichenometry sites, the peak dated to about 1873 has a 

regional abundance of 50%, so it can be considered as a moderate peak. The peak dated 

to about 1849 (1857) has a regional abundance of 62%, so it is also classified as a

0% < Mi/M < 50%

80% < Mi/M < 100%

50% < Mi/M< 80%

major peak 

moderate peak 

minor peak



moderate peak. The peak dated to about 1690 has an index of 100%, so it is a major 

peak. The peak dated to about 1780 has an index of 87.5%, thus, it is a major peak, 

which has no known earthquake. It is suggested that this event was a Sierra Nevada 

event rather than a San Andreas fault earthquake (written communication, W. B. Bull, 

University of Arizona, November 1994). This event resulted in major rockfalls at Middle 

Brother in Yosemite Valley and caused a collapse of part of the large granitic dome 

known as Liberty Cap. It is a prominent peak at the vast majority of lichenometry sites.

This regional abundance index is actually a very useful and robust parameter to 

recognize coseismic rockfall peaks.

Peak ampliiude/width ratio

The relationship of amplitude/width ratio (AAV) with sampling rate will be 

discussed in detail in the APPLICATIONS section. Here we simply generalize our 

results. With very high and constant sampling rate, many peaks have AAV ratios larger 

than 0.01, which are commonly dominant peaks. But moderate peaks usually have AAV 

ratios of 0.005-0.01. With non-constant but relatively high sampling rate, relatively large 

peaks commonly have AAV ratios between 0.005-0.01. Small peaks commonly have 

AAV ratios less than 0.005. Therefore, AAV ratio may well serve as a useful parameter 

for peak dominance classification because high AAV ratio means large amplitude but 

relatively smaller width, which represents a sharp, narrow peak. In smaller lichen-size 

ranges, if a peak has an AAV ratio of more than 0.01, it is classified as a potential major 

peak; if a peak has an AAV ratio of 0.005-0.01, it is considered as a moderate peak. In 

relatively larger lichen-size ranges, peaks with AAV ratios of 0.005-0.01 are considered 

as major or moderate peaks, depending on relative sizes. Any peaks with AAV ratios less 

than 0.005 will be considered as minor peaks. For example, the Laurel Creek site has a 

very high, almost constant sampling rate in the 3-80 mm size range. There are many
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peaks in the 3-80 mm range that have A/W ratios larger than 0.01 (Table 6. a)), which 

will be classified as major peaks. Some peaks have A/W ratios of 0.005-0.01, thus they 

are moderate peaks. The peak centered at 14.69 mm with A/W = 0.1613 is a dominant 

peak. The peak centered at 21.62 mm with A/W = 0.0164 is also a major peak. The one 

at 52.52 mm with A/W=0.0096 is a moderate peak. However, the peak at 41.82 mm is a 

minor peak with A/W = 0.0045. The A/W method is useful in lichen-size ranges of 

relatively high sampling rates, but not applicable to lichen-size ranges of very low and 

non-constant sampling rates. Results from A/W ratio method will be modified by 

combining other factors.

For some sites with low sampling rates, some peaks may have relatively larger 

A/W ratios due to clustering of lichen-size measurements. If at lichen size X i there are 

several measurements but no measurements at adjacent lichen-size ranges, the peak at X i 

may have a higher A/W ratio, however, we cannot say this kind of peak is a major peak. 

For example, at the Lewis Camp site. Sierra Nevada, the peak at 80.76 mm has A/W = 

0.011 (Table 6. b) due to non-uniform clustering of lichen-size measurements.

Peak amplitude and area

Peak amplitude and area are very important parameters in determining peak 

dominance. If the values of peak area, amplitude are relatively large, the peak should be 

a major peak, otherwise, it is more likely a minor peak. The peak at 21.51 mm (K) has a 

very large amplitude, 0.0587, and area, 0.2594, and it is a major peak (Figure 15). The 

peak centered at 16.82 mm (M) has a moderate amplitude and area, so it is considered as 

a moderate peak. Other peaks, such as the one centered at 25.59 mm (A), have very 

small amplitude and area values, so they are minor peaks. To use peak amplitude and 

area as indicators of peak dominance, we should have relatively higher sampling rates.
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Table 6. a) Decomposed Peaks, Calendric Ages, and Amplitude/Width Ratios of Lichen
Acarospora Chlorophana at the Laurel Creek Site, Sierra Nevada, California

Lichen Size Calendric Amplitude/Width
(mm) Age A.D. Ratio

5.68 1928 0.0021 83.91 1241 0.0056
6.1 1919 0.0079 85.88 1224 0.002
8.86 1900 0.011 89.21 1195 0.0087
9.89 1891 0.0085 91.44 1175 0.0065
10.18 1888 0.0026 93.45 1158 0.0037
11.68 1875 0.0148 95.28 1142 0.0015
12.98 1864 0.0068 96.66 1130 0.0078
14.69 1849 0.1613 98.82 1111 0.0028
16.58 1832 0.0119 100.59 1095 0.009
18.44 1816 0.0199 101.77 1085 0.0083
19.86 1803 0.0054 105.34 1053 0.0056
21.62 1788 0.0164 106.76 1041 0.0026
23.9 1768 0.0148 108.29 1028 0.0042
25.89 1750 0.0138 109.75 1015 0.0045
27.49 1736 0.0085 112.13 994 0.0073
29.89 1715 0.0082 114.33 975 0.002
31.1 1705 0.0086 116.76 953 0.0035
32.76 1690 0.0174 119.28 931 0.0041
35.62 1665 0.0126 121.04 916 0.0025
37.16 1651 0.0033 122.07 907 0.0051
39.28 1633 0.0104 123.94 890 0.0034
41.82 1611 0.0045 129.25 844 0.0018
43.39 1597 0.0196 130.51 833 0.0018
45.53 1578 0.0147 134.68 796 0.0019
47.03 1565 0.0186 136.98 776 0.0049
49.89 1540 0.011 138 767 0.0025
52.53 1517 0.0096 140.47 745 0.0032
54.3 1501 0.0078 143.49 719 0.0025
55.63 1489 0.0145 145.3 703 0.0041
58.81 1462 0.0124 147.18 686 0.0016
60.25 1449 0.0093 149.13 669 0.0033
61.8 1435 0.0108 152.7 638 0.0018
63.72 1419 0.0138 154.8 620 0.0019
65.89 1399 0.0042 155.86 610 0.0025
67.53 1385 0.0079 158.79 585 0.0034
69.94 1364 0.008 166.8 514 0.0016
72.2 1344 0.01 168.44 500 0.0018
73.96 1329 0.0055 172.54 464 0.0018
75.56 1315 0.0055 175.25 440 0.0019
76.81 1304 0.0161 176.53 429 0.0018
78.2 1291 0.0202 186.39 342 0.0018
79.3 1282 0.0154 198.69 235 0.0019
81.3 1264 0.006
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Table 6 . b) Decomposed Peaks, Calendric Age A.D. and Peak Amplitude/Width Ratio for 
Some Other Sites in the Kern River Canyon, Sierra Nevada, California

Chagoopa Falls Site Lewis Camp Site Little Kern Lake Site Log Bridge Site
Acarospora Chlorophana Acarospora Chlorophana Acarospora Chlorophana Yellow Rhizocarpon

Peak Cal. Ampl./ Peak Cal. Ampl./ Peak Cal. Ampl./ Peak Cal. Ampl./
Center Age Width Center Age Width Center Age Width Center Age Width
(mm) A.D. Ratio (mm) A.D. Ratio (mm) A.D. Ratio (mm) A.D. Ratio

9.56 1894 0.0005

12.71 1866 0.014
15.03 1846 0.003
16.81 1830 0.016
20.51 1798 0.008 19.95
23.1 1775 0.009 23.38

26.50
27.4 1737 0.008

30.03
31.64 1700 0.006

33.41
35.11 1669 0.015 35.38
37.24 1651 0.006 37.76

40.12
42.52 1604 0.007 44.15

47.17 1564 0.009 46.89
49.91 1540 0.005 49.95

53.01
54.82 1497 0.006 54.67

57.63
59.83 1453 0.002 59.99

64.27 1414 0.004
65.22

68.36 1378 0.007

9.83 1891

13.51 1859

16.98 1829
1802 0.018 20.24 1780
1772 0.02 24.13 1766
1745 0.011

27.43 1737
1714 0.022 29.52 1719

1684 0.007 33.52 1683
1667 0.007
1646 0.006 36.92 1654
1626 0.011 40.43 1623
1590 0.011 43.56 1595

46.11 1573
1566 0.023
1539 0.014 49.97 1539
1512 0.009 53.27 1510
1498 0.005

55.8 1488
1472 0.005
1451 0.008 59.65 1454

61.57 1437

1405 0.008 65.72 1401

0.007
8.06 1917 0.015

0.129
12.59 1870 0.019

0.018
0.01

16.82 1825 0.03

0.012 21.51 1776 0.033

0.007
0.012

25.59 1734 0.019

0.009 29.81 1690 0.005

0.005 33.5 1651 0.008
0.013
0.013

36.29 1622 0.011

0.004 40.21 1581 0.004

0.009
0.006

44.62 1535 0.012

0.004

0.008

49.68 1482 0.003

0.01 53.85 1439 0.003

0.007 56.89 1407 0.005
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Table 6 . b) continued

Chagoopa Falls Site Lewis Camp Site Little Kern Lake Site Log Bridge Site
Acarospora Chlorophana Acarospora Chlorophana Acarospora Chlorophana Yellow Rhizocarpon

Peak Cal. Ampl./ Peak Cal. Ampl./ Peak Cal. Ampl./ Peak Cal. Ampl./
Center Age Width Center Age Width Center Age Width Center Age Width
(mm) A.D. Ratio (mm) AJD. Ratio (mm) A.D. Ratio (mm) A.D. Ratio

69.03 1372 0.002
72.89 1338 0.015 73.09 1336 0.003 62.81 1345 0.003

74.68 1322 0.004
75.68 1314 0.012 65.33 1319 0.003

76.78 1304 0.002
78.08 1293 0.008

76.82 1304 0.007

79.17 1283 0.003 79.44 1281 0.012
81.87 1259 0.003 80.76 1269 0.011 82.24 1256 0.005
84.18 1239 0.003 82.78 1251 0.006
86.36 1220 0.003 87.32 1211 0.006 84.92 1233 0.004
89.46 1193 0.003 88.3 1203 0.002 75.98 1208 0.002
91.93 1171 0.001 92.32 1168 0.012 90.11 1187 0.005
94.04 1153 0.002 94.56 1148 0.001

94.95 1145 0.017 95.57 1139 0.008
96.59 1130 0.005

98.84 1110 0.004
99.57 1104 0.002 100.15 1099 0.006
102.37 1079 0.003 102.44 1079 0.003
105.95 1048 0.003 104.71 1059 0.006
108.98 1021 0.002

109.41 1018 0.006
111.36 1001 0.007 110.64 1007 0.003
115.15 967 0.002 113.88 979 0.004
118.06 942 0.001
119.82 926 0.005 119.32 931 0.006
122.71 901 0.003
125.04 881 0.003 123.04 898 0.002

128.24 853 0.002
134.34 799 0.003

136.18 783 0.002
137.65 770 0.004 138.20 765 0.004
141.95 732 0.004
143.17 722 0.0004
146.57 692 0.0004
147.95 680 0.002
152.44 640 0.002

/
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Figure 15. Peaks with different amplitudes and areas are decomposed from 
lichen-size measurements of Rhizocarpon subgenus Rhizocarpon at the 
Log Bridge site, Kern River Canyon, Sierra Nevada, California. The peak 
at 21.51 mm (K) is a large peak, with amplitude of 0.0587 and area of 
0.2594. The one at 16.82 mm (M) has medium amplitude and area. The 
other peaks have very small amplitudes and areas, which should be 
considered as small, minor peaks. The peak at 29.81 mm (W) is a wide, 
valley peak, which decreases the amplitudes of peaks at 25.59 (A) and 
33.54(B ) mm. SD=1.0.
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Peak positiom

Peak position is also important in determining peak classes. If a peak has a very 

large area, but appears as a very wide peak below a valley of a composite probability 

density curve, it couldn’t be classified as a major peak or even a moderate peak. Usually 

we put it in the minor peak class. We may take them out, calling them bad peaks. In 

Figure 14. b), the peak at 30.36 mm (W) has a very large width, but small amplitude and 

located at a curve valley, thus, it is really a bad peak. Examples can also be seen in 

Figure 6 . c). A wide valley peak (W) commonly decreases the amplitudes and areas of 

nearby peaks (A, B), but may not change centers of nearby peaks much (Figure 15).

Relative peak size

For some non-constantly but highly sampled lichen-size ranges, such as the 80- 

125 mm range at the Laurel Creek site, lichen-size measurements are usable to generate 

large peaks that are relatively larger than other peaks in peak amplitude and area. We 

may consider these relatively larger peaks as major or moderate peaks because we need to 

get some useful information from the lichen data at hand. In Figure 16. a), the peak 

centered at 112.3 mm (A) is relatively dominant, so we can consider it as a major peak. 

At larger lichen-size range, lichens are hard to measure due to the coalescing of several 

similar size lichens. If more large size lichens are observed at some size, it means that 

the abundance must be higher to have more larger lichens well preserved. In Figure 16. 

b), the peak at 119.28 mm (B) is another relatively dominant peak as a major peak. For 

the lichen-size range larger than 125 mm, the measurement density or sampling rate is 

much less desirable, so peaks will be much less reliable.

In the determination of peak dominance classes, we cannot simply rely on one 

parameter, but should combine all the above parameters to get a synthesized result. The 

result from one criteria may be modified by another. At present we don’t have a



Gaussian
Gaussian
Gaussian
Gaussian
Gaussian
Gaussian

0 . 0 0 3 1 4 0 5
0 . 0 0 2 0 5
0 . 0 0 1 7 8 9 7
0 . 0 0 3 4 1 0 7
0 . 0 0 4 4 3 9 1
0 . 0 0 0 9 0 5 6

1 0 5
1 0 6 ,
1 0 8 .
1 0 9 .
112 .

1 1 4 .

3 3 7 7 9
7 5 1 6 8
2 9 5 1 6
7 5 3 8
1 2 7 6 9
3 3 0 6 5

0 . 5 6 1 5 2 3 5
0 . 7 9 6 5 0 9 1
0 . 4 2 5 6 5 1 8
0 . 7 5 5 6 0 5 3
0 . 6 0 8 5 8 7 7
0 . 4 6 0 8 5 6 4

Figure 16. a) Decomposed peaks from lichen-size measurements of 
Acarospora chlorophana at the Laurel Creek site show relative sizes. The 
peak at 112.13 mm (A) is relatively a large peak, so it may be classed as a 
major peak. SD=0.5.
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1 2 1 . 0 3 9 7 2
1 2 2 . 0 6 2 7 1
1 2 3 . 9 3 9 9
1 2 9 . 2 5
1 3 0 . 5 1

Midi
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0 . 5 0 0 0 0 4 7
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Figure 16. b) Decomposed peaks from lichen-size measurements of 
Acarospora chlorophana at the Laurel Creek site. Sierra Nevada show 
relative sizes. The peak at 119.76 mm (B) is relatively a large peak, so it 
may be classed as a major peak. SD=0.5.



quantitative method to input all parameters to output a single class result. The 

classifications are mainly qualitatively carried out.

■95% Confidence Bands of Event Ages

The estimation of the 95% confidence bands is important for identified coseismic 

rockfall events. With histogram analysis of lichen-size measurements, errors are usually 

evaluated from measurement errors and calibration curves of lichen growth. With 

decomposition approach of composite probability density curves we will propose a more 

reasonable estimation of errors. First, error sources are to be discussed, which include 

measurement error, error of decomposed peaks at a given SD value, error from peak 

variation at different SD values and calibration error. Some other errors cannot be 

considered here, such as the colonization error, because we do not know for sure that 

lichens of roughly the same size truly represent the time of substrate exposure or whether 

they date to a younger time of colonization. A combination of the error sources will be 

used to evaluate the 95% confidence bands for event ages. We didn't estimate errors for 

every event but only gave examples for some of the events at three sites in the Sierra 

Nevada of California: the Laurel Creek, Rock Creek, and Ellery (Tioga Pass) sites. The 

purpose of this section is to derive a reasonable method to estimate precision level of an 

event age.

Error Sources

Measurement error

There is an error when measurement is taken. This error is different from 

manufacturer's estimated precision for digital calipers, which is 0.01-0.02 mm. Lichen-
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size measurement error does not change much even in a long period of measurement. 5  

repeated measurements on each lichen of 11 individual lichens of A carospora  

chlorophana at the Laurel Creek site, Sierra Nevada give an average measurement 

variance of 0.02. Of the 11 variance values, the largest value is about 0.128, but the 

smallest is 0.0029. Standard deviation varies between 0.04 and 0.36 mm, with an average 

of 0.11 mm. This measurement error has been included in the application of SD values in 

the computation of composite probability density curves, thus, we do not need to 

propagate the error to the rest of the analyses.

Error of decomposed peaks at a given standard deviation 

PeakFit gives the standard error (a) for each decomposed peak. In general, this 

error is very small, usually on the order of 0.001-0.15 mm (a), but in rare cases some 

peaks may have errors close to 0.3 mm (a), which are usually valley peaks or smaller 

peaks close to curve valleys. The 95% peak center limits (4a) are listed in parentheses in 

Tables 3, 4 and 5 for different SD values, which are generally within 0.01-0.4 mm, not 

more than 0.9 mm even including very large errors at some SD values. From this 

discussion, we know that this error is in general small enough that it can be neglected, 

which will also be overshadowed by or included in the peak center variation at different 

SD values. But larger error values shouldn’t be ignored, and should be considered in 

error estimation. Nevertheless, only in unusual situations the 95% peak center error in 

PeakFit decomposition may reach a very large value. These unusual cases are mainly the 

valley peaks, which are discarded.

Error from peak variation at different standard deviations 

When different SD values are used in the calculation of composite probability 

density curves, a same peak center usually varies, giving rise to an uncertainty of peak
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center values. This is one of the large error sources. For several SD values, we can get 

several peak center values for a single peak, therefore, the mean of the several peak 

center values can be used as the peak center value, and the standard deviation can be used 

as the error of the peak center. SD values of 0.5, 0.75, 1.0,1.25, 1.5, 2.0 were commonly 

used. Most peak center standard errors fall within 0.01-0.66 mm. Peak center standard 

error is named as Lse.

Calibration error

Another major error is calibration error, which is given by the 95% confidence 

envelope of a calibration curve. In general, calibration error is relatively small in the 

calibrated time range, such as in 1740-1950 A.D. in Sierra Nevada of California, but error 

becomes larger beyond the calibrated time range.

Error Estimation Method

Average measurement standard deviation as of 0.11 mm is very small and is 

included in the computation of a composite probability density curve, therefore, it is not 

considered in final error estimation. In most of the cases, the standard error of each 

decomposed peak center is also very small, mostly on the order of 0.001-0.15 mm, which 

can be neglected if it is very small compared to peak center variation at different SD 

values. However, if the standard error of each decomposed peak center is large compared 

to peak center variation at diverse SD values, it should be considered in the final error 

estimation (Appendix D). Peak center variation error at diverse SD values and calibration 

error are two large error sources. Combination of the above error sources gives us a 

reasonable error estimation for an event age. The procedure is as below:
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A. Use SD values of 0.5, 0.75, 1.0, 1.25, 1.50, 2.0 to compute several composite 

probability density curves for each data set.

B. Use PeakFit to decompose the curves to get peak center values and the 

standard errors of peak centers for a same peak at all SD values.

C. Input the peak center values for the same event to Statview, and estimate the 

mean Lav of the peak center values and the standard error ESe-

D. Input the peak center standard errors (a) of decomposed peaks for the same 

peak at diverse SD values, such as those listed in the parentheses (4a) in Tables 3 ,4  and 

5, into Statview, or other software, calculate their average, Eav.

E. If Eay is very small compared to Ese, it is ignored, so let Lse = Ese. However, 

if Eav is large, it should be combined with Ese to give Eav+se (Appendix D> so let Lse = 

Eav+se. Peak center will fall into (Lav - 2Lse) —  (Lav + 2 Lse).

F. On the lichen growth calibration curve in Figure 17, we can cast mean peak 

center marked PC to B on the calibrated curve, and then we can find the corresponding 

calendric age of the event at P. The upper limit (Lav + 2Lse) of the peak center marked 

PCU is cast to A on the calibrated curve, and the lower limit of the peak center (Lav - 

2Lse) marked PCL is cast to C on the curve. From the 95% confidence envelope of the 

curve, the calendric age error 2X can be obtained as shown in the figure. This will give 

the 95% confidence bands of an event age. However, LP and PR may not be equal if the 

95% envelope lines are not parallel.
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APPLICATIONS

Applications of Peak Decomposition

A huge amount of computation was carried out in 1993 and 1994. The summer of 

1993 was mainly spent on writing the computation programs, executing the PeakFit
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95% confidence envelope

Y = 1982.296 - 8.79 * X; R*2 = 1
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Figure 17 Diagram showing method to determine the age in calendric year A.D. 
of an event and its 95% confidence bands. Mean peak center value obtained from 
varying SD values is at point PC which casts to point B. The upper and lower 
error limits of the mean peak center value are at points PCD and PCL 
respectively, which cast to A and C. Point P gives the age of the event and 2X 
gives its 95% confidence bands. If the 95% confidence envelope lines are not 
parallel, LP and PR may not be equal. The calibrated curve is from the 
calibration curve of growth of lichen Acarospora chlorophana in the Sierra 
Nevada, California.



software, exploring reasonable procedure of peak decomposition, and data processing of 

almost all New Zealand data sites mainly using constant width for decomposed peaks in 

each section of a composite probability density curve. In 1994, we collected more data in 

the Kem River Canyon, Sierra Nevada, California. The Laurel Creek site turned out to be 

one of the best sites we ever got in the Sierra Nevada. We decomposed the same 

composite probability density curve at SD = 0.5 for the Laurel Creek site by applying 

both constant and variable widths in PeakFit processing (Figures 13. a) and b)). The 

constant width application in PeakFit processing usually produces more peaks for the 

same lichen-size range than the variable width application, so peak centers will change on 

the order of 0.1 mm or even larger. Peak amplitude and area will both be changed. 

However, variable width application in PeakFit processing commonly generates better 

and faster curve fitting results, thus we processed primarily the Sierra Nevada lichen-size 

measurements and some peaks from New Zealand sites by variable width application. 

Here we present the decomposed results mainly for the Sierra Nevada sites.

The Laurel Creek Site

Several composite probability density curves of lichen Acarospora chlorophana 

at the Laurel Creek site, Sierra Nevada, California were obtained with different SD values 

(0.5, 1.0, 1.25, 1.5, 2.0). Decomposition of the composite probability density curve 

computed at SD = 0.5, AX = 0.2 mm (Figure 18.a)) produced 85 peaks in many sections 

(Table 6 . a)). In Table 6 . a), calendric ages were calculated from equation 3. The ages in 

the 1700-1940 A.D. range are more reliable estimates than those older than 1700 A.D., 

but the ages older than 1700 A.D. are still usable and reliable. Peak amplitude/width 

ratios are also listed in Table 6 . a).

Apparently we have too many peaks at such a site (Table 6 . a)). Not all the 85 

peaks could possibly be induced by coseismic rockfalls. Some of them may indeed be
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Figure 18. a) Composite probability density curve of lichen sizes of Acarospora chlorophana at the Laurel 
Creek site in the Kern River Canyon, Sierra Nevada, California. About 85 peaks were decomposed from 
this continuous curve. SD = 0.5. AX = 0.2 mm.



caused by local or distant earthquakes, some may be due to rockfalls related to unusual 

rainstorms and snow avalanches or even other factors, such as freeze-thaw cycles. Some 

peaks are dominant, some peaks are very small, and some are intermediate (Figure 18. 

b)). Because P(X) reflects the normalized abundance of lichens proportional to rockfall 

abundance, large peak amplitude or area must represent large volume of rockfalls and 

strong rockfall events, small peak represents small volume of rockfalls or even noise. 

Because coseismic rockfalls account for the greatest volume of rockfalls from known 

trigger of slope movements (Wieczorek and Jager, 1994), most of large peaks of higher 

amplitude and area are probably due to local or distant earthquakes, but some large peaks 

may be caused only by very local but extreme events, such as unusual storms or snow 

avalanches. For example, the 76.51 mm mode of Lecidea Atrobrunnea at the Ellery site, 

Sierra Nevada appears as a very strong, major peak, but it doesn't show well at the Laurel 

Creek and the Rock Creek and other sites, so it is possibly only a local, strong, but non- 

seismic event. Seismic events are recorded by the same peak center value at many sites 

in the region. In contrast, random events or events generated by storms typically are 

observed only at one or two sites.

The Laurel Creek site located in the Kern River Canyon, Sierra Nevada, is 

frequently affected by earthquakes generated in the Sierra Nevada Mountains and 

surrounding areas, such as the Owens Valley, the San Andreas fault system and the 

Garlock fault. The Laurel Creek site is about 40 km to the Owens Lake to the east, 230 

km to the Pallett Creek paleoseismic site astride the San Andreas fault to the southwest. 

In these regions, known earthquakes include the 1872 Owens Valley earthquake, which is 

one of the greatest quakes along the Pacific Coast, the 1857 Fort Tejon quake, the 1812 

San Juan quake and pre-historical earthquakes revealed at the Pallett Creek paleoseismic 

site and finely dated by Sieh et al. (1989) (Table 2). We can find the corresponding 

lichen-size peaks at the Laurel Creek site as marked by bold style in Table 6 . a). Except
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Peak# Type Ampl Ctr Midi
1 Gaussian 0.0114621 55.551484 0.8397867
2 Gaussian 0.0131283 58.794707 1.0169496
3 Gaussian 0.0052506 60.254812 0.5660654
4 Gaussian 0.0100881 61.796008 0.9363508
5 Gaussian 0.0093963 63.725437 0.6792494
6 Gaussian 0.000489 65.758449 0.2881592
7 Gaussian 0.0089639 67.700903 1.7196475
8 Gaussian 0.0031107 69.733788 0.5326023

Figure 18. b) Decomposed peaks of lichen-size measurements of 
Acarospora chlorophana at the Laurel Creek site, Sierra Nevada. Large, 
medium and small peaks are all displayed. The peak at 58.79 (A) is a large 
peak. The ones at 61.80 (B) and 63.73 (C) mm are medium peaks. Other 
peaks (D, E) are mostly small peaks. SD=0.5.



for the 796 A.D. and older peaks, almost all the peaks are dominant, large, major or 

moderate peaks (Table 6 . a) and Table 8 . a)). In addition to the known coseismic rockfall 

peak modes, there are also other dominant peaks, which have no known earthquakes, 

such as the 16.58, 21.62, 43.39, 58.81, 67.53, 78.2 mm peak modes etc., which are 

underlined in Table 6 . a). These peaks may be generated by some unknown earthquakes 

occurred elsewhere along the San Andreas fault, in the Owens Valley, in the Sierra 

Nevada or even along the Oarlock fault. We do not mean that every large or moderate 

peak is caused by an earthquake, but large peaks that occur at many sites require a 

regional cause such as earthquakes.

In Table 6 . a), note the changes of the A/W ratios. For peaks with peak centers 

less than 80 mm, many of them have A/W ratios larger than 0.01, and many have A/W  

ratios in 0.005-0.01 range, but the rest of the peaks have A/W ratios less than 0.005. But 

for peaks with peak centers in 80-125 mm range, all the peaks have A/W ratios less than 

0.01, but many of them have A/W ratios larger than 0.005. All the peaks with peak 

centers larger than 125 mm have A/W ratios less than 0.005. Recall that we have a high, 

almost constant sampling rate in the lichen-size range of 3-80 mm at the Laurel Creek site 

(Figure 4. a)), non-constant but relatively higher sampling rate in the 80-125 mm range, 

and very low sampling rate in lichen-size range larger than 125 mm. Apparently the A/W 

ratio changes coincide with sampling rate changes. We suggest that constant and higher 

sampling rate produces excellent peaks, such as those in the 3-80 mm range, non-constant 

but relatively higher sampling rate can produce good peaks, such as those in the 80-125 

mm range. But very small sampling rate usually cannot give good peaks. All the 

dominant peaks in the 3-80 mm range have A/W ratios larger than 0.01. All the 

relatively larger peaks in the 80-125 mm range have A/W ratios in the 0.01-0.005 range. 

However, small peaks usually have very small A/W ratios. Thus, if there is a higher 

sampling rate, the A/W ratio may be a useful parameter to reflect peak dominance: if
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AAV ratio is larger than or equal to 0.01, the peak may be a dominant peak which 

correspond to a coseismic rockfall event or a very local, very strong rainstorm/snow 

avalanche event; if AAV ratio is between 0.01-0.005, the peak may be a relatively larger 

peak (moderate peak); if AAV ratio is less than 0.005, the peak should be a small peak. 

This understanding can be used to recognize peaks of regional events from local events. 

But if we have a very small sampling rate, decomposed peaks may have amplitudes much 

smaller than they really are, therefore, peak amplitude or area may not represent the 

rockfall abundance, and it will be difficult to identify event peaks from local events. At 

the Laurel Creek site, peaks with centers less than 80 mm are all higher quality peaks, and 

peaks in the 80-125 mm range are good, reliable peaks, but peaks with centers above 125 

mm are not very promising. Nevertheless, we didn’t discard results or information from 

this size range (>125 mm), because we don’t have sufficient data, not due to our laziness 

but due to lichen growth behaviors. Univariate scattergram of sorted lichen-size 

measurements (Figures 4. a) and b)) is a good tool to check our sampling rate and to 

examine the reliability of our results.

Lichen sizes of Lecidea atrobrunnea at the Laurel Creek site were also analyzed, 

which gives 25 peaks dated back to 1475 A.D., of which the 1875, 1854, 1806, 1693 

events were nicely shown.

Other Sites in the Kern River Canyon, Sierra Nevada

The Chagoopa Falls site: Lichen sizes of Acarospora chlorophana were 

measured at this site of relatively older features. It was assumed as a good site in the 

field, but the result is rather surprising. Sampling rate is constant below 60 mm but much 

smaller than that of the Laurel Creek site, and it also decreases with lichen size above 60 

mm. Decomposition of the CPDC shows that there are no good peaks corresponding to 

known earthquakes for peaks centered below 60 mm. However, peaks dated to 1104,
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1048, 1001, 799, 732 A.D. correspond to some of the Pallett Creek events. But these 

peaks are considered as poor peaks because of low sampling and small AAV ratios less 

than 0.005. However, some of the peaks have AAV ratios larger than 0.01, such as the 

12.71, 16.81, 35.11 mm peaks. Many of the peaks have AAV ratios between 0.005-0.01 

(Table 6 . b)).

The Lewis Camp site: At this site, sampling rate is low and non-constant, so 

that there are only some clusters of lichen sizes. However, several peaks have AAV ratios 

larger than 0.01, which may be due to the clustering of lichen-size measurements. Six of 

the Pallett Creek events appear, but only two out of the six have AAV ratios larger than 

0 .01.
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The Little Kern Lake site: The sampling rate is relatively constant from 0 to 

about 70 mm, although the rate is smaller than that of the Laurel Creek site. The 

sampling rate also decreases with size above 70 mm. There are 37 peaks at SD = 0.5, of 

which 10 are dominant peaks. The peaks dated to 1859, 1683, 1488, 1336, 1110, 1007 

A.D. and roughly coincide with some of the Pallett Creek events. In general, younger 

regional rockfall events are absent and poorly recorded at the Little Kern Lake site, and 

the 1872 event is missing.

Log Bridge site: Lichen-size measurements of yellow Rhizocarpon were made 

at this site. Sampling rate is non-constant and low. Only 16 peaks were decomposed. 

The 1870, 1690, 1482, 1345 A.D. events coincide with some Pallett Creek events. 

However, they are not good peaks due to low measurement density.
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Modes of Modes from All Kern River Canyon Sites

In order to see if a peak, even a large peak, is related to coseismic rockfall event 

we may check its occurrences at all sites in a region. If a particular lichen-size peak 

occurs at many sites, we consider it as an earthquake-induced regional rockfall event. 

There is another way to check peak occurrences over all sites. A new data set using only 

the peak center values from all sites in a region is used to calculate a new composite 

probability density curve. This is not equivalent to combining all lichen-size 

measurements from all sites. Decomposition of this curve will give us the modes of 

modes in a region. A dominant mode in the new curve means it occurs at all or most of 

the sites. Table 7 shows modes of all modes from all sites in the Kern River Canyon at 

SD=1.0 and SD=0.5, respectively. With SD = 1.0, some of the uncommon peaks or weak 

signals, which doesn’t exist at most sites, disappear. The peak dated to 1875 is a weak 

mode, but the peaks dated to 1859, 1901, 1690, 1492, 1342, 1104, 1051, 999, 797, 743 

etc. appear even at SD = 0.5, which suggests that they occur at most of the sites. 

Therefore, we conclude that most of Pallett Creek events have strong or intermediate 

signals at most sites in the Kern River Canyon region.

From the above discussion, we conclude that sampling rate is important. High 

and constant sampling rate, such as Domain A in Figure 4. a), is desirable and will result 

in excellent peak shapes and messages. AAV ratio of the dominant peaks will be larger 

than or equal to 0.01 at this constant sampling domain. High but non-constant sampling 

rate, such as the 80-125 mm range in Domain B in Figure 4. a), is acceptable and will 

give reliable peaks with AAV ratios of 0.01-0.005. Large SD value will smooth weak 

signals and minor peaks, and show only dominant peaks, but small SD value usually 

shows details of curves with minor peaks. Coseismic rockfall peaks are usually major or 

moderate peaks, which occur at most sites. Modes of all modes at all sites reflect
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Table 7 Acarospora Chlorophana Modes Decomposed from All Peaks of All Sites in the 
Kern River Canyon, Sierra Nevada, California.

SD = 1.0 SD = 0.5

Mode Calendric Mode Calendric Mode Calendric
Value Age Value Age Value Age
(mm) A.D. (mm) A.D. (mm) A.D.

9.58 1893 6.85 1917 79.35 1281
13-48 1859 9.68 1893 81.53 1262
17.14 1827 11.67 1875
2 0 . 1 2 1801 13.18 1862 84.43 1237
23.65 1770 14.82 1847 86.17 1 2 2 2

26.66 1744 16.74 1831 87.83 1207
29.67 1717 18.44 1816 89.51 1192
32.77 1690 20.24 1800 91.47 1175
37.18 1651 23.69 1770 94.8 1146
40.98 1618 25.98 1750 96.72 1129
45.06 1582 98.87 1 1 1 0

46.68 1568 27.26 1738 100.18 1099
49.82 1540 29.54 1718 102.24 1081
53.75 1506 31.47 1701 105.21 1055
55.32 1492 106.53 1043
59.17 1458 33.28 1686 109.31 1019
61.93 1434 35.38 - 1667 110.98 1004
65.16 1406 37.32. 1650 111.87 996
68.79 1374 40.08 1626 114.12 976
72.43 1342 41.97 1609 115.14 967
75.09 1319 43.75 1594 116.79 953
78.5 1289 45.58 1578 118.08 942
81.59 1262 46.96 1566 119.44 930
84.24 1239 48.92 1548 1 2 1 . 0 2 916
88.92 1197 49.93 1539 122.74 , 901
91.5 1175 52.62 1516 124.09 889
94.97 1144 54.64 1498 125.22 879
99.6 1104 55.67 1489 128.25 852
102.15 1081 58.44 1465 129.26 844
105.6 1051 59.98 1451 130.51 833
109.49 1017 61.83 1435 134.49 798
111.57 9 9 9 136.6 779
114.34 974 63.98 1416 137.96 767
119.44 930 65.66 1401 140.45 745
122.81 900 68.72 1375 141.95 732
125.00 881 71.96 1346
129.28 843 72.8 1339 Bold style:
134.61 797 75.09 1319 Pallet Creek
137.49 771 76.82 1304 event peaks
140.76 743 78.31 1291



regional abundance of rockfall events. At a site with multiple peaks, some peaks are 

derived from coseismic rockfall events, some are from rainstorms and snow avalanches.

Applications of Peak Dominance Classification

Method and criteria of peak dominance classification were primarily applied to 

some Sierra Nevada sites, with a few peaks from New Zealand. In the Sierra Nevada, 

three sites were analyzed: the Laurel Creek site, the Rock Creek site and the Ellery site 

(Table 8 . a)). Peak dominance was divided at each site or in a relatively small region, 

such as the Kern River Canyon (Table 8 . b)). Dominance of peaks can be compared to 

get regional variation. For example, the peak dated to 1688 in Table 9, which contains 

peaks coinciding to most of the Pallett Creek events, may be classified as a major- 

moderate peak in the broad Sierra Nevada region, meaning that this event may be a 

reliable regional earthquake event, even though Sieh et al. (1989) excluded it from the 

Pallett Creek sequence. The peak dated to 1480 has different peak dominance. In 

general, the dominance of the 1480 peak decreases from site at the northern part of Sierra 

Nevada to site at the southern part. This means that the event may be from the northern 

part of the Sierra Nevada or from northern San Andreas fault or some other area. The 

peak dated to 1346 is minor at the Ellery site in the northern part of the Sierra Nevada, 

whereas major to moderate in the southern part of the Sierra Nevada, so it may be 

generated from earthquakes to the south.

Table 10 lists some major peaks that do not correspond to the Pallett Creek 

events. In this table, events are divided into regional, local events. The major events are 

consistently present at the three sites, which indicates the occurrence of previously 

undocumented prehistorical earthquakes in the Sierra Nevada. The peak dated to about 

1788 even with different lichens appears as a major peak at all three sites (Table 1 0 ), so it
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Table 8. a) Peak Dominance Classification at Three Sites in the Sierra Nevada, California.

Laurel 111 Laurel 111 Laurel 111 Cal. Age A.D RockCr HI Rock Cr Ii1 Rock Cr H1 Cal. Age A.D Ellery II3 Ellery Ii3 Ellery Ii3 Cal. Age A.D.
Major Peak Moderate Peak Minor Peak Major Peak Moderate Peak Minor Peak Major Peak Moderate Peak Minor Peak

9 . 9 8 1 8 9 1
' 1 0 . 1 8 J § 8 8

1 1 . 6 8 1 8 7 5 1 1 .6 1 lire 1 3 . 4 9 1 8 7 9
1 2 . 9 8 1 8 6 4 1 3 . 8 7 ____ J 8 5 6 1 6 . 9 3 1 8 6 4

. .  1 4 : 6 9 ......... , J 8 4 9 . , , 1 5 , 8 3 1 8 3 9 ____ 2 1 . 7 2 1 8 4 3
1 6 . 5 8 1 8 3 2 1 7 . 2 6 1 8 2 6 2 5 . 3 9 1 8 2 7

1 8 . 4 4 1 8 1 6 1 8 . 9 2 1 8 1 1 2 9 . 2 3 1 8 1 1
1 9 . 8 6 1 8 0 3 1 9 . 7 6 1 8 0 4 3 4 . 4 9 1 7 8 8

2 1 . 6 2 1 7 8 8 2 1 . 2 2 1 7 9 1 3 7 . 4 1 7 7 5
2 3 . 9 1 7 6 8 2 4 . 0 4 1 7 6 7 4 0 . 1 1 1 7 6 4

2 5 . 8 9 1 7 5 0 2 6 .1 1 1 7 4 8 4 4 . 9 6 1 7 4 3
2 7 . 4 9 1 7 3 6 2 7 . 3 6 1 7 3 7 4 8 . 8 5 1 7 2 6

. . 2 ? ; 8 9 JUS 3 0 . 4 4 - _______ 12.1 Q ___® Li! 8 1 7 1 2
3 1 .1 1 7 0 5

3 2 . 7 6 1 6 9 0 3 2 . 7 9 1 6 9 0 5 5 . 9 6 1 6 9 5
3 5 . 6 2 1 6 6 5 3 5 . 0 6 1 6 7 0 6 0 . 3 6 1 6 7 6

3 7 . 1 6 1 6 5 1 3 6 . 3 2 1 6 5 9 6 3 .5 1 1 6 6 2
3 9 . 2 8 1 6 3 3 3 8 . 5 9 1 6 3 9 6 7 .2 1 1 6 4 6

4 1 . 8 2 1 6 1 1 4 0 . 0 5 1 6 2 6 6 9 . 2 8 1 6 3 7
4 3 . 3 9 1 5 9 7 4 1 . 1 1 1 6 1 7 7 2 . 3 5 1 6 2 4

4 5 . 5 3 1 5 7 8 4 3 1 6 0 0 7 6 .5 1 1 6 0 6
4 7 . 0 3 1 5 6 5 4 4 . 4 9 1 5 8 7 8 0 . 2 9 1 5 9 0

4 9 . 8 9 1 5 4 0 4 8 . 3 6 1 5 5 3 8 2 . 1 5 1 5 8 2
5 2 . 5 3 1 5 1 7 4 8 . 8 1 1 5 4 9 8 6 .0 1 1 5 6 5

5 4 . 3 1 5 0 1 5 0 . 2 4 1 5 3 7 8 7 . 7 7 1 5 5 7
5 1 . 9 9 1 5 2 1 9 1 . 3 7 1 5 4 2
5 3 . 3 1 1 5 1 0 9 5 . 1 6 1 5 2 5

5 5 . 6 3 1 4 8 9 5 5 . 4 3 1 4 9 1 9 9 , 0 6 1 5 0 8
5 8 .8 1 1 4 6 2 5 7 . 1 8 1 4 7 6 1 0 3 . 2 1 4 9 0

6 0 . 2 5 1 4 4 9 5 8 .1 1 1 4 6 8 1 0 5 .3 1 1 4 8 1
6 1 . 8 1 4 3 5 6 0 . 3 3 1 4 4 8 1 1 0 . 1 6 1 4 6 0

6 3 . 7 2 1 4 1 9 6 1 . 3 8 ,  . 1 4 3 9 1 1 3 . 4 4 1 4 4 6
6 5 . 8 9 1 3 9 9 6 2 . 5 9 1 4 2 8 1 1 5 . 1 9 1 4 3 9

_ 6 7 . 5 3 ___ 1 3 8 5 6 4 . 1 6 1 4 1 5 1 1 8 . 8 3 1 4 2 3
1 2 3 .6 1 1 4 0 2

00U\



Table 8 . a) Continued

Laurel 111 Laurel IM Laurel 111 Cal. Age A.C Rock Cr HI Rock Cr HI Rock Cr H1 Cal. Age A.C Ellery H3 Ellery H3 Ellery H3 Cal. Age A.D
Major Peak Moderate Peal Minor Peak Major Peak Modderate P ea l Minor Peak Major Peak Moderate Peak Minor Peak

6 9 . 9 4 1 3 6 4 6 5 . 8 9 1 3 9 9 1 2 7 . 6 9 1 3 8 4
7 2 . 2 1 3 4 4 6 9 . 7 6 1 3 6 6 1 3 4 . 2 5 1 3 5 6

7 3 . 9 6 1 3 2 9 7 1 . 3 8 1 3 5 1 1 3 9 . 8 3 1 3 3 2
7 5 . 5 6 1 3 1 5 7 2 . 6 8 1 3 4 0 1 4 1 . 5 2 1 3 2 5

7 6 . 8 1 1 3 0 4 7 6 . 5 3 1 3 0 6 1 4 5 . 3 1 3 0 8
7 8 . 2 1 2 9 1 7 8 . 6 9 1 2 8 7 1 4 7 . 3 5 1 2 9 9

7 9 . 3 1 2 8 2 7 9 . 9 8 1 2 7 6 1 5 0 . 4 2 1 2 8 6
8 1 . 3 1 2 6 4 8 2 . 9 6 1 2 5 0 1 5 1 . 8 1 2 8 0

8 3 . 9 1 1 2 4 1 8 4 . 9 5 1 2 3 2 1 5 7 . 1 6 1 2 5 7
8 5 . 8 8 1 2 2 4 9 0 .2 1 1 1 8 6 1 6 0 . 3 6 1 2 4 3

8 9 . 2 1 1 1 9 5 9 1 . 3 1 1 7 7 1 6 3 . 5 4 1 2 2 9
9 1 . 4 4 1 1 7 5 9 3 . 2 9 1 1 5 9 1 6 8 .1 1 2 1 0

9 3 . 4 5 1 1 5 8 9 7 . 3 3 1 1 2 4 1 7 1 . 2 5 1 1 9 6
9 5 . 2 8 1 1 4 2 9 8 . 9 3 1 1 1 0 1 7 7 . 1 6 1 1 7 0

9 6 . 6 1 1 3 0 1 0 0 . 6 6 1 0 9 4 1 7 9 . 7 9 1 1 5 9
9 8 . 8 2 1 1 1 1 1 0 5 . 2 2 1 0 5 4 1 8 2 . 8 5 1 1 4 6

1 0 0 . 5 9 X 1 0 9 5 1 0 7 . 3 8 1 0 3 6 1 8 7 . 8 1 1 2 4

. \ 1 0 1 . 7 7 1 0 8 5 1 9 3 . 5 4 1 0 9 9

1 0 5 . 3 4 1 0 5 3 2 0 2 . 0 6 1 0 6 3
1 0 6 . 7 6 1 0 4 1 2 0 8 . 0 4 1 0 3 7
1 0 8 . 2 9 1 0 2 8 2 1 0 . 3 1 1 0 2 7

1 0 9 . 7 5 1 0 1 5 2 1 3 . 6 3 1 0 1 3
1 1 2 . 1 3 9 9 4 2 1 6 . 6 9 9 9 9

1 1 4 . 3 3 9 7 5 2 2 2 . 9 1 9 7 2
1 1 6 . 7 6 9 5 3 2 3 5 . 8 9 1 6

1 1 9 . 2 8 9 3 1 2 3 8 . 3 5 9 0 5
1 2 1 . 0 4 9 1 6 2 4 3 . 5 2 8 8 3

1 2 2 . 0 7 9 0 7 2 4 6 . 5 2 8 7 0

1 2 3 . 9 4 8 9 0 2 5 4 . 8 6 8 3 4
1 2 9 . 2 5 8 4 4 2 6 7 . 3 2 7 8 0
1 3 0 .5 1 8 3 3 2 7 7 . 9 9 7 3 4

1 3 4 . 6 8 7 9 6 2 9 8 . 8 9 6 4 3

1 3 6 . 9 8 7 7 6 3 0 3 . 8 3 6 2 2
1 3 8 7 6 7

1 4 0 . 4 7 7 4 5
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Tables,b) Peak Dominance Classification for Modes of All Peaks 
of All Sites in the Kem River Canyon, Sierra Nevada, California.

Major Peak 1 Mod. Peak Minor Peak Cal. Age A.DI Major Peak Mod. Peak Minor Peak Cal. Age A.D.
9.681 1 8 93 78.31 1291

: 11 .6 7 1 8 75 ! 7 9 . 3 5 1281
13.18: 1 8 62 81 .5 3 I 1 2 6 2

14 .82 1 8 4 7 84 .43 | 1 2 3 7
16.74: 1831 i 8 6 . 1 7 1 2 2 2

! 18 .44 1 81 6 87.83! 1 2 0 7
20 .24 ' 1 8 00 89.511 1 1 9 2
23 .69; 1 7 7 0 9 1 .4 7 ! 1 1 7 5

I 2 5 .9 8 1 7 50 94 .8 ! 1 1 4 6
2 7 .2 6 1 7 38 i 9 6 . 7 2 1 1 2 9

29 .54 , 1 7 18 98.87! 1 1 1 0
• 3 1 .4 7 1701 100.18! 1 0 9 9

. 33 .28 ! 1 6 86 102.241 1081
35 .3 8 1 6 6 7 105.21 i 1 0 5 5

37 .32! 1650! ! 1 0 6 . 5 3 1 0 4 3
40.08 ! 1 6 26 109.31 1 0 1 9

i 4 1 . 9 7 1 6 09 1 1 0 . 9 8 1 0 0 4
j 4 3 . 7 5 1 5 94 1 1 1 . 8 7  = 9 9 6
: 4 5 . 5 8 15 7 8 1 1 4 .1 2 ; 9 7 6

46 .96 ! 1 5 66 : 1 1 5 . 1 4 9 6 7
i 4 8 . 9 2 1 5 48 1 1 6 . 7 9 9 5 3

49 .93 ! 1 5 39 1 1 1 8 . 0 8 9 4 2
I 5 2 .6 2 1 5 16 11 9 .4 4 ! 9 3 0
i - 5 4 .6 4 1 4 98 1 2 1 . 0 2 9 1 6
| 5 5 . 6 7 1 4 8 9 1 2 2 .7 4 ! 901

58.44 ! 1 4 65 i 1 2 4 . 0 9 8 8 9
59 .98 ! 1451 1 2 5 . 2 2 8 7 9
61.83I 1 4 3 5 1 2 8 . 2 5 8 5 2

1 i 6 3 .9 8 1 4 16 1 2 9 . 2 6 8 4 4
6 5 .6 6 1401 130.51 8 3 3

6 8 . 7 2 1 3 75 134 .49 7 9 8
7 1 .9 6 1 3 4 6 1 3 6 . 6 7 7 9

7 2 . 8 1 3 39 1 3 7 .9 6 7 6 7
75.09 , 1 3 1 9 1 4 0 . 4 5 7 4 5

7 6 .8 2 1 3 0 4
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Table 9 Peak Size, Age with 95% Error, Nearest Adjacent Peaks and Peak Dominance Classification 
for Some Peaks Corresponding to Some Pallett Creek Events at Three Sites in Sierra Nevada, California

Pallett Creek 
radiocarbon 

age

Laurel Creek
Acarospora
chlorophana

Rock Creek 
Acarospora 
chlorophana

Tioga Pass 
Lecidea atrobrunnea

Mean
lichenometry

age

M ode She (mm) 
Cal. Age-f 95 %Error 

Nearest Adiacent 
Peaks

Peak Dominance

Mode Size (mm) 
Cal. Age+95%Error 

Nearest Adiacent 
Peaks

Peak Dominance

M ode Size (mm) 
Cal. Age+95 %Error 

Nearest Adiacent 
Peaks

Peak Dominance

1688 *

32.75 
1690 ± 5 
1705-1665 
Major peak

32.53 
1692 ± 9 
1710-1670 

Moderate Peak

56.67  
1692 ± 14 
1711-1676

Major-moderate peak
1690

1480
55.44 

1491 ± 15 
1517-1462 

Moderate-minor 
peak

55.53 
1490 ± 16 
1510-1468

Minor-moderate peak

103.95  
1487 ± 2 4  
1525-1460 

Major peak
1487

1346

72.41 
1342 ± 20  
1367-1304 -

Moderate peak

71.94 
1346 ±23  
1366-1306 

Major peak

134.41 
1355 ±  30 
1384-1332 

Minor peak
1345

1100

100.56 
1095 ±31  
1130-1085 
Major peak

100.46  
1096 ± 3 2  
1110-1054

Moderate-major peak

793.43
1100 ±43  
1124-1063

Moderate-minor peak
1098

1048
105.97 

1048 ± 34 
1085-1028 

Moderate peak

105.46  
1052 ± 3 0  
1094-1036 

Major peak

207.99  
1037 ± 4 7  
1063-1013 

Minor peak

1047

997
111.64 

998 ± 37 
1015-953 

Major peak

216.66  
999 ± 48 
1013-972 

Major peak

999

797
134.55  

797 ±41  
833-776 

Minor peak

797

Distance 0 km 230 km 250 km 340 km 410 km

* Sieh et al. (1989) excluded this event from the Pallett Creek sequence



Table 10 Non-Pallett Creek Regional and Local Events

Modes of lichen 
Acarospora 
chlorophana 

Laurel Creek site (mm) 
Calendric Age A.D.

Modes of lichen 
Lecidea atrobrunnea 
at Ellery site (mm) 
Calendric Age A.D.

Modes of lichen 
Acarospora 
chlorophana 

Rock Creek site (mm) 
Calendric Age A.D.

Regional 21.62 34.49 21.22
Events 1788 1788 1791

35.62 60.36 35.06
1665 1676 1670

58.81 110.16 58.11
1462 1460 1468

67.53 127.69 65.89
1385 1384 1399

78.20 150.42 78.69
1291 1286 . 1287

91.44 177.16 91.3
1175 1170 1177

Local Event 41.82 76.51 43.00
1597 1606 1600

12.98
19.86
27.49
29.89 
37.16 
41.81
65.89 
73.96

Italic style: Minor peak Underline style: Moderate peak
Bold style: Major peak

Regional event: Event as large-moderate peak occurred in a very large region 
Local event: A strong event occurred only locally, or small peaks, probably caused by

unusual storm, snow avalanche, ffeeze-thaw cycles etc.



must be a regional event. Its peak amplitude is the highest at Rock Creek as 0.033, the 

smallest at Ellery as 0.01. The 1665 event is another regional event present at all three 

sites as a major or moderate peak. The 1606 event occurs as a major peak only at the 

Ellery site, but as a minor peak at the Rock Creek and Laurel Creek sites, thus it is a 

strong, but local event, which may be caused by a strong but non-seismic event. Several 

other local modes were also listed in Table 10.

Table 11 contains some of the peaks corresponding to the Alpine fault earthquake 

sequence, New Zealand (written communication, W. B. Bull, University of Arizona, June 

1994). The 40.25, 80.30 and 119.61 mm peaks are major peaks mainly in northern South 

Island, whereas the 43.65, 84.0 and 125.10 mm peaks are major peaks primarily in 

middle-southern South Island.

In general, peak dominance classification can help us identify coseismic rockfalls 

or regional rockfall events and trace the general trend of changes in rockfall abundance 

using peak amplitude or peak area. Although it is a qualitative approach, it can actually 

help us solve the problem of too many uncertain peaks. It is much better than if we do 

not have any approach to recognize peaks. We are confident that most major and 

moderate peaks represent local or distant earthquake events, however, some weak seismic 

signals smoothed by the suggested method may be lost, yet it is acceptable because these 

weak signals may only represent small events.

Once we figure out which major peaks are related to earthquakes, we can use 

calibration curves to estimate the ages. This requires us to evaluate the 95% confidence 

errors for the ages.

9 0
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Table 11 Decomposed Modes in mm and Peak Dominance Classifications 
for the Earthquake Sequence along the Alpine Fault, New Zealand

Name NZ Northern 
Area Data Set 
Mode (mm)

Peak
Dominance

NZ Mid-South 
Area Data Set 
Mode (mm)

Peak
Dominance

Brunner 40.25 Major peak 40.29 Minor peak

Cook 44.84 Minor peak. 43.65 Major peak

Brunner 80.30 Major peak 80.20 Moderate
peak

Cook 83.48 Minor peak* 84.00 Major peak

Brunner 119.61 Moderate peak 120.55 Minor peak

Cook 125.10 Major peak

Brunner

From Size > 
100 mm 
Data Set 

Mode (mm)

162.50
Major peak

Cook 165.43
Minor peak •

* Classified by referring to the 84 mm seismic shaking index map (Figure 31)
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Application of Error Evaluations for Some Sierra Nevada Sites

The 95% errors were estimated for some of the peaks corresponding to some of 

the Pallett Creek events for three major sites in the Sierra Nevada, California (Table 9). 

The errors estimated can reasonably match the errors given by Sieh et al. (1989) for the 

same events, as dated by precision radiocarbon analyses. For example, the error for the 

1480 event given by lichen data at the three sites ranges from ± 15 to ±24 years. The 

error for the same event given by Sieh et al. (1989) from 14C dating is ±15 years. The 

error of the 1346 event given by lichen data is from ±20 to ±30 years, which almost 

matches the error of ±17 years given by Sieh et al. (1989).

Seismic Shaking Index and Its Distribution

Once an event peak is identified and dated, we want to know the abundance of 

coseismic rockfalls or seismic shaking intensity, and its regional distribution as well as 

possible correlation with faults. Seismic shaking index defined as peak amplitude of 

event peaks reflects seismic shaking intensity, In the Sierra Nevada, lichen-size 

measurements were made at about 30 sites, but many sites are not good sites. Besides, 

the sites are not fairly spaced. Thus, more sites are needed to make seismic shaking 

index maps in the Sierra Nevada. However, there are 85 lichenometry sites in the South 

Island of New Zealand, which are reasonably spaced in middle-northern South Island. 

Therefore, we only make seismic shaking index maps for event peaks in New Zealand. 

We are primarily interested in the 16, 29.5, 30.25, 31, 40, 43, 84, 125 mm peaks in New  

Zealand, so we recalculated and decomposed these peaks for almost all the data sites in 

New Zealand with variable width.
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Concept of Seismic Shaking Index (SSI)

In addition to peak amplitude parameter, there are also peak area and %area 

parameters in PeakFit output. It is necessary to consider which is better as seismic 

shaking index. First, Peak %area is rejected as SSI because it is usually skewed by the 

number of peaks in a section of data or strongly affected by sampling. In Figure 19, the 

%area of the peak at 126.81 mm is as high as 66.85% with only two peaks in the section. 

The smaller number of peaks is caused by low sampling rate at the Christie site, New 

Zealand. If there was a high sampling rate, there might be more peaks, such as 6 or 7 

peaks, in the same lichen-size range 122-128 mm, so the same peak at 126.82 mm might 

have a much smaller percentage.

Peak amplitude is preferred over peak area. P(X) is an abundance index of 

rockfalls independent of sample size. Higher P(X) value means stronger rockfalls. 

Earthquakes are believed to account for most of the volume of rockfalls in both Sierra 

Nevada of California and the Southern Alps of New Zealand. Therefore, P(X) value can 

be used to reflect coseismic rockfall abundance. When a composite probability density 

curve is decomposed into multiple Gaussians, the amplitude and area of the Gaussians are 

controlled by the P(X) values, so peak amplitude or area of a decomposed Gaussian 

represents the abundance of coseismic rockfalls. Nevertheless, peak area is affected by 

peak width, which is more or less affected by computation and decomposition processes, 

whereas peak amplitude is relatively less affected. Thus, seismic shaking index is best 

defined as peak amplitude of an event peak.

Although peak amplitude is preferred, yet peak area is not rejected. Peak area is 

acceptable as SSI because we mainly deal with event peaks, which are usually major or 

moderate peaks. For major and moderate peaks width will not be overweighed over 

amplitude, i.e., width is, in general, proportional to amplitude, therefore, peak area as SSI 

may not be so bad that it can not be used at all. Comparison of SSI maps of peak
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1 Gaussian 0.0030455 124.83998 0.2499719
2 Gaussian 0.0049716 126.805 0.3088647

Peak# Type
1 Gaussian
2 Gaussian 

Total

Area %Area
0.0019083 33.147282
0.0038487 66.852718

Figure 19 Decomposed peaks with very large peak %area values when 
there are only one or two peaks. The peak at 126.81 mm has a peak %area 
value of 66.85%, and the one at 124.84 mm has a value of 33.14 mm. If 
there are more peaks, such as 7 or 8 peaks, in the same lichen-size range, 
the %area values will change. The lichen-size measurements are from the 
Christie site. New Zealand. SD=0.25.



amplitude and area in Figures 20. a) and b) for the 31 mm peak, Figures 21. a) and b) for 

the 40 mm peak in New Zealand demonstrates that the general patterns of SSI maps of 

peak amplitude and area are similar, though details may be different. For example, highs 

and lows in Figure 21. a) of peak amplitude coincide with highs and lows in Figure 21. b) 

of peak area for the 40 mm peak in New Zealand. However, peak amplitude is better 

because it is not affected by peak width. Figure 22 shows the peak %area distribution for 

the 40 mm peak in New Zealand. We can see that there are big highs in middle South 

Island, which are an artifact of low density of lichen-size measurements which limits the 

number of peaks in the section of data being analyzed.

Factors Affecting Seismic Shaking Index and Maps

Length of a section of a composite probability density curve is an important 

factor. If a section is too large it usually contains more than 8 peaks. If a section is too 

small the event peak to be decomposed will be affected by peaks at the ends of the 

section. My experience is that a reasonable section will be about 6 mm in lichen-size 

range. The event peak should be put roughly in the middle of the section. If so the event 

peak is seldom affected by peaks at ends of the section. Besides, the 6 mm lichen-size 

range usually has 5 to 8 peaks.

Different SD values used in calculation of a composite probability density curve 

strongly affect shape of the. curve, thus the seismic shaking index value. Large SD value 

usually gives fewer peaks and produces less detail. The event peak may be affected by 

peaks at ends of the section if a 6 mm section is used. Thus, smaller SD value is 

recommended. We prefer a SD value of 0.25 because it produces quite good detail of a 

curve and reasonable number of peaks, usually 5 to 8 peaks.

Another factor is width option in peak fitting process. Constant and variable 

widths will generate different SSI values and SSI maps for a same peak. Comparison of
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Figure 20. a) Distribution of seismic shaking index of peak amplitude for 
the 31 mm peak in New Zealand. Highs are mainly located in northern 
South Island. Seismic shaking index values decrease towards southwest.
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Figure 20. b) Distribution of seismic shaking index of peak area for the 31 
mm peak in New Zealand. Highs are also mainly located in northern South 
Island. Seismic shaking index values decrease towards southwest
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Figure 21. a) Distribution of seismic shaking index of peak amplitude for 
the 40 mm peak in New Zealand. Highs are mainly in the northern South 
Island.
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Figure 21. b) Distribution of seismic shaking index of peak area for the 40 
mm peak in New Zealand. Highs are also mainly in the northern South 
Island.
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Figure 22 Distribution of peak %area for the 40 mm peak in New Zealand. 
The highs in the middle of the graph are mainly an artifact of low density of 
lichen-size measurements.
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Figure 23 Distribution of seismic shaking index of peak amplitude from 
constant width processing for the 31 mm peak in New Zealand. The 
general pattern is different from that in Figure 20. a).



Figure 20. a) from variable width with Figure 23 from constant width demonstrates that 

SSI map from constant width is very different from that from variable width. Variable 

width is recommended. Class interval AX has little effect because we commonly use a 

very small AX value, such as 0.1-0.2 mm in calculation of a small section of a composite 

probability density curve so that we can see even tiny peaks.

Sampling rate at large lichen-size range strongly affects SSI values and map 

patterns. At large lichen-size range, lichens may not be observed at many sites, for 

example, the largest lichen at Mueller site of New Zealand is 97.67 mm, but the largest 

lichen at Rough Creek site of New Zealand is 64.16 mm. When we want to plot a SSI 

map for a peak in larger lichen-size range, sites without larger lichens will give us trouble 

because we cannot simply put 0 to SSI or assign any other values due to the fact that no 

measurable lichens at large size range doesn’t mean that there are no rockfalls of old 

ages. Furthermore, low sampling rate will give a low SSI value.

Site spacing is important in making a better SSI contour map. If sites are too 

crowded, it is rather difficult to get a smooth contour pattern, so we suggest that sites 

should be fairly, roughly uniformly spaced. There is no sense to measure several sites in 

a very small area except for specific purposes, such as assessing the degree of seismic 

shaking with distance away from a fault or an earthquake epicenter. However, natural 

conditions usually limit the distribution of sites, such as the sites in the Kern River 

Canyon of Sierra Nevada of California, which are all in the Kern River Gorge.

Procedure of Plotting Seismic Shaking Index Maps

First of all, we should make sure the event peak to be mapped is in a lichen-size 

range of relatively higher sampling rate, otherwise, the seismic shaking index map is not 

valid. Then sites with usable lichen-size measurements are selected. These sites should 

be fairly spaced. If some sites are too crowded, the relatively poor sites should be
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excluded. If site distribution is limited in natural conditions, optimal site pattern is 

accepted. For an event peak, a section of 6  mm is used with the event peak at the middle 

of the section. For example, we were interested in the SSI distribution of the 31 mm peak 

in New Zealand, so we selected the lichen-size range of 28-34 mm. SD value of 0.25 is 

used to give us enough detail of the curve. Class interval AX of 0 . 1  mm was used to see 

minor peaks. In peak fitting processing, we applied variable width to every site so that 

the decomposed peaks will not be distorted.

After PeakFit processing, the event peak amplitude values need to be input into a 

spreadsheet. However, most of the decomposed target-event peaks will not have the 

same peak center value, and often have some departure from the desirable value. 

Therefore, we have to decide which peak to retain and which to discard. In the error 

estimation section, we concluded that standard errors of the peak center values at 

different SD values for the same target peak ranges in 0.01-0.66 mm, and mostly less 

than 0.66 mm. This can be used as our criteria for obtaining peak amplitude values. The 

procedure is that any peak that is within the lichen-size range of 0 . 6 6  mm up and below 

the desired peak center position will be used and input in the spreadsheet. And if there 

are two or more peaks within the range, the largest peak is selected. If there is no any 

peak within the range, we temporarily record it as zero.

For all the sites, some sites or many sites may be zero. If a site with zero peak is 

close to a site with relatively higher amplitude, we will delete the zero site, because the 

zero amplitude may be derived from low sampling or just lack of lichens, but we couldn’t 

infer that there are no rockfalls. If many adjacent sites have zero amplitudes, we will 

keep those sites (Figure 24).

Sampling is important because low sampling rate will result in zero amplitude or 

smaller amplitude than it actually is. SSI maps made from sites of high sampling rate are 

reliable, but SSI maps obtained from sites with low sampling rate are less reliable.
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Figure 24 Distribution of seismic shaking index of peak amplitude for the 84 mm peak in 
New Zealand. There are many zero data sites in northern South Island, which are used to 
show the lack of data or the zero seismic shaking in this area.
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Usually we have high sampling rate for smaller lichen-size ranges, but low sampling rate 

for larger lichen-size ranges for many sites in New Zealand. The 31, 40, 43 mm SSI 

maps of New Zealand are reliable because they were plotted with lichen-size 

measurements of relatively higher sampling rate. However, the 84, 125 mm SSI maps are 

usable but less reliable because many sites lack lichen-size measurements around 84 and 

125 mm. However, we still use them and try to get information from them because we 

couldn’t change the sampling quality due to the unavailability of lichens in larger lichen- 

size range.

Deltagraph program was used to generate the SSI contour map. Procedure is 

described in Appendix C. The SSI contour map was modified and pasted on to a map 

with major faults and geographical features, using MacDraw software on the Apple 

computer.

Maps of Seismic Shaking Index and Their Tectonic Implications

Because SSI reflects abundance of coseismic rockfalls, it represents the intensity 

of seismic shaking, so SSI map may be very useful for locating prehistorical earthquakes 

and earthquake-generating faults. SSI of peak amplitude for the 31 mm peak is the 

highest in northern South Island of New Zealand, and decreases southwestwards (Figure 

25). Therefore, we can very confidently infer that the 31 mm event was generated in 

northern South Island. The SSI highs are mostly related to the Marlborough fault system 

and the Brunner segment of the Alpine fault. The southeastern most Marlborough fault is 

the Hope fault, which has long been an active strike-slip fault with mainly a horizontal 

slip rate of 20-25 mm/a in the Late Pleistocene and Holocene period (Van Dissen and 

Yeats, 1991) and a very minor dip-slip component. Look at detail of the SSI highs in 

Figure 26 we find that the largest high falls primarily on the northeastern segment of the 

Hope fault (Conway segment) but slightly to the south of the Conway segment, while
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Figure 25 Faults and distribution of seismic shaking index of peak 
amplitude for the 31 mm peak in New Zealand. Highs are mainly in 
northern South Island, and the seismic shaking index decreases 
southwestwards.
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Figure 26 Faults and distribution of seismic shaking index of peak amplitude for the 
31 mm peak in the northern South Island, New Zealand. The major high is mostly on 
the southeastern side of the northeastern segment (Conway segment) of the Hope 
fault, but energy is also partitioned on other faults, probably as separate but smaller 
events, such as pre- or aftershocks. Another posibility is that the energy pattern is
related to the subduction of the Pacific plate under the Australian-Indian plate.



secondary highs are partly close to the Alpine fault and fall on other faults between the 

Alpine and the Hope faults.

The SSI map of peak amplitude for the 40 mm peak in northern South Island of 

New Zealand has similar features with the 31 mm SSI map (Figure 27). First, the SSI 

highs are also primarily in northern South Island, and SSI decreases southwestwards, 

suggesting that the Cook segment of the Alpine fault could not be the earthquake

generating fault and that the earthquake-generating fault must be in the northern area. 

Figure 28 shows detail of the 40 mm peak SSI map in northern South Island. The major 

high is also mostly to the south of Conway segment, the secondary high is closer to the 

Alpine fault. The trending of the major high is similar with that in Figure 26, i.e., 

trending NE-SW, generally parallel to the Conway segment of the Hope fault. The 

secondary highs close to the Alpine fault may suggest strain-partitioning or preshock and 

aftershock phenomena that are associated with the sequence of earthquakes generated by 

the preceding major earthquake along the Cook segment of the Alpine fault.

Both Figures 26 and 28 suggest that the Hope fault might be the major 

earthquake-generating fault, but energy was also partitioned on the other faults. An 

alternative explanation is that energy was released mainly on the Hope fault as a major 

earthquake, but partially released as preshocks or aftershocks on other faults, or as 

separate events. Another possibility is that an earthquake could be caused by a deeper- 

seated subduction thrust earthquake (Pettinga and Wise, 1994).

In contrast to 31 and 40 mm peaks, SSI of peak amplitude for the 43 mm peak in 

South Island of New Zealand (Figure 29) is generally low in the northeastern part of 

South Island, but very high in the middle-southern part of the South Island. We see two 

major highs in this figure. One is close to the Cook segment of the Alpine fault and at the 

southern part of the South Island, the other is to the east of the Cook segment of the 

Alpine fault. There is a small high in the generally low SSI area in the northern part of
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Figure 27 Faults and distribution of seismic shaking index of peak amplitude for 
the 40 mm peak in New Zealand. Highs are mainly in northern South Island, and 
the seismic shaking index decreases southwestwards.
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Figure 28 Faults and distribution of seismic shaking index of peak amplitude 
for the 40 mm peak in northern South Island, New Zealand. The major high is 
mostly on the southeastern side of the northeastern segment (Conway segment) 
of the Hope fault, but energy is also partitioned on other faults, probably as 
separate but smaller events, such as pre- or aftershocks. Another posibility is 
that the energy pattern is related to the subduction of the Pacific plate under the 
Australian-Indian plate. The pattern is similar with that in Figure 26, which 
may suggest that the events were both generated by the Hope fault, especially
the Conway segment.
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Figure 29 Faults and distributions of seismic shaking index of peak amplitude 
for the 43mm peak in New Zealand. Highs of seismic shaking index are mainly 
in middle South Island from measured sites. The major high is to the east but 
far away from the Cook segment of the Alpine fault, while the secondary high is 
close to the Cook segment. Another minor high is in northern South Island.
This separated pattern may be due to the gently SE-dipping thrust plane of the 
Alpine fault. They might also be related to separate events occurred at the same
time.



South Island. The distinct feature is that all the highs are not exactly on the faults like 

that in Figures 25 and 27. This may be related to the geometry of the fault plane of the 

Alpine fault. The Alpine fault is a large plate boundary thrust fault with dextral strike- 

slip component. The fault strikes in NE and dips to SE with a dip angle of 40° at Gaunt 

Creek, Westland New Zealand, and the dip angle is even much shallower at other 

locations (Cooper and Norris, 1994). It is a very active fault, having generated many 

large earthquakes due to the compression of the plate convergence. Geodetic studies in 

the central Southern Alps (Walcott, 1978) have shown that significant strain is 

accumulating in the regions east of the fault zone. The departure of the SSI highs from 

the Alpine fault trace may be due to the gentle dip angle of the thrust fault. The separated 

highs might mean strain partitioning or even separate events at roughly the same time or 

just due to the geometric feature of the thrust plane. That the highs are located at the 

middle-southern part of South Island means the event was probably generated by the 

Cook segment of the Alpine fault. Figures 30 and 31 are SSI maps of peak amplitude for 

the 125 and 84 mm peaks in New Zealand, respectively. At most sites in the northern 

part of South Island, SSI is almost zero, but SSI increases southwestwards and reach the 

highest values to the middle part of the Cook segment and decreases again. These two 

figures show very nice single SSI high almost at the middle of the Cook segment. The 

contour value in Figure 30 is less than that in Figure 31 possibly because of lesser density 

of lichen-size measurements for the 125 mm peak. The highs are also to the east of the 

Alpine fault but much closer to the fault trace. This suggests that the two events are both 

generated by the Cook segment of the Alpine fault, and that they are probably shallow 

events.

The 29.5 and 30.25 mm events in New Zealand are only several years apart. 

Although both have SSI highs in northern South Island, yet the SSI patterns are quite 

different (Figures 32 and 33). There is only one major high on the 29.5 mm SSI map of
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Figure 30 Faults and distribution of seismic shaking index of peak amplitude 
for the 125mm peak in South Island, New Zealand. The major high is to the 
east but very close to the Cook segment of the Alpine fault, and the seismic 
shaking index decreases northeastwards. Most sites in northern South Island
are of zero values.
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Figure 31 Faults and distribution of seismic shaking index of peak amplitude 
for the 84 mm peak in South Island, New Zealand. The major high is also to 
the east but very close to the Cook segment of the Alpine fault, and the seismic 
shaking index decreases northeastwards. Most sites in northern South Island 
are of zero values. This pattern is similar with that in Figure 30.
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Figure 32 Faults and distribution of seismic shaking index of peak amplitude 
for the 29.5 mm peak in New Zealand. The major high of seismic shaking 
index is located in northern South Island, primarily on the Hope fault, but to the 
west of the Conway segment of the Hope fault. Seismic shaking index also 
decreases southwestwards.
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Figure 33 Faults and distribution of seismic shaking index of peak amplitude for 
the 30.25 mm peak in New Zealand. The major highs are also mainly in northern 
South Island. One major high is to the south of the Conway segment of the Hope 
fault. Another major high is at the junction of the Hope fault and the Alpine fault. 
A secondary high is between the Hope fault and the Alpine fault.



peak amplitude (Figure 32), which is primarily on the Hope fault, but to the west of the 

Conway segment of the Hope fault. This suggests that the 29.5 mm event is possibly a 

single event generated mainly on the Hope fault. However, there are two major highs and 

a secondary high on the 30.25 mm SSI map of peak amplitude (Figure 33), which suggest 

that there were probably two events or some pre- or after-shocks related to the 30.25 mm 

peak. The locations of the major highs in Figure 33 are different from that in Figure 32. 

Therefore, we can separate seismic shaking index patterns that are even only several 

years apart.

In order to check the reliability of our seismic shaking index approach, we studied 

the SSI pattern of the 16 mm peak in New Zealand, which is dated roughly as 1925 A.D. 

from Equation 1. In 1929, there were two earthquakes occurred in South Island. The 

March 1929 event occurred around the junction of the Alpine fault and the Hope fault. 

The June 1929 event occurred to the north of the Brunner segment of the Alpine fault in 

South Island (Figure 34). Seismic shaking index of peak amplitude for the 16 mm peak is 

larger near the Conway segment of the Hope fault and near the junction of the Alpine 

fault with the Hope fault (Figure 34). SSI decreases northwards and southwestwards 

(Figure 35). There are two high SSI regions. The major high is close to the junction of 

the Alpine fault with the Hope fault, but slightly to the south of the Hope fault, which is 

very close to the March 1929 earthquake epicenter. The secondary high is primarily to 

the north of the Conway segment., which might be related to the Hope fault, but a more 

reasonable possibility is that the secondary high is due to the June 1929 earthquake 

because the Alpine fault plane gently dips towards southeast thus the maximum seismic 

shaking may not be right on the fault, but to the east of the fault. Therefore, our seismic 

shaking index pattern is consistent with the two events in 1929, which proves that seismic 

shaking index and SSI maps are very useful and reliable for locating prehistorical 

earthquakes.
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Figure 34 Faults and distribution of seismic shaking index for the 16 mm peak in 
northern South Island, New Zealand. Two major highs apprear. One is close to 
the junction of the Alpine fault with the Hope fault, which is close to the March 
1929 M=6.9 earthquake epicenter, the other is close to the Conway segment of the 
Hope fault.
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Figure 35 Faults and distribution of seismic shaking index for the 16 mm peak in 
South Island, New Zealand. Major highs appear mainly in northern South Island, 
but highs are separated into two domains. One is on the Conway segment of the 
Hope fault, the other is close to the junction of the Alpine fault with the Hope 
fault. These two major highs may represent two events. Seismic shaking index 
decreases rapidly southwestwards.
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SUMMARY AND CONCLUSIONS

Individual lichen-size measurements on rockfall blocks were transformed into 

composite probability density curves (CPDC) for sites in the Sierra Nevada, California, 

and Southern Alps, New Zealand. Composite probability density P(X) is a normalized 

abundance index representing abundance of rockfalls at a site. Lichen-size measurements 

from single-event sites approximate Gaussian distributions, so CPDC curves were 

decomposed into multiple Gaussian peaks by PeakFit. CPDC is primarily controlled by 

lichen-size measurements, however, standard deviation inputs (SD) influence curve 

shapes and details. Given different SD values, the same data set will produce different 

number of Gaussian peaks. Usually small SD values will show minor, moderate and 

major peaks, whereas large SD values only show major peaks. Small, minor peaks are 

smoothed out at larger SD values. Class interval AX has little influence on curve shapes 

when class interval AX of 0.1-0.2 mm is used in application of smaller SD values, such as 

SD = 0.25, 0.5 etc., and when class interval is used as 0.2-0.5 mm in application of larger 

SD values, such as SD = 1.5, 2.0, 3.0 etc. Reasonable sectioning of a composite 

probability density curve is important to get normal Gaussian peaks, otherwise, the 

decomposed peaks will be distorted, and peak amplitude and area will be less reliable. 

Peak fitting is best done with the variable width option.

Sampling rates of lichen-size measurements also affect peak parameters, 

especially peak amplitude, area and %area. High, constant sampling rates result in 

reliable peaks. Non-constant but relatively high sampling rates produce usable peak 

parameters. However, low sampling rates often generate low peak amplitudes with less 

reliability. Sampling rate can be evaluated by means of univariate scattergrams of sorted 

lichen-size measurements. At the Laurel Creek site, a constant sampling rate was



obtained in the 3-80 mm lichen-size range for lichen Acarospora chlorophana, but the 

sampling rate decreases exponentially with lichen-size above 80 mm. However, the 

sampling rate of about 25 measurements/10 mm is still fairly large in the 80-125 mm 

lichen-size range, which is usable and reliable for dating prehistorical earthquakes and 

generating seismic shaking indices. The sampling rate in the lichen-size range above 125 

mm is low thus peaks in this range are less reliable for generating seismic shaking indices 

and even dating purposes.

High A/W (amplitude/width) ratios represent large or moderate peaks with good 

quality and higher reliability (Table 6. a)). With constant and high sampling rate, large, 

dominant peaks usually have A/W ratios equal to or larger than 0.01, and medium peaks 

have A/W ratios between 0.005-0.01, such as those in the 3-80 mm range at the Laurel 

Creek site in the Sierra Nevada. With intermediate sampling rate, relatively large peaks 

often have A/W ratios within 0.005-0.01, such as those in the 80-125 mm range at the 

Laurel Creek site. However, peaks commonly have A/W ratios less than 0.005 with low 

sampling rates, such as those in the lichen-size range above 125 mm at the Laurel Creek 

site.

About 85 peaks were decomposed at SD = 0.5 for the Laurel Creek site. Many 

peaks coincide with known historical and prehistorical earthquakes, but many other peaks 

are local events that may be caused by unusual storms, snow avalanches, freeze-thaw 

cycles or some unknown factors. Earthquakes are believed to account for the greatest 

volume of rockfalls, so wide occurrences of large peaks represent a regional event.

Although peak dominance classification is qualitative, it is useful. Regional 

variation of peak dominance was used to locate prehistorical earthquakes. Criteria to 

identify coseismic rockfall peaks from local events or even noise modes include varying 

SD values in computation of CPDC, regional abundance, peak A/W ratio, peak amplitude 

and area, peak position and relative size. Usually SD values of 0.5, 0.75, 1.0, 1.25, 1.5,
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2.0 were used. Peak dominance defined as relative importance and standing out of peaks 

is a very useful concept to identify regional rockfall events. Commonly peak dominance 

is divided into three classes: major, moderate, minor peaks. Peak dominance 

classification method was primarily applied to lichenometry sites in the Sierra Nevada. 

Regional events coinciding with some Pallett Creek seismic events were categorized 

mainly as major or moderate peaks. Major peaks of non-Pallett Creek sequence were 

also recognized, such as the 1788, 1665 A.D. events in the Sierra Nevada (Table 10). 

Local events may appear as major to minor peaks, such as the strong 1606 A.D. event at 

the Ellery site and the 12.89 mm mode at the Laurel Creek site in the Sierra Nevada 

(Table 10). Most major and moderate peaks are considered as event peaks mainly caused 

by coseismic rockfalls. Minor peaks are generally considered as local events.

Error sources were analyzed. For a single measurement of individual lichens, 

measurement standard deviation is averaged at 0.11 mm, but can reach as high as 0.36 

mm, which was enclosed into CPDC computation when SD is input thus was not 

propagated in error estimation. Varying SD values result in peak center standard errors in 

the range of 0.01-0.66 mm. The standard errors for each decomposed peak center are 

negligible if they are small compared to peak center variation at varying SD values, but 

need to be added in error estimation if they are relatively large. Error from calibration of 

lichen growth is another major source of errors for event ages. The estimated errors for 

some of the Pallett Creek events range from ±5 to ±48 years, mostly around ±20-±30 

years, which match the errors of ±13-+65 given by precision radiocarbon dating rather 

well.

The greatest advantage of decomposition of composite probability density curves 

is that it can produce seismic shaking index maps to examine seismic shaking intensity 

and its relations with faults for prehistorical earthquakes, and that it provides a better 

estimation for 95% errors of event ages. However, there are some limitations in its
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application. Sampling rates usually influence peak amplitudes. Peaks decomposed from 

low sampling can not be reliably classified, will give incorrect maps of seismic shaking 

index distribution. Furthermore, it is difficult to identify a regional rockfall event from 

local events with low sampling rates.

Seismic shaking index is defined as peak amplitude of an event peak because 

P(X) is a normalized abundance index of coseismic rockfalls independent of sample size. 

Peak %area is rejected as SSI because the number of peaks in a section of data has strong 

influence on peak %area, but peak area is acceptable as SSI, though peak amplitude is 

preferred. Site selection, sampling rate of lichen-size measurements, SD values, length of 

data section and width option in peak fitting process all have impacts on decomposed 

peaks and SSI values.

A good SSI map should have fairly uniformly spaced sites, not heavily limited by 

natural conditions, and sites with low sampling rates should be excluded. Length of 

curve section is usually set at 6 mm with SD value of 0.25 and class interval of 0.1 mm 

for every sites. If the section length is too large there will be more than 8 peaks in the 

section. Variable width is suggested in peak fitting process. Peak amplitude of any peak 

that is within the lichen-size range which is 0.66 mm up and below the desired peak 

center is used as SSI. High sampling rates usually produce reliable SSI maps, 

nevertheless, low sampling rates will give relatively low, incorrect SSI values.

The seismic shaking index of the 16 mm peak decreases northwards and 

southwestwards. There are two SSI highs in northern South Island, which are consistent 

with the March 1929 and the June 1929 earthquakes in South Island in New Zealand. 

This suggests that our seismic shaking index maps are reliable and useful for locating 

prehistorical earthquakes.

SSI patterns of the 31 and 40 mm peaks in South Island of New Zealand are 

similar. They both have highs in northern South Island, but SSI decreases
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south westwards. The major highs fall on the Conway segment of the Hope fault, but 

secondary highs are close to the Alpine fault and other faults, suggesting that the Hope 

fault may be the major earthquake-generating fault, but strain was partitioned on other 

faults or pre-shocks or after-shocks might have occurred.

The 43, 84, and 125 mm SSI maps of peak amplitude have major highs in the 

middle-southern part of South Island, but to the east of the Alpine fault. The departure of 

the SSI highs from the Alpine fault may be related to the SE-dipping of the fault plane. 

The Cook segment may be the earthquake-generating fault for these peak modes. The 

positions of the highs for the 43 mm event are different from those of the 84 and 125 mm 

events. The SSI patterns for the 84 and 125 mm are similar with highs closer to the 

Alpine fault, but their contour values are different, probably due to different rates of 

sampling. Major highs of SSI of peak amplitude for the 29.5 and 30.25 mm peaks are all 

in northern South Island, but SSI decreases northwards and southwestwards.

SSI patterns for the 29.5 and 30.25 mm peaks in New Zealand are quite different. 

The major high on the 29.5 mm SSI map is primarily to the west of the Conway segment, 

but the major highs on the 30.25 mm SSI map are to the south of the Conway segment or 

close to the junction of the Alpine fault with the Hope fault. The 29.5 and 30.25 mm SSI 

patterns were well separated, which suggests that events that are only a few years apart 

may be distinguished.
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APPENDIX A

COMPUTATION OF COMPOSITE PROBABILITY DENSITY CURVES (CPDC) 

Programs

Programs were written in Quick Basic which is easy to run and modify. Several 

versions were written.

lichensi.bas: u s e ^ J J u  to substitute Sj to get only one CPDC. 

lichsdsk.bas: use a constant SD value to substitute Si.

lilusdsk.bas: use a constant SD value to substitute Si to calculate CPDC for a 

lichen-size range Liower—  Lupper (nun).

Lichen Data Preparation

When lichen data are input into a Statview spreadsheet, copy all data to a single 

column in a new spreadsheet, then sort the data in ascending manner, save data in a 

single column in text format, export data without showing column name to a PC diskette. 

Name the file in *.pm format. This file is applicable to the above listed programs, but 

they could not be typed out on screen. To view the exported data you can use PC Excel. 

When lichen data are input into Mac Excel spreadsheet, follow similar procedure.

Execute *.bas Programs
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Suppose we use CCIT computer lab in Shantz Rm 338.

Turn on the computer (any one OK)

Main menu shows:

DOS commands

Exit to DOS

Now cursor shows as:

F>

Then make a subdirectory named comp:

F> md comp

Enter subdirectory comp 

F>cd comp

Copy files from Drive A to Drive F:\comp>

F:\comp>copy A:L*.* F:

Then run Qbasic program:

F:\comp>Qbasic

When a window with explanation appears, press ESC, then another window 

shows as:

File Edit View Search Rim Debug Options Help

Use mouse to click on File, then click on Open, then choose the program you 

want to run, e.g., lichsdsk.bas, click OK.

The program will show on the screen, now click on Run, then on Start. The 

program will ask you to enter some parameters. The programs are designed to read the



lichen-size measurements in an ascending manner in one column, and to write the X-Y  

data table into a file named *.dat. This format is important. It helps to differ the original 

lichen-size measurements file (*.prn). If you don’t use extension .dat, PeakFit will not 

recognize.

Suppose you use 3.5 inch disk in drive A which contain your original lichen-size 

measurements exported from Statview or Excel. Assume the lichen-size measurements 

file is Goathill.prn, and the calculated X-Y data table is written into Goath05.dat. Then 

follow the screen:

Enter input file: A:\GoatMlLpm

Enter output file: F:\Goath05.dat

Standard Error: §.5

Step of X increment: (D.l

The program will list the total number of lichen-size measurements, the smallest 

and largest lichen sizes. When done, press any key to continue another operation.

If only a portion of the lichen-size range is to be computed using the whole data 

set at a site, the following two lines will be incurred:

The lower lichen-size limit: 28.00

The upper lichen-size limit: 34.00

The computed data will be written in *.dat file and saved in directory: F:\comp>

To copy Goath05.dat back to diskette in drive A,

124

F:\comp>copy Goath05.dat A:



To enter a subdirectory:

F>cd comp

Then path will show:

F:\comp>

To return to directory F: 

F:\comp>cd..

To delete a file:

F:\comp>del filename.ext 

To delete all file:

F:\comp>del.

Be careful when use this command.
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APPENDIX B

RUNNING PeakFit

Suppose we use the 486 DX2 computer in COT computer lab at Shantz Rm 338.

Turn on the computer

Put disk with PeakFit programs in drive A

In main menu

Exit to DOS command 

Exit to DOS 

F>md peakfit 

F>cd peakfit 

F:\peakfit>copy A:*.* F:

F:\peakfit>peakfit

PeakFit decompress itself, so wait a second 

Then a window appear with contract, press ESC 

Then the PeakFit window shows

Insert the diskette containing *.dat. If your *.dat file is in subdirectory F:\comp>, 

you don't need to insert any diskette.

Now click on File, Read BataFile, Standard, then choose drive A or select 

subdirectory comp, click on the data file you want to decompose, e.g.,

Goath05.dat

Wait a few seconds. Now you can click on Edit to edit data if necessary, or you 

can calculate and change the data by inputting your own formula under Calc. Click on



Table, then New X-Y Title, input tile, X axis name, Y axis name, press return when 

done or click.

There are many additional functions, such as filtering etc., usually we don't need 

them because our data is very well smoothed.

Now click on View, then Data Graph, a curve will show out. Since PeakFit can 

only fit 8 peaks each time, so if you have more than 8 peaks you have to section the data. 

First, click on Zero Y, then click on Section XY, then drag mouse, you can see a box, use 

it to select any part of data you want. If you want to abandon the selected section, press 

ESC. After data is selected, click on Done.

Now click on Process, then Curve-Fit, a window will show you the curve to be 

fitted. On the right side of the window, several features can be seen. Click on the Lock 

M enu, a line upon top of the curve will show. Click on F2 FnGrp, you can choose 

different functions for the decomposition.

Click on Bkd, background can be fitted. Then click on P k l, Pk2, ..., Pk8. 

Gaussian subpopulations will be added to match the curve. Width, center and amplitude 

of each added peak can be adjusted to pre-fit the curve. Click on-Curve-Fit at the bottom 

of the window, then click on Toggle Fast, PeakFit will quickly decompose the curve into 

Gaussian subpopulations.

After the peakfitting process is done, you can abandon the result by clicking on 

Abandon Fit if you don't like the fitted result, or you can accept the result by clicking on 

Accept Fit, or you can revise the peak by clicking on Addl Adjust. After revising some 

of the peak parameters, you can click on Curve Fit again.

When you click on Accept Fit, there will be a file to be saved. You can change 

the name or simply click on it. If you run several sections one after one, you may be 

asked to overwrite or rename the file *.PFE. You can overwrite it because this *.PFE file 

has no big use.
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Now you can click on Review, then Graph Start. The fitted curve and Gaussian 

subpopulations will appear. Click on R esiduals, check the distribution feature of 

residual. If residual is random, it means the peakfitting work is excellent, otherwise, your 

peakfitting is not quite good. Click on Done, you can quit residual. Now click on 

Intervals, the 95%confidence envelop will appear, which can be changed by changing 

default parameters and by clicking on Typelnt.

Before you output the graph. First click on the O utput, then on C onfigure  

Printer, choose HP Laser Jet + II, III 150X150, then click two times on Y. Now you 

can click on the output format you want. Usually, you can print half page graph and peak 

summary, or half page graph with full peak summary.

For the same *.dat file, if you want to fit another section of data, you can click on 

View, then click on Active, the whole data section will appear, click on Section XY  

again, any section of data can be chosen.

To read another file, you can click on File, Read Data File, Standard, then you 

will be asked to Append data, click on No, or Yes if you want to add some data to the 

previously opened file. Then you will be asked to Save data, click on No, or Yes if you 

want.

For a section of data, if you add too many peaks or too few peaks, you cannot get 

a good fitting. PeakFit cannot add peaks itself. Always put target peaks in the middle of 

the section and place the ends of the section at valley positions of a curve. Fitted peaks at 

ends of a section usually are not reliable except that they are complete peaks.
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APPENDIX C

SEISMIC SHAKING INDEX MAP

For a target peak, such as the 31 mm peak in New Zealand, pick up its amplitude 

value for each site, and input the site location, longitude and latitude in degrees, and peak 

amplitude into three columns in Deltagraph spreadsheet respectively.

Since amplitude values are usually very small, so use Formula Builder under Tool 

to change the amplitude into large values by multiplying 1000.

Then select the three column with longitude, latitude and amplitude values.

Click on Data in main menu, drag to Chart Gallery and release, click on Chart 

G allery and drag to Char Advisor, then release, click on 2-D in T ype, then go to 

Suggested Charts, click on XYZ contour line, then click on OK. Deltagraph will 

generate the contour graph. For the New Zealand data, the latitude axis should be 

reversed by clicking on the left frame.
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APPENDIX D

ERROR PROPAGATION

( -

A. .Small Standard Errors of Decomposed Peak Center Values

When the standard errors of decomposed peak centers are very small compared to 

peak center variation at different SD values, the standard errors o f the decomposed peak 

centers can be neglected, thus, Lse=Ese- In this case, we can only consider the peak 

center variation at different SD values and the calibration errors. For most of our event 

age error estimations the standard errors of decomposed peaks are very small compared 

to peak variations, therefore, we ignored the standard errors of decomposed peak centers 

in our error estimation (Table 9).

B. Large Standard Errors of Decomposed Peak Center Values

When the standard errors of decomposed peak centers are relatively large 

compared to peak center variation at different SD values, the standard errors shouldn’t be 

neglected. The standard errors of decomposed peak centers are propagated into the final 

error estimation by the following procedure.

Suppose we have N separate readings o f peak center values of a same peak at 

different SD values,

L i+ a i, L2±G2,..., Ln± gn

with their corresponding standard errors g i, 0 2 ,..., Gn - The best weighted average of the 

peak center values is:
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N

£wiLi

i=l

where the weights w{ are the inverse squares of the corresponding uncertainties,

(13)

for i = 1,2,. .. .  N. The final standard error is given by the following equation:

r n v 1/2

V=i y
L/Se — (14)
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