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Landslides Caused by the Mw = 7.9, Pisco, 
Peru, Earthquake: A Case Study 

Introduction 
On August 15, 2007, at 6:41 pm local time, a Mw = 7.9 earthquake1 occurred off the coast of central 
Peru. The earthquake occurred approximately 60 km west of Pisco and was recorded by 13 
accelerograph stations within 200 km of the epicenter. The earthquake’s rupture plane was determined 
to be about 170 km long and 130 km wide; the rupture propagated unilaterally with a predominantly 
reverse-fault mechanism. Maximum slip was on the order of 180 cm; earthquake duration was 210 
seconds. The focus of the event was located at 13.49°S, 76.85°W, 18 km deep, a depth consistent with 
an interface event on the contact surface between the Nazca and South American plates (Tavera et al., 
2008).  

Alarcón et al. (2008) reported that the earthquake caused “519 deaths, 1366 injuries, and the collapse of 
more than 58,000 houses.”  In addition, the Pisco earthquake triggered over 290 ground failures, 254 of 
which were landslides. 

The first part of this thesis describes the different landsliding modes observed in the affected area, and 
the parameters that affect landsliding susceptibility: ground motion, geology, geomorphology, slope, 
slope, slope aspect, ecological region, precipitation, proximity to rivers, and presence of roads or 
roadcuts.  Three main landsliding regions are identified: the Paracas Peninsula, the Coastal Plains, and 
the Andes Mountains. For each region, the typical landsliding mode is described, as well as the specific 
parameters which contribute to landsliding susceptibility. 

The second part of this paper attempts to determine whether several proposed landslide frequency-
volume or earthquake magnitude-volume relationships are valid for the Pisco landsliding event, and 
whether any of them can be used to upscale the inventory; i.e. account for missing small-volume 
landslides. 

 

Post-Earthquake Reconnaissance 
290 ground failures were inventoried as a result of the earthquake (INGEMMET, 2007; Zavala et al., 
2009, and Wartman, unpublished) including a 3 km-long, 1-km wide lateral spread along the 
Panamericana Sur highway—possibly the largest lateral spread ever recorded (Rodriguez-Marek, 2008).  
Ground failure inventories used in this report can be found in Appendix A. 

                                                           
1 Moment magnitude was reported as 7.9 (Tavera and Bernal, 2008) and 8.0 (USGS, 2012.) The 7.9 value was 
chosen because of Tavera’s previous experience and publications regarding the study area. 



2 
 

 

As-of-yet unpublished landslide data in this report comes from two earthquake reconnaissance trips and 
was provided by Joseph Wartman: the August 20, 2007, 6-day preliminary field reconnaissance trip 
sponsored by Geotechnical Earthquake Engineering Reconnaissance (GEER) and funded by the National 
Science Foundation (NSF); and a second NSF-sponsored 10-day trip starting March, 16, 2010.  

Data Set      
Ground failure data for this report was collected from three sources: INGEMMET (2007), Zavala et al. 
(2009), and Wartman (unpublished data).  In this report, ground failure refers to landslides and lateral 
spreads, which have an associated volume, as well as settlement, cracks, and evidence of liquefaction, 
which have no associated volume. See Appendix A for original source data, as well as the final combined 
inventory. 

INGEMMET (2007) detailed 157 ground failures immediately after the earthquake, in a report published 
the following month. Included were 128 landslides/lateral spreads. (Only 127 of these were used in 
analyses involving volume, as one lateral spread was without a volume estimate.) 

Zavala (2009) expanded on the INGEMMET data, adding an additional 11 liquefaction sites and one 
settlement site. 

Wartman (unpublished) inventoried 245 ground failures during two reconnaissance trips to Peru, in 
August of 2007, and again in March of 2010. 127 of these ground failures were not previously described 
by INGEMMET or Zavala. Volumes of some of the previously described INGEMMET ground failures were 
systematically measured and calculated, resulting in amended volumes in 25 cases. 

The final combined inventory was created by mapping each of the ground failures from all 3 datasets in 
ESRI’s ArcMap program, in order to determine which points were unique, and which were redundant.  In 
some cases points were also viewed in Google Earth. The final inventory consisted of 290 ground 
failures, 254 of which were considered landslides (were associated with rock or soil volumes.) 

Geologic and Geomorphic Setting 
The area in which the earthquake-induced landslides occurred stretches from Lima on the central west 
coast of Peru, south 230 km to Nazca, and east 160 km to the ridge of the Andes.  It consists of a 
relatively flat coastal plain to the west, and the mountainous Andes to the east. West of the Andes on 
the coastal plain, the geomorphology is characterized by cut-and-fill terraces, and Quaternary fluvial and 
alluvial fan deposits up to several tens of meters thick. Hillslopes here are less than 30°.  The Andes 
themselves consist of Cretaceous and Tertiary volcanics and some pre-uplift (Jurassic or older) 
sedimentary rocks, all underlain by Mesozoic to Cenozoic intrusives (Steffen et al., 2009). 

Between the coastal plain and the Andes is an area of slope discontinuity called the knickzone; in this 
area, the hillslope angles are very steep—up to 60°, and the alluvial channels are deeply incised into the 
bedrock. The geology in this area is not significantly different from that of the main Andes; the 
geomorphology here has been interpreted to indicate headward erosion in response to uplift during the 
late Miocene (Steffen et al., 2009). 
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Understanding the tectonic setting of the study area is useful to provide context for the geology and 
geomorphology of this area, in particular, to explain the absence of volcanism in most of the Peruvian 
Andes in an otherwise active volcanic chain.  About 250 million years ago during the late Jurassic, a rift 
began to form in the continent of Gondwana. The western and eastern halves of this continent were 
split apart into what are now South America and Africa. As new crust was created in the mid-Atlantic 
spreading center, the South American plate was pushed westward into the Nazca plate. The denser 
oceanic crust of the Nazca plate subducted beneath the less-dense continental crust of the western 
margin of the South American plate, at a rate that is currently estimated to be about 7-8 cm/year, 
compressing the western margin of the South American plate and creating the Andean orogeny (DeMets 
et al., 2007). 

For most of the length of the Nazca plate, subduction occurs in a “typical” fashion whereby the 
subducting plate dips at relatively steep angle (greater than 30°) and is consumed by the Peru-Chile 
trench. In these areas, volcanism is present. However, between the latitudes of 5°S and 14°S, there is a 
1500 km long stretch (which includes our study area and most of the Peruvian Andes) where subduction 
is relatively flat (dipping at an angle less than 30°) and volcanism is absent.  See Figure 1. Here the Nazca 
ridge, a thicker section of oceanic crust, subducts beneath the South American plate. (Barazangi and 
Isaaks (1976), Jordan et al. (1983), Nur and Benavraham (1982), McGeary et al. (1985), and Pilger (1981). 
Interestingly, seismic energy released into the upper, overriding South American plate in this area of flat 
subduction is 3-5 times greater than in areas of “typical” subduction. This increase is attributed to 
viscous coupling between the two plates across a larger area of contact. Dewey and Lamb, (1992) 
suggest that 90% of the intraplate motion here is taken up by slip between the two plates, and 10% by 
thickening and shortening of the overlying crust. 
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Figure 1. Gap in volcanism, seismic energy release 3-5 times greater in this area. 

 

Climate and Moisture 
The climate in the study area is very dry throughout most of the year, and most of the rivers are 
ephemeral (Casey, 2010; Steffen et al., 2009). Annual precipitation ranges from 700-800 mm/year in the 
Altiplano (high mountain plateau) region, to 30 mm/year in the knickzone, to almost zero on the coast. 
(Steffen et al., 2009). Precipitation is controlled by the positions of the sub-tropical jet stream and the 
Inter-Tropical Convergence Zone. During the Peruvian summer from December to February, when the 
sub-tropical jet stream is to the south, humidity from the tropical Amazon basin and the Atlantic is 
carried by easterlies to the high mountain areas. During the rest of the year when the subtropical jet 
stream is further north, there is a persistent, dry, westerly wind with almost no precipitation.  

The study area encompasses 6 drainage basins which drain westward toward the Pacific Ocean (only 
one of which has a perennial river, the Rio Pisco) and one endorheitic drainage basin (a closed basin 
with no outflow) that drains to the east (Hearn et al., 2000). 
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Landslides 

Types of Landslides 
Landslides were classified using a modified version of the Keefer (1999) earthquake-induced landslide 
rubric. Not all subtypes were used, because information regarding the type of movement (e.g. rotational 
versus translational sliding) and amount of internal disruption was often not available— particularly for 
the INGEMMET and Zavala landslides. The 3 main categories of landslides were disrupted slides and 
falls, coherent landslides, and lateral spreads and flows. 

Disrupted Slides and Falls 
Disrupted slides and falls have high to very high internal disruption, consisting of numerous small blocks 
and individual soil grains and rock fragments. In cases of very high internal disruption there may be 
complete disaggregation into individual soil grains or rock fragments. Rock falls (Figure 2) are 
characterized by extremely rapid, bounding, rolling or free-fall motion. They occur at shallow (<3 m) 
depths, and are very abundant in earthquakes; they can occur in completely dry to saturated materials. 
Debris/earth falls (Figure 3) are identical in amount of internal disruption, speed, type of movement, 
depth, and water content, but are only moderately common. Debris avalanches (Figure 4) are 
distinguished from debris/earth falls by type of movement:  rapid to extremely rapid translational sliding 
with subsidiary flow; Keefer (1994) considers them to be an abundant type of earthquake-induced 
landslide, however there are only 3 landslides of this type in our dataset.  

 

 

Figure 2. Rockfall, mountains. Photo by Joseph Wartman, 8/23/2007.
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Figure 3. Debris/earth fall, mountains. Photo by Joseph 
Wartman, 3/20/2010. 

 

 

Figure 4. Debris/earth avalanche, Coastal Plains. Image 
from Google Earth.

Coherent Landslides 
Both rocks slumps and debris/earth slumps (Figures 5 and 6) consist of one to several coherent blocks. 
Their motion is described as slow to rapid, deep (> 3 m) rotational sliding in materials that are moist to 
saturated.  Keefer (1994) considers rock slumps to be moderately common, and soil slumps to be 
abundant. 

 

 Figure 5. Rock slump, Paracas. Photo by Joseph 
Wartman, 3/18/2010. 

 

Figure 6. Debris/earth slump, mountains. Photo by 
Joseph Wartman, 3/20/2010. 
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Lateral Spreads and Flows 
The motion of lateral spreads and flows (Figures 7 and 8) is very rapid translation upon a zone of 
liquefied or sensitive material which results in permanent deformation. Lateral spreads and flows occur 
in fully to partially saturated material, and can be either shallow or deep. Lateral spreads and flows are 
moderately common, according to Keefer (1999.) 

 

Figure 7. Debris/earth lateral spreading, Coastal Plains. 
Photo by Joseph Wartman, 3/16/2010. 

 

Figure 8. Debris/earth lateral spreading, mountains. 
Photo by Joseph Wartman, 3/20/2010.

 

Other Ground Failure Types 
Also observed were cracks, settlement, and evidence of liquefaction (sand boils.) See Figures 9 and 10. 
None of these is associated with a rock or soil volume; these types of ground failures are not considered 
to be landslides. 

 

 

Figure 9. Cracking, Paracas. Photo by Joseph Wartman, 
3/18/2010. 

 

Figure 10. Sand boil. Photo by Joseph Wartman, 
8/26/2007.
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Landsliding Parameters 
Parameters investigated related to earthquake-induced landsliding were peak ground acceleration (PGA) 
and earthquake intensity, surface geology, ecological region, slope, slope aspect, moisture, and the 
presence of roads/roadcuts. 

Peak Ground Acceleration 
The McVerry ground motion attenuation relationship was selected to describe peak ground acceleration 
(PGA) based on the work of Tavera et al. (2008.) 

Tavera et al. (2008) investigated predictive capability of 5 attenuation relationships developed for 
interface subduction earthquakes:  

• Atkinson and Boore (2003) developed using worldwide data 
• Kanno et al. (2006) developed using data from Japan 
• Zhao et al. (2006b) developed using data from Japan 
• McVerry et al. (2006) developed using data from New Zealand 
• Ruiz and Saragoni (2005) developed using data from Chile 

See Appendix B for information regarding the characteristics of each of the equations, as well as graphs 
comparing the predicted values to the observed values.  

Using the Scherbaum et al. (2004) classification method, Tavera et al. (2008) assigned ratings to each of 
the attenuation relationships for peak ground acceleration (PGA) and  5% spectral analysis (SA5%) at 7 
different periods.  See Table 1. (Note: the Ruiz and Saragoni (2005) attenuation relationship is not 
included in the evaluation—possibly because it predicts PGA only.) 

Table 1. A) Comparison of observed ground motions with predictions from selected equations, adapted from Tavera et al. 
(2008.)  B) Classification rubric. 
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The McVerry relationship was determined to be the overall best fit, and is used to predict PGA for 
ground failure sites described later in this paper.  

Implementation of McVerry Attenuation Relationship 
Peak ground acceleration (PGA) was calculated using the following equations and parameters from the 
McVerry (2006) subduction zone model: 

PGAA/B = SAA/B(T=0)     McVerry et al. (2006) equation (5) 

Where   

ln SAA/B(T) = C11(T) + (C12Y + (C15(T) 

- C17(T))C19Y)(M-6) 

+ C13Y(T)(10-M)3 

+ C17(T)ln(r+C18Yexp(C19YM)) 

+ C28(T)HC + C24(T=0)Sl 

+ C46(T)rVOL(1-DS)   McVerry et al. (2006) equation (2) 

 

Details of the McVerry equations, as well as tables of the coefficients used can be found in Appendix C.  
A/B refers to the New Zealand site class categories, “strong rock” and “rock,” which are nominally 
equivalent to National Earthquake Hazards Reduction Program (NEHRP) site classes A and B, however 
they are defined slightly differently—see also Appendix C. Note that the unprimed versions of the 
equations and coefficients were used. (Unprimed coefficients are for the geometric mean of the 
acceleration response components; primed are for the stronger horizontal components.) 

Parameters used in the equations were: 

Moment magnitude 

Shortest distance in km from site to source 

Centroid depth in km 

Interface earthquakes, <50 km depth  

Length of path in volcanic zone 

Deep slab earthquakes, >50 km depth 

Coefficients of the attenuation model  

 

M = 7.9  

r = varies, depending on location  

HC = 18  

SI = 1  

rVOL = 0  

DS = 0  

Ci(T) = varies, from table

MATLAB code implementation of the the McVerry ground motion attenuation relationship, as well as 
the calculation of site-to-source distance, r, can be found in Appendix E.  PGA values  were calculated for 
1061 points on a square grid spaced 0.05 degrees apart. Point values were then imported into ESRI’s 
ArcMap program to create PGA contours in units of g. See Figure 11.  
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Figure 11. McVerry peak ground acceleration contours.  

 

These PGA values correspond to a period of T=0. They  do not take into account effects of local site 
conditions, specifically amplification due to soils.  See Figure 12 for a comparison of the McVerry 
contours with accelerograph station PGA values. 
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Figure 12. PGA contours calculated using McVerry compared to A) North accelerograph station PGA values, and B) South 
accelerograph station PGA values. 

 

For rock sites (158 out of 254 ground failures) the McVerry contours are a reasonably good predictor of 
PGA.  For soil sites, actual PGAs will be larger than predicted by the McVerry attenuation relationship.  In 
general, landslide density (number of landslides per square kilometer) and volume of landsliding 
material decrease as PGA decreases (Figures 13 and 14) however two factors, slope and moisture, can 
have a controlling effect locally. This will be examined in further detail later in this paper. 
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Figure 13. Number of landslides normalized by area. 

 

  

Figure 14. A) Landslide volumes normalized by area; B) vertical axis expanded to show Andes Mountains region. 
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Modified Mercalli Intensity (MMI) Scale 
An alternative method of presenting ground shaking intensity is the MMI (Modified Mercalli Intensity) 
scale.  MMI contours (Tavera et al., 2008) were produced by surveying earthquake damage, primarily to 
structures. 2  See Figure 15 for a comparison of MMI contours with accelerograph PGA values.  Table 2 
shows PGA equivalents to MMI values, using the Wald et al. (1999) relationship: 

 MMI = 3.66*log (PGA) – 1.66 

 

 

Figure 15. MMI intensities compared to accelerograph stations. PGA for stations in g. 

 

                                                           
2 Many buildings in Pisco and the surrounding area were constructed with adobe or unreinforced concrete, and 
were severely damaged during the earthquake. Because the MMI scale is calibrated to structures typically found in 
in more developed countries, the large amount of damage assessed could lead to higher MMI values than would 
otherwise be assigned for the same amount of ground shaking elsewhere. 
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Table 2. Wald et al. (1999) empirical relationship between PGA and MMI. 

 

MMI values are a better fit for soil sites than for rock sites. 

Medvedev Sponheuer Karnik (MSK) Intensity Scale 
Also evaluated was the MSK earthquake intensity, an earthquake intensity scale developed in Eastern 
Europe, which is similar to the MMI scale. Contours were created in ArcMap, using the latitude, 
longitude, and MSK intensity values from 54 towns, as reported in Astroza (2007.) See Figure 16.  

Table 3 shows the conversion between PGA and MSK intensity values; conversion is from Mohindra et 
al. (2012.) 

 

 

Figure 16. MSK intensities compared to accelerograph stations. PGA for stations in g. 
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Table 3. Mohindra et al. (2012) PGA-MSK intensity conversion table. 

 

The values in Table 3 were taken directly from Mohindra et al. (2012.) A regression performed in Excel 
returned the following mathematical relationship: 

𝑃𝐺𝐴 = 1.9187 ln(𝑀𝑆𝐾) + 10.542 

With R2 = 0.988. 

Like MMI values, MSK values are a better fit for soil sites than for rock sites. 

  

Comparison of McVerry, MMI, and MSK PGA Predictions 
For rock sites, the difference between the predicted PGA values and the measured PGA values is 
smallest for the McVerry attenuation relationship.  For soil sites, MSK values are a slightly better fit. See 
Figure and 17 Table 4.  PGA values were derived by interpolating MMI or MSK values from the contours, 
and converting them to PGA with the appropriate mathematical relationship. 

Throughout the rest of this text, McVerry PGA values will be used for two main reasons: the McVerry 
PGA values for soil are quite close to the MSK values, and data for the MSK contours does not extend to 
contours lower than MSK=6 and therefore cannot be used in the Andes Mountains region.  
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Figure 17. Comparison of PGA predictions with accelerograph station measurements. 
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Table 4. Comparison of McVerry, MMI, and MSK predictive values. 
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Geology 
The geologic maps used in this report were created by the Instituto Geológico Minero y Metalúrgico 
(INGEMMET) of Peru, and downloaded as .kml files from OneGeology.org.  The maps, including brief 
unit descriptions, can be found in Appendix D.  Figure 18 shows locations of landslides on the geologic 
map. 

 

Figure 18. Geologic map of study area. Unit descriptions can be found in Appendix D. Yellow circles are ground failures. 

Geology is clearly a factor in landsliding susceptibility for the Paracas Peninsula and Coastal Plains 
regions, and will be explained in further detail, later in the sections that describe these regions. In the 
Andes Mountains region, sedimentary rock units appear to be more susceptible to landsliding; however 
other factors such as slope and the presence of soils appear to contribute more to landsliding 
susceptibility than geologic unit. 
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Ecological Regions 
Shapefiles for ecological region data come from a USGS database of Central and South America (Hearn 
et al., 2000.) Ground failures were mapped on top of ecological regions in an attempt to discern a 
relationship; see Figure 19. It appears that the extent of ground failures ends at the boundary between 
the Sechura desert (desert and xeric shrublands) and the Central Andean wet puna (montane 
grasslands.) It is possible that increases in moisture or vegetation reduce the landsliding susceptibility. 
This idea will be further explored later in this paper when landslides are mapped relative to rainfall 
contours.  

It should be noted, however, that it is also possible that landsliding is not controlled by ecological region, 
but instead both landsliding and ecological region are functions of another factor such as slope. At the 
boundary between the Sechura desert and the Central Andean wet puna there is a distinct reduction in 
slope steepness. See Figure 20.   

In addition, ecological region boundaries parallel PGA attenuation contours—it may be that landsliding 
ends simply because the ground shaking has diminished below a triggering threshold. 

 

Figure 19. Ground failures relative to ecological region. 
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Figure 20. Ecological region boundary coincides with distinct decrease in slope. 
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Slope 
Slope was calculated using a built-in analysis tool in ArcMap from 30-m resolution ASTER (Advanced 
Spaceborne Thermal Emission and Reflection Radiometer) data, which was downloaded from the 
ERSDAC (Earth Remote Sensing Data Analysis Center) website (NASA, 2011.) 

The algorithm used to calculate slope comes from Burrough and McDonell (1998): 

a b c 

d e f 

g h i 
Figure 21. 3x3 grid of cells for calculation of slope at cell e. Cellsize is 30 m for Pisco region data. 

slope (degrees) = tan-1((  [dz/dx]2 + [dy/dx]2  )½ )  * 180/π 

where dz/dx is the rate of change in the x direction: 

dz/dx = ((c + 2f + i) – (a + 2d + g)) / (8 * cellsize) 

 and dz/dy is the rate of change in the y direction: 

dz/dy = ((g + 2h + i) – (a + 2b + c)) / (8 * cellsize) 

 

Slope is clearly a major contributing factor for landsliding. Most of the landslides with the largest 
volumes occur on the near-vertical slopes of the Paracas Peninsula sea cliffs, although the largest and 
most notable landslide, at 2.7 x 106 m3 (a lateral spread at the base of the Canchamana formation) 
occurred in relatively flat area. In the mountains, landslides are clustered linearly along the steep-sided 
river valleys and are absent where the slopes are more moderate. See Figure 22. 
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Figure 22.  Landslide volumes relative to slope. 

Figure 23 shows ground failure type relative to slope.  Unsurprisingly, lateral spreads, liquefaction, and 
cracks/settlement are more likely to be found in flatter areas, while falls and slumps (disrupted and 
coherent landslides) are found on steeper slopes. 



23 
 

 

 

Figure 23. Landslide type relative to slope. 
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Slope Aspect 
Landslides are more likely to form on slopes facing NNW or SE, which is approximately perpendicular to 
both the PGA contours and the trend of the secondary tributaries. See Figure 24. There is a smaller 
group of landslides oriented at 90° to the main group, facing ENE or WSW, which is perpendicular to the 
trend of the primary tributaries. It is interesting to speculate that secondary tributaries (which are often 
dry) accumulate more landslide-susceptible material. 

 

Figure 24. Number of landslides relative to slope aspect. 
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Moisture 

Rainfall 
Precipitation contours were created from data downloaded from Agrotechnologica Amazonica 
(Cochrane, 2010.) It appears that as rainfall levels increase, coherent landslides in soil also increase, and 
disrupted landslides in rock decrease.  See Figure 25. This possible relationship is confounded by the fact 
that as rainfall increases, PGA decreases; so it is also possible that diminishing PGA is fully or partially 
responsible for the decrease in disrupted landslides/increase in coherent landslides. 

 

Figure 25. Ground failure type relative to amount of yearly precipitation. 
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Rivers and Drainage Basins 
Data for rivers and drainage basins come from a USGS database of Central and South America (Hearn et 
al., 2000.) Figure 26 shows landslides clustering linearly along drainages, which is unsurprising since 
slopes are steepest in these areas.  Landslide density appears to be greater along perennial rivers than 
ephemeral rivers.  The Rio San Juan may be misidentified as an ephemeral river, since by inspection in 
Google Earth, it appears to be flowing in July (the dry season.)  Additionally, significant agricultural 
activity can be seen in the Rio San Juan delta. 

 

Figure 26. Ground failures relative to rivers; shaded areas are drainage basins. 
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Roads and Roadcuts. 
In the Coastal Plains region, lateral spreads and settlement/cracking are more likely to be associated 
with roads. Disrupted landslides are more likely to be associated with roads/roadcuts in the Andes 
Mountains region. (No landslides in Paracas are associated with roads.) Figure 27 shows the locations of 
landslides in relation to roads; those landslides directly associated with roads or which blocked roads are 
marked. The same pattern of linear clustering of landslides can be observed with roads as with rivers, in 
part because many (but not all) roads are aligned with rivers.  

Toward the far extent of the landslide distribution, the influence of roads and roadcuts diminishes. The 
slopes become shallower, and annual rainfall increases. Landslides (debris/earth slumps) are more likely 
to be found located along the river banks and in farmed areas than along roads. 

 

Figure 27. Ground failures relative to roads. Inset shows alignment of roads with rivers.
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Three Main Landsliding Settings 
Landsliding triggered by the Pisco earthquake occurred in the three distinct geomorphic-geologic 
settings: the Paracas Peninsula sea cliffs, the Coastal Plains, and the Andes Mountains.  See Figure 28. 
Each geomorphic setting displays a typical or predominant style of ground failure: rock slumps in 
Paracas, liquefaction/lateral spreading in the Coastal Plains, and disrupted landslides in the Andes. 
Factors which are most influential for each setting will be described in the following sections.

 
 

Figure 28. Geomorphic settings.  
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Paracas Peninsula 
Paracas is a peninsula of approximately 120 km2, located about 200 km south of Lima. The 
geomorphology of Paracas is typified by near-vertical sea cliffs with narrow beaches. Paracas is a 
National Reserve, protecting many kinds of animals including migratory birds and sea mammals. A total 
of 71 ground failures occurred in this area, with volumes ranging from 10 m3 to 470,000 m3. Of these 
ground failures, all but two were rock slumps; there was a single lateral spread that occurred in a 
parking area, possibly in man-made fill, and a small (volume = 10 m3) rockfall.  See Figures 29-31. 

 

 

Figure 29. Location of the Paracas Peninsula. 

 

 

Figure 30. Landslides on the Paracas Peninsula.
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Figure 31. Typical Paracas Peninsula sea cliffs. Photo by Joseph Wartman, 3/18/2010.

After slope (landslides occur exclusively on the margins of the Paracas Peninsula) geologic unit is the 
factor that has that has the greatest contribution to landsliding susceptibility. PGA/earthquake intensity 
does not vary significantly in this small area, and there are no rivers or roadcuts.

There are 5 rock units and one soil unit found in Paracas. From oldest to youngest, the rock units are a 
Pre-Cambrian gneiss, a Paleozoic granodiorite/granite, a Carboniferous shale, a Jurassic volcano-
sedimentary unit (possibly a welded ash tuff or ignimbrite) and a Paleogene-Eocene marine sandstone. 
These rock units outcrop only in the Paracas Peninsula and the coastal margin to the south of Paracas 
(up to about 55 km.) Because they are relatively resistant to day-to-day erosion, they tend to form cliffs, 
however, this property also makes them susceptible to earthquake-induced landsliding. See Figure 32 
for a map of the Paracas geologic units. Unit descriptions can be found in Appendix D. 
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Figure 32. Paracas landslides. 

 

The older, plutonic rocks (gneiss and granodiorite/granite) and also the intermediate-aged volcano-
sedimentary unit are least susceptible to either erosion or landsliding.  There are few or no landslides 
occurring in these units, and the units themselves form the headward prominence of the peninsula as 
well as the western half of Isla de Sangayan, the small island to the west of the Paracas Peninsula. The 
two youngest rock units, which are marine sedimentary units, are the most susceptible to both erosion 
and landsliding. The sandstone unit not only has the highest landslide density, but can be seen to form 
bays along the coastline.  See Figure 33 for a comparison of landslide density by unit. 
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Figure 33. Paracas landslide density. Colors match units in geologic map of Figure 32. 

Landslides that mapped onto the Quaternary colluvium were reassigned to either the sandstone unit (1 
landslide) or the granite unit (2 landslides) because the geologic map shows only surficial geology, and 
the landslides undoubtedly occurred in a lithologic unit underlying the colluvium. The singular landslide 
(a lateral spread) that mapped onto in the Jurassic volcano-sedimentary unit may be over-
representative; upon inspection in Google Earth, this landslide appears to be located in a parking lot, 
and is possibly occurring in man-made fill. 

To determine landslide density, the number of landslides occurring in each unit was normalized by 
length of the cliff-forming portion of the unit, as measured in Google Earth. Table 5 shows landslide 
counts and susceptible coastline measurements. Data from this table was used to create the bar graph 
in Figure 33. 

Table 5. Paracas landslide density. 
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Coastal Plains 
Between the Pacific Ocean and the Andes is a broad, relatively flat coastal plain, composed of 
Quaternary alluvial fans and eolian deposits. These deposits are dissected by river valleys and ravines, 
locally with wetlands and/or a shallow water table. See Figures 34 and 35. To the south of Paracas in the 
wide coastal plain, bedrock is exposed in an eroded remnant of the coastal cordillera (Zavala, 2009.) No 
ground failures were observed in this area.  

The factors which contribute most to ground failures in the Coastal Plains area are 1) the presence of 
soil, as opposed to rock, and 2) shallow ground water. All of the Coastal Plains ground failures were 
found in river deltas, or other areas of local shallow ground water (indicated by vegetation.) See Figure 
36.  

A third factor, the presence of roads, may also increase the likelihood of some types of ground failures, 
particularly lateral spreading

 

Figure 34. Coastal Plains, dissected alluvial fan deposits. 

 

Figure 35. Coastal Plains, eolian deposits with local 
shallow water table.



34 
 

 

 

Figure 36. Coastal Plains ground failures relative to vegetation, an indication of shallow ground water.

Of the 65 ground failures observed in the Coastal Plains area, 29 occurred by liquefaction and 23 by 
lateral spreading, which are the two dominant modes of ground failure.  There were 7 disrupted 
landslides, 1 coherent landslide, and 5 observations of settlement/cracking. See Figure 37.
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Figure 37. Coastal Plains, location of various types of ground failures. 

Unlike Paracas, ground failures in the Coastal Plains area occurred primarily in soils (colluvium and 
alluvium) typically as either liquefaction or lateral spreading. A few falls and slumps occurred along the 
cut banks of the Rio Pisco, and an avalanche on the fault scarp of the Canchamana formation.  Although 
many types of rocks outcrop in the Coastal Plains, ground failures occurred in only 3 units: Quaternary-
Holocene colluvium (Qh-c), Quaternary -Pleistocene alluvium (Qpl-c), and a Neogene uplifted marine-
terrace deposit (Nmp-m) which is well-known for containing abundant marine vertebrate fossils, 
including whales. See Figures 38 and 39 for locations of ground failures relative to geologic unit, and 
Table 6 for a count of ground failure type by geologic unit. Geologic maps and brief unit descriptions can 
be found in Appendix D.
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Figure 38. Coastal Plains landslides by geologic unit. 
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Figure 39. Landslides in the Neogene marine terrace deposits. 

 

Table 6. Coastal Plains: ground failure type by geologic unit. 

 

The majority of the ground failures (45 out of 65) fall within the off-white unit, Qh-c , probably not so 
much because that unit is more susceptible to ground failures, but because that is the unit which covers 
the greatest area within the Coastal Plains.  Figure 40 shows the number of ground failure types by 
geologic unit; after normalizing for area (Figure 41) it can be seen that Qh-c  has the smallest landsliding 
density of the 3 units. 

The Pleistocene alluvium (Qpl-c) has a small number of all types of ground failures, including a single 
coherent landslide. It may be that this unit has become somewhat indurated over time, hence the 
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coherent landslide.  Alternatively, the distinction between soil slump and lateral spread may be small in 
this case. 

Upon inspection in Google earth, the area designated on the map as Neogene uplifted marine terrace 
(Nmp-m) is visually indistinguishable from the Quaternary colluvium. It appears to be primarily 
farmland, with 7 lateral spreads adjacent to a road, and 4 disrupted landslides along the bank of the Rio 
Pisco. After normalizing for area (Figure 41) the Neogene marine terrace deposits seem much more 
susceptible to lateral spreading and disrupted landslides, however it should be considered that the 
sample size here is quite small (11 landslides total.) 

 

Figure 40. Number of ground failures by surficial geologic unit. 
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Figure 41. Density of ground failure types by geologic unit. 

 

The last factor that seems to contribute to ground failure susceptibility is the presence of roads. In the 
Coastal Plains region, association of ground failures with roads was determined by inspection in Google 
Earth. Lateral spreads and settlement/cracking are more likely to be associated with roads (Figure 42.) 
Overall, there is a large proportion of ground failures associated with roads, considering that the total 
area that roads represent is quite small. It should also be considered that observations of ground 
failures on or near roads are over-represented due to sampling bias, as those ground failures are more 
likely to be discovered. 

 

Figure 42. Ground failures in the Coastal Plains region associated with roads. 
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Other parameters considered, which do not seem to contribute significantly to the patterns of ground 
failures in the Coastal Plains area are: 

• PGA. The range of PGA in the Coastal Plains area is small, and there are areas with larger PGA, 
but fewer ground failures.  Landslide volume actually increases as PGA decreases. There is not 
enough area in the Coastal Plains region (and consequently not enough variability in PGA) to 
develop a relationship between PGA and landsliding volume or style. 

• Ecological Region. The entire Coastal Plains area is categorized in the same ecological region: 
Sechura desert (deserts and xeric shrublands.) 

• Precipitation. All ground failures in the Coastal Plains have less than 100 mm/year precipitation. 
• Slope, slope aspect, and relief. With the exception of the Canchamana fault scarp and associated 

earth/debris avalanche, there is minimal relief in the Coastal Plains area. A few disrupted 
landslides were associated with cut-banks of the Rio Pisco.
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Andes Mountains 
154 ground failures (153 landslides and 1 incidence of settlement/cracking) were observed in the Andes 
Mountains region.  Eighty-two  landslides occurred in rock (81 falls, 1 slump) and 71 occurred in soil (46 
slumps, 22 falls, and 2 avalanches.) Volumes ranged from 5 to 75,000 cubic meters. About 60% (93 out 
of 154) of landslides were associated with roads or roadcuts.  

For simplicity, the geologic units of the Andes can be divided into 6 main groups, which are described in 
the next section. Deeply incised into these units are steep-sided v-shaped river valleys, with alluvial 
deposits on the valley floor and talus cones at the base of the slopes. See Figure 43. 

 

Figure 43. V-shaped mountain valley, with talus cone on right. Photo by Joseph Wartman, 3/21/2010. 

 

Landsliding in the Andes is controlled by different factors in different areas. Where the PGA is highest 
and the mountains first start to rise up out of the plains, there are actually very few landslides, possibly  
due to shallower slopes, but also because the convergence of tributaries results in fewer steep river 
valleys. See Figures 44 and 45. As the slopes increase (and tributaries diverge) rockfalls increase. Further 
away from the earthquake epicenter, as PGA decreases and precipitation increases, the valley floor 
widens and there is more soil and terraced farming; in this area there are many soil slumps and falls. The 
incidence of landsliding diminishes sharply after this, as ground shaking is no longer sufficient to trigger 
ground failures.   

Disrupted landslides (rock and soil falls) are more likely to be associated with roads. Like Paracas, 
sedimentary rock units in the Andes Mountains region are more susceptible to landsliding, although this 
factor seems less influential than slope or the presence of moisture (which is coincident with the 
presence of soil.) 
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Figure 44. Andes Mountains ground failures relative to PGA and slope. 

 

 

Figure 45. Changes in slope in Andes Mountains region by PGA range. 
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A simplified geologic map was used for analysis in the Andes Mountains region: Mapa Litológico 
(INGEMMET, 2002.) The geologic units of the Andes are divided into 6 main groups: 

Superficial deposits   
I alluvium, colluvium, eolian, lacustrine, fluvial, marine, and pyroclastic deposits 

Intrusive rocks   
II granite, granodiorite, diorite, gabbro 

Volcanic rocks    
III-1 basalt, tuff 
III-2 tuff 

Volcano-sedimentary rocks   
IV ash tuff, mudstone, black limestone, shale, andesite, rhyolite 

Sedimentary rocks   
V-1 quartzite, sandstone, shale, coal     
V-2 slate, shale, sandstone, schist    
V-3 red sandstone, shale, gypsum    
V-4 limestone, sandstone, shale    
V-5 conglomerate, sandstone, shale, evaporite deposits 

Metamorphic rocks    
VI schist, gneiss 
 

 

Figure 46. Landslides by type and geology. 

Landslides are much more likely to occur in the sedimentary rock units (unit V, mapped in blue in Figure 
46.)  Table 7 and Figure 47 show ground failure density by unit; note that the ground failure density of 
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the sedimentary units is greater than twice that of the next-most susceptible unit. After the sedimentary 
units, units I, II, and IV (superficial deposits, intrusive/plutonic rocks, and volcano-sedimentary rocks, 
respectively) are similar in landsliding susceptibility.  Unit III (volcanic rocks) is significantly less 
susceptible.  This may be because the unit III rock is stronger, but also possible is that it outcrops the 
furthest away from the earthquake epicenter. 

Table 7. Mountains landslides data. 

 

 

Figure 47. Number of ground failures per unit, normalized by area. 
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Average landslide volumes are much larger in unit I (superficial deposits.) The volcanic rock unit (unit III) 
has the smallest average landslide volume, although it should be noted that there is only one landslide 
in this unit. See Table 8 and Figure 48. 

 

Table 8. Landslide volumes by geologic unit, m3. 

 

 

 

Figure 48. Average landslide volume by geologic unit. 

Table 9 shows the number of each type of landslide in each geologic unit. Superficial deposits exhibited 
only one mode of landsliding: disrupted landslides (rockfalls.) Volcanic rocks also had only one mode of 
landsliding: coherent landslides in debris/earth (soil slumps.) The remaining 3 units exhibited primarily 
disrupted landslides (rock and soil falls) followed by coherent landslides in (soil and rock slumps.) See 
Figure 49. Because geologic unit types were determined from a map, instead of in the field, these results 
should be considered preliminary for the purpose of suggesting further investigation—unit boundaries 
on maps are interpolated, and consequently imprecise. 
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Table 9. Landslide types by geologic unit. 

  

 

Figure 49. Landslide type by geologic unit. 

 

In the Andes Mountains region, PGA does not affect landsliding in an intuitive way. One might expect 
that as PGA decreases, so would the number of landslides and the volume of the average landslide. In 
fact, both the number of landslides and the mean volume of the landslides increase as PGA decreases to 
between  .08 and .07 g, and then both number and volume drop off dramatically. See Figure 50 A-D. 
Clearly there is some factor other than PGA which is has a controlling influence on landsliding 
susceptibility. Slope, geology, and precipitation were considered as controlling factors, but did not show 
any pattern of concentrating landslides in the PGA range of .08 - .07 g. After inspection in Google earth, 
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it appears that what is happening is a change in the geomorphology from narrow river valleys to wide, 
accompanied by the presence of terraced farming. See Figure 51.

 

Figure 50. A) Number of landslides within each PGA range. B) Number of landslides normalized by area. C) Total landslide 
volume within each PGA range. D) Mean landslide volume. 

 

 

Figure 51. Narrow river valley to left (PGA > .08 g.)  Wide river valley with terraced farming to right (PGA < .08 g.) 

Figure 52 shows how the mode of landsliding changes as PGA decreases.  The number of disrupted rock 
landslides reaches a maximum at a PGA range of .10 - .09 g, and then drops off as PGA decreases. 
Landslides in soil reach a maximum at a lower PGA range of  .08 - .07 g, which coincides with the 
location of the wider river valleys and terraced farming.  
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Figure 52. Number of landslide by type within each PGA range. 

Figure 53 shows the transition from a predominant mode of failure in rock, to a predominant mode of 
failure in soil. This change of mode occurs as precipitation increases. 

 

Figure 53. Rock and soil landslides relative to moisture. 
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As with the Coastal Plains region, ground failures in the Andes Mountains are often associated with 
roads and roadcuts. Disrupted landslides, both rock and soil, are more likely to be associated with roads. 
See Figure 54. 

 

Figure 54. Ground failures in the Andes Mountains region associated with roads. 
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Landslide Frequency-Size Models 
Landslide frequency-size models are used to estimate the total number and size of landslides, when the 
landslide inventory is incomplete. The premise is that the distributions for the medium and large 
landslide areas/volumes are self-similar regardless of triggering mechanism, terrain, or any other factor. 
(Malamud et al., 2003.) That is, for an event of any magnitude, the proportions of the different sizes of 
landslides will be the same. Given a partial inventory of the largest landslide volumes, the remainder of 
the landslide volumes can be determined for a complete inventory.   

There are several different empirical landslide frequency-size models that have been proposed. Three 
are described here: inverse power law distribution, 3-parameter inverse gamma distribution, and 
lognormal distribution.  The intent of the following sections is to determine which, if any, model is a 
good fit for the Pisco data, so that the landslide inventory may be upscaled to represent any landslides 
that may have been omitted during field reconnaissance.  

The total volume of landsliding material for the Pisco earthquake event was estimated to be 7.72 x 106 
m3, a value that is two orders of magnitude smaller than the estimated landslide volume from a 1970, 
Mw=7.9 earthquake in Peru that had an estimated volume of 1.41 x 108 m3 (Keefer, 1994.) The next 
section attempts to determine if the Pisco total landslide volume is smaller due to missing data in the 
inventory, or if it is smaller for some other reason. 

Inverse Power Law (Pareto) Distribution 
Distributions of the type  

 p(x) = Cx-α 

follow a power law, where x is any variable and α is the exponent of the power law. The constant C is 
determined by the requirement that that the sum of p(x) = 1. The following section uses the Newman 
(2006) method to determine if the Pisco dataset for landslide volumes follows a power law distribution. 

The method is first presented using an artificial dataset with a power-law distribution, where C and α 
are known; and then presented using the Pisco landslide volume data, from which C and α will be 
extracted. The artificial dataset was created by generating a uniform distribution of one million random 
numbers between 0 and 1, and then transforming the uniform distribution into a power law distribution 
where C = 1.5 and α= 2.5. See Appendix E for the MATLAB code implementation of the Newman 
method. 

Figure 55A shows a histogram of the artificial dataset. The blue bars are the random data and the red 
line is the function p(x) = 1.5x-2.5.  It can be seen in Figure 55B that when the data is graphed in 
logarithmic scales, the power law distribution plots in a straight line, which is characteristic of power law 
distributions. It can also be seen that the tail of the distribution is quite noisy, because as the number of 
samples in the bins becomes very small, the fraction that those samples represent is quite large and 
magnifies any statistical fluctuations. 
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Figure 55. A) Histogram of artificial dataset. B) Log-log plot of same data. 

According to Brunetti et al. (2009):  

…landslide volumes almost inevitably obey a negative power-law scaling. Variability 
exists in the exponent of the power-law tails of the distributions. Part of the variability is 
natural, i.e., due to different landslide types and local morphological and lithological 
settings. However, part of the variability is fictitious, and caused by the different 
methods used to collect the data and to estimate the distributions. 

Since the tail of the Pisco dataset is very important in estimating a complete dataset, it is useful to have 
a method to reduce noise.  Binning the data in log-2 bins accomplishes this goal nicely; see Figure 56 for 
histogram and equivalent logarithmically plotted graph. 
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Figure 56. A) Histogram of log-binned artificial dataset. B) Log-log plot of same data. 

A superior method for noise reduction, according to Newman (2006) is to plot the cumulative 
distribution function, or the probability that x has a value greater than or equal to X: 

 𝑃(𝑋 ≤ 𝑥) =  ∫ 𝑓𝑥(𝑥) 𝑑𝑥𝑥
−∞  

Or, if the distribution follows a power law, p(x) = Cx-α 

 𝑃(𝑋 ≤ 𝑥) =  𝐶 ∫ 𝑥−𝛼  𝑑𝑥∞
𝑥 =  𝐶

𝛼−1
𝑥−(𝛼−1) 

It is not necessary to bin the data or determine what sizes the bins ought to be.  According to Newman 
(2006): 

…P(x)is well-defined for every value of x and so can be plotted as a perfectly normal 
function without binning…binning of the data lumps all samples of a given range 
together into the same bin and so throws out any information that was contained in the 
individual values of the samples within that range. Cumulative distributions don’t throw 
away any information; it’s all there in the plot. 

 If the original function follows a power law, then the cumulative distribution function will also follow a 
power law, with a different exponent, α-1. See Figure 57 for artificial dataset plotted cumulatively. 
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Figure 57. Cumulative probability of artificial dataset, log-log plot --no binning! 

The artificial dataset was used as a test to ensure the MATLAB program was working correctly. Using a 
slightly modified program with actual Pisco landslide volume data, the inventory appears to have an 
inverse power law relationship when graphed in histogram form: see Figure 58A. Figure 58B shows the 
same data plotted in logarithmic scales. It is now less clear if the data is plotting in the characteristic 
straight line (particularly in the tail region) and if the data does indeed follow a power law relationship. 
MATLAB code can be found in Appendix E. 

Figure 58. A) Histogram of uniformly-binned Pisco data. B) Log-log plot of same data. 
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Figure 59 shows the Pisco data plotted cumulatively. Here it is clear that the data (in blue) do not plot in 
a straight line, and that smaller volumes are under-represented for a true power-law distribution.  For 
the small-volume landslides, the probability of a landslide being larger is quite high. 

The relative dearth of small-volume landslides could mean that the Pisco landslide volumes cannot be 
appropriately modeled with a power-law; alternatively, it could mean that the inventory is incomplete 
for small-volume landslides. Assuming the latter is the case, a power-law function has been fit to the tail 
of the curve, with the hope of eventually extrapolating the “missing” data. 

 

Figure 59. Cumulative probability of the Pisco landslide volume data. 

 

The dashed red line shows the power-law function, 𝑝(𝑋 ≥ 𝑥) =  𝐶
𝛼−1

𝑥−(𝛼−1). Alpha and xmin were 

determined by using Clauset’s plfit.m function (see Appendix E) downloaded from 
http://tuvalu.santafe.edu/~aaronc/powerlaws/plfit.m.  

PLFIT(x) estimates x_min and alpha according to the goodness-of-fit 
based method described in Clauset, Shalizi, Newman (2007). x is a  
vector of observations of some quantity to which we wish to fit the  
power-law distribution p(x) ~ x^-alpha for x >= xmin. 
PLFIT automatically detects whether x is composed of real or integer 
values, and applies the appropriate method. For discrete data, if 
min(x) > 1000, PLFIT uses the continuous approximation, which is  
a reliable in this regime. 
   

http://tuvalu.santafe.edu/~aaronc/powerlaws/plfit.m


55 
 

 

The fitting procedure works as follows: 
1) For each possible choice of x_min, we estimate alpha via the  
method of maximum likelihood, and calculate the Kolmogorov-Smirnov 
goodness-of-fit statistic D. 
2) We then select as our estimate of x_min, the value that gives the 
minimum value D over all values of x_min. 

 
The value of xmin could also be roughly “eyeballed” from the graph by selecting a value that occurs after 
the slope break, or one could select xmin by choosing a landslide volume above which it is certain that all 
landslides are accounted for. The plfit.m method was chosen because it is not subjective, and therefore 
reproducible. 

 Plfit.m also provided alpha, although alpha could also be calculated given xmin.  C was calculated from a 
relationship provided by Clauset and Newman (2009): 

 𝛼 = 1 + 𝑛 �∑ 𝑙𝑛 𝑥𝑖
𝑥𝑚𝑖𝑛

𝑛
𝑖=1 �

−1
= 2.1309   Newman (2006) 

 𝐶 = (𝛼 − 1)𝑥𝑚𝑖𝑛
(𝛼−1) =  2.3404 ×  105   Clauset and Newman (2009) 

Where xi, i=1…n, are the measured values of x. 

Figure 60 shows the Pisco probability data plotted with the appropriate power-law function, 𝑝(𝑥) =
𝐶𝑥−𝛼 using C, alpha, and xmin as previously determined. Ideally, this power-law function could be used 
to “upscale” the Pisco data (extrapolate missing volumes.) 

 

Figure 60. Log-log plot of the Pisco landslide probability data. 
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The area beneath the green line is very close to 100%: 

 ∫ 𝐶𝑥−𝛼 𝑑𝑥 = 𝑥𝑚𝑎𝑥
𝑥𝑚𝑖𝑛

∫ 234040𝑥−2.1309 2745000
50184 𝑑𝑥 =  .989165   

Where xmax is the volume of the largest landslide in the inventory. This 98.9% represents a volume of 
6,598,574 m3, which is the sum of all landslide volumes equal to or greater than 50184 m3. If we were to 
extend the green line to the smallest landslide in the inventory, the new area under the curve would be: 

 ∫ 𝐶𝑥−𝛼 𝑑𝑥 = 𝑥𝑚𝑎𝑥
𝑥𝑚𝑖𝑛

∫ 234040𝑥−2.1309 2745000
2 𝑑𝑥 =  94,499.8 

We can now say that: 

 6,598,574 𝑚3

.989165
=  𝑢𝑝𝑠𝑐𝑎𝑙𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒

94,499.8
  → 𝑢𝑝𝑠𝑐𝑎𝑙𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 =  6.30 ×  1011 𝑚3 

Compare this upscaled value to 7.72 x 106 m3, the total volume of all landslides in the Pisco inventory, or 
1.41 x 108 m3, the volume of landslide material reported by Keefer (1994) from a 1970, Mw = 7.9 
earthquake in Peru. It is 5 orders of magnitude greater than the first value, and 3 orders greater than 
the second! It seems highly unlikely that so many landslides were omitted from the inventory. 

 Even if we were to ignore this problem, we still cannot convert probability to frequency without 
knowing the total number of landslides in the inventory. Malamud (2003) solves this problem (with a 
different function) by the assumption of self-similarity and the use of congruent landslide-magnitude 
curves; this method will be described in the next section. For the time being, we will conclude that the 
inverse power law function does not fit the data. 

 

3-Parameter Inverse Gamma Distribution 
One of the shortcomings of modeling landslide volume distributions using the inverse power law 
distribution is the failure of the model to fit the entire range of data. Misfit for the smallest landslides 
has been attributed to undersampling of these sizes, possibly due to erosion of the evidence or 
limitations in the mapping resolution. Guzetti et al. (2001) argue that the “rollover” (fewer small 
landslides than medium ones) is real, and is associated with surface morphology. Malamud et al. (2003) 
say that 

If the rollover were an artifact, there would be very large numbers of small landslides in 
nature. Field experience from many regions suggests that the required numbers of small 
landslides do not exist. We conclude that the rollover of the distribution for small 
landslides is real and not an artifact of inventory resolution. 

The 3-parameter inverse gamma distribution (also known as the Pearson 5 distribution) is proposed by 
Turcotte and Malamud (2004a) as a best-fit model for landslide frequency-size distributions, after a 
comparative test of over 300 statistical distributions. For medium or large landslide sizes, this 
distribution decays as a power law with an exponent of -2.40, “despite large differences in landslide 
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types, sizes distributions, patterns, and triggering mechanisms” (Turcotte and Malamud, 2004a.) For 
small landslide sizes, there is an exponential “rollover.”  One caveat: the proposed distribution does not 
work well for rockfall dominated inventories—the Pisco inventory consists of about 35% rockfalls. 

The probability distribution for the 3-parameter inverse gamma function is: 

 𝑝(𝐴𝐿;  𝜌,𝑎, 𝑠) =   1
𝑎𝛤(𝜌)

 � 𝑎
𝐴𝐿−𝑠 

�
𝜌+1

𝑒𝑥𝑝 �− 𝑎
𝐴𝐿−𝑠 

�    

where 

 AL = landslide area 
 ρ = controls decay for medium and large landslides 
 a = controls location of maximum probability 
 s = controls decay for small landslides 

 𝛤(𝑛) = (𝑛 − 1)!  or alternatively,  𝛤(𝑧) =   ∫ 𝑡𝑧−1∞
0 𝑒−𝑡𝑑𝑡 

 
The inverse gamma distribution f(y) is obtained by substituting x = 1/y into the gamma distribution, f(x). 
 
Figure 61 from Malamud et al. (2003) shows the probability density versus landslide area for 3 landslide 
inventories, which were considered to be substantially complete. The data agree very well with the 3-
parameter inverse gamma distribution with parameter values ρ = 1.40, a = 1.28 x 10-3, s = -1.32 x 10-4, 
and Γ(ρ) = 0.88726, despite differences in total number of landslides in each inventory. (Northridge has 
11,111; Umbria has 4233; and Guatemala has 9594.) 
 

  
 
Figure 61. From Malamud et al. (2003.) Comparison of landslide inventories with 3-parameter inverse gamma distribution. 
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Notice how in Figure 61, the landslide size with the greatest probability is the same regardless of the 
number of landslides in the inventory. This is feature is characteristic of the model: 

One implication of our landslide distribution is that since the probability distribution 
always has the same mean, then all landslide events should have the same mean 
landslide area, ᾹL = 3.07 x 10-3 km2 = 3070 m2 (Malamud et al., 2003.) 

Mean landslide area was determined to be: 
 
 Ᾱ𝐿 =  𝑎

𝜌−1
+ 𝑠     Malamud et al. (2003) 

 
Given the total number of landslides in a complete inventory (NLT,) the total area of all the landslides 
(ALT) can be determined: 
 
 𝐴𝐿𝑇 =  𝑁𝐿𝑇Ᾱ𝐿 =  � 𝑎

𝜌−1
+ 𝑠�𝑁𝐿𝑇   Malamud et al. (2003) 

 
Particularly useful is the ability to extrapolate a complete inventory (NLT) from a partial inventory of the 
cumulative area of all landslides (ALC(≥AL)) with areas greater than some value (AL.) AL should be large 
enough to be confident that no landslides with areas greater than AL have been omitted from the 
inventory: 
 

 𝐴𝐿𝐶(≥ 𝐴𝐿) = 𝑁𝐿𝑇
𝑎𝛤(𝜌)∫ � 𝑎

𝐴𝐿−1
�
𝜌+1

 𝑒𝑥𝑝 �− 𝑎
𝐴𝐿−𝑠

� 𝐴𝐿𝑑𝐴𝐿
∞
𝐴𝐿

 Malamud et al. (2003) 

 
 
In the next section, the Pisco landslide data will be plotted against Malamud et al.’s (2003) 3-parameter 
inverse gamma probability distribution for comparison of fit. If the fit is good, the next step is to 
determine if the Pisco inventory is complete, and if not, what the complete inventory ought to be 
according to the model. See Figure 63. 
 
The Pisco landslide volumes were converted to areas using the relationship: 

 V = αAγ      Larsen et al. (2010) 

Where  

 log α =-0.836 ∓  0.015   (intercept) 
 γ =  1.35 ∓  0.01   (scaling exponent for rock) 
 
 
The probability density function used for the Pisco landslide data is: 
 
 𝑝(𝐴𝐿) =  1

𝑁𝐿𝑇

𝛿𝑁𝐿
𝛿𝐴𝐿

      Malamud et al. (2003) 
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Where 
 
 𝑁𝐿𝑇 = 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑛𝑑𝑠𝑙𝑖𝑑𝑒𝑠 𝑖𝑛 𝑖𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦 
 𝛿𝑁𝐿 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑛𝑑𝑠𝑙𝑖𝑑𝑒𝑠 𝑖𝑛 𝑏𝑖𝑛 
 𝛿𝐴𝐿 = 𝑠𝑖𝑧𝑒 𝑜𝑓 𝑏𝑖𝑛 
 
 

 
Figure 62. Pisco data plotted relative to probability distribution proposed by Malamud et al. (2003.) 

 

Figure 62 shows a reasonably good fit for the Pisco landslide data with the tail of the 3-parameter 
inverse gamma distribution.  However the rollover, if indeed it is a rollover and not just scatter in the 
data, does not fit well.   

Malamud et al. (2003) predict a mean landslide area for all landslide events of Ᾱ = 3.07 x 10-3. The mean 
landslide area for the Pisco data is Ᾱ = 1.42 x 10-3, which is low, but within the same order of magnitude.  
Actual mean landslide areas for Umbria, Northridge, and Guatemala were closer to the prediction at Ᾱ = 
3.01 x 10-3, Ᾱ = 2.14 x 10-3, and Ᾱ = 3.07 x 10-3, respectively.  
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For an alternative comparison, Malamud et al. 2004b show a rollover that is less than the predicted 
distribution for incomplete inventories; see Figure 63. Note that the data in this figure are not 
normalized for number of landslides in the inventory, and the graph is therefore a frequency density 
versus area graph, instead of a probability density versus area graph. Landslide magnitude curves are 
obtained using the relationship: 

𝑚𝐿 = 𝑙𝑜𝑔 𝐴𝐿𝑇 + 2.51      Malamud et al. (2003) 

Where 

 mL = landslide magnitude is t 
 ALT = total area of all landslides in inventory 
 

 

Figure 63. Frequency density of incomplete landslide inventories, from Malamud et al. (2004b.) 

The equivalent frequency-density versus area graph for the Pisco data is shown in Figure 64. If the 
dataset is incomplete, it should be incomplete for the smaller landslide areas in the rollover part of the 
curve; the data in the rollover part of the curve should plot below the landslide magnitude curve, which 
is defined by the (presumably complete) data for the large landslides. This is not what is occurring: 
instead, the large landslides are defining a landslide magnitude of mL ≅ 3. Small-area landslides are 
plotting significantly above the mL ≅ 3 curve, and medium-area landslides are plotting below the mL ≅ 3  
curve. 
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Figure 64. Frequency density of Pisco data with landslide magnitude curves. 

The 3-parameter inverse gamma distribution, with parameters ρ, a, and s, as given by Malamud (2003) 
does not fit the Pisco data well, and unfortunately cannot be used to upscale the data.  

Recall the caveat at the beginning of this section: the 3-parameter inverse gamma distribution does not 
work well for rockfall dominated inventories, and the Pisco inventory consists of about 35% rockfalls. 
Malamud (2003) does have a power-law correlation for rockfall dominated inventories: 

 log𝑓 =  −1.07 log(𝑉𝑅) + .37    Malamud et al. (2003) 

Where 

 𝑓 = 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 
 𝑉𝑅 = 𝑙𝑎𝑛𝑑𝑠𝑙𝑖𝑑𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 
 
Figure 65 shows the Malamud et al. (2003) power-law curve; Figure 66 shows the same curve with the 
Pisco data plotted.  The fit seems quite good; unfortunately there is no upscaling method suggested for 
determining a complete inventory from a partial one. 
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Figure 65. Power-law curve for rockfall dominated inventories from Malamud et al. (2003.) 

 

Figure 66. Malamud et al. (2003) power-law curve for rockfalls with Pisco data. 
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To upscale, the data is plotted as frequency versus volume, for the purpose of integrating the resulting 
power-law regression. See Figure 67.  The Malamud (2003) rockfall correlation is included for reference. 

 

 

Figure 67. Best-fit power law to Pisco landslide volumes. 

The definite integral 

� 1.1635𝑥−0.089
𝑣𝑜𝑙𝑚𝑎𝑥

𝑣𝑜𝑙𝑚𝑖𝑛

𝑑𝑥 =  � 1.1635𝑥−0.089
2,745,000 𝑚3

1 𝑚3
𝑑𝑥 =  9.37 × 105 𝑚3 

returns a value that is smaller than the sum of the already-accounted-for landslide volumes, 7.72 x 106 
m3, making it useless for upscaling. This outcome is not wholly unsurprising, given the goodness-of-fit 
value (R2) of 0.1836.  
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Lognormal Distribution 
Ten Brink et al. (2009) suggests that some landslides are better approximated by a lognormal 
distribution, where the log of the landslide volumes is normally distributed: 

A few landslide datasets, however, have distributions that are not easily approximated by an 
inverse power law distribution. Issler et al. (2005) obtained a logarithmic distribution for the 
volume of depositional lobes from the Storegga slide. Lognormal distributions were found for 
the areas of landslides in Kashmir (Dunning et al., 2007), and for volumes of deposits of pre-
historic turbidity currents in Italy (Talling et al., 2007). Most recently, Chaytor et al. (2009) 
obtained an excellent lognormal fit to the size distribution of areas and volumes of 106 
submarine slope failures along the Atlantic continental slope… 

Landslides in the Pisco inventory do not appear to be lognormally distributed; when the number of 
landslides is graphed relative to log of volume, the distribution is clearly not a typical bell-shape.  See 
Figure 68. 

 

Figure 68. Histogram of log of landslide volumes. 

It is interesting to compare Figure 69 with Figure 65; both figures show a deficit of mid-sized landslides 
and a surfeit of small landslides, compared to a typical distribution. 
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Conclusion for Landslide Frequency-Size Models 
While it may be true that some smaller landslides were omitted from the inventory, the data in the 
inventory is more accurate as-is than it might be by attempting to use a power-law or other relationship 
to upscale it. There appears to be a deficit of mid-sized landslides in the Pisco landslide inventory 
relative to predictions made by frequency-size models; this deficit is probably due to a much wider 
Coastal Plains region (flat region) in the study area than anywhere else in Peru, along with the presence 
of a remnant of the landslide-resistant Coastal Cordillera. See Figure 69.   

The Coastal Plains are arbitrarily delimited to elevations lower than 500 meters (the gray area to the 
west of the 500 m contour.)  The base of Coastal Cordillera can be seen within the Coastal Plains region 
to the south of Pisco as an area enclosed by the 500 m contour, with a slightly higher elevation. 

Ultimately, attempting to upscale the Pisco data using a frequency-size model results in upscaled values 
that are far too large to be reasonable. 

 

Figure 69. Wide Coastal Plains in study area, along with landslide-resistant Coastal Cordillera remnant. 
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Moment Magnitude-Size Model 
Keefer (1994) found the following relationship between earthquake moment magnitude and landslide 
volume for 15 shallow (focal depth < 60km) earthquakes: 

 𝑙𝑜𝑔10𝑉 = 1.45𝑀− 2.50       Keefer (1994) 
 5.3 ≤ 𝑀 ≤ 8.6 
 
Where 

 M = moment magnitude 
 V = total volume of landslide material 
 

 

 

Figure 70. Keefer (1994) volume-magnitude relationship. 

 

Applying this relationship to the Pisco data, we predict: 

 𝑉 =  101.45(7.9)−2.50 = 9.02 ×  108 𝑚3 =  .902 𝑘𝑚3  

This volume prediction can be further reduced to account for the fact that the earthquake epicenter is 
60 km offshore, and 57% of the area with shaking strong enough to trigger landslides is under water: 

 . 43𝑉 = 3.89 ×  108 𝑚3 = .389 𝑘𝑚3 
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This predicted volume is still 2 orders of magnitude larger than sum of the individual volumes            
(7.72 x 106 m3) in the Pisco inventory.   

Keefer’s model produces a very high predicted total volume, in part because it is not corrected for 
decreasing landslide density with distance from the earthquake epicenter. The mathematical model 
resembles Figure 71A, where 43% each of the high, medium and low landslide density areas is 
calculated. Physically, when considering the relationship of the epicenter to the coastline, a smaller 
proportion of high-density landslide area should be included in the calculation, resulting in a smaller 
predicted volume.  See Figure 71B.

  

Figure 71. A) Mathematical model of susceptible area. B) Physical model of susceptible area. 

 

In order to correct for decreasing landslide density in a portion of the total area, a relationship for 
landslide density with distance from the earthquake epicenter is necessary. Keefer (1994) does not 
include this relationship (which is probably not generalizable by earthquake magnitude, but requires 
additional information such as earthquake focal depth.)   

Compared to volume predictions using the power-law, inverse 3-parameter gamma distribution, or 
lognormal distributions, Keefer’s prediction is closest to the observed data. Since many subduction 
earthquakes have offshore epicenters, and since Keefer’s (1994) model is otherwise quite good, 
landslide-density with distance relationships might be a worthwhile direction for further research. 
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Figure 72 shows the Pisco data in comparison with historical earthquake data from Peru. The Pisco 
landslide volume has been multiplied by the frequency of Mw=7.9 earthquakes (0.04/year) to get volume 
per year, and divided by 43% to account for the land area. Data for historic earthquake frequencies is 
from Espinosa et al. (1985) and Kanamori (1977) as reported by Keefer (1994.) 

From the graph, it is apparent that the Pisco landslide volume is not only lower than the Keefer model 
prediction, but also quite low compared to the range of the data scatter. Conclusion: the Pisco volume is 
probably not typical for an Mw=7.9 earthquake in Peru, and the Keefer relationship is probably more 
valid than it would appear from comparison with a single earthquake event. 

 

Figure 72. Pisco landslide volume, relative to historic landslide volumes for Peru and adjacent regions (parts of Ecuador, 
Columbia, Brazil, Bolivia, and Chile.) 

 

As suggested in the section on frequency-size models, the Pisco landslide volumes may be unusually low 
because of the unusual width of the Coastal Plains in the study area, along with the presence of a 
remnant of the Coastal Cordillera. The area in which ground shaking might otherwise trigger medium-
sized landslides is too flat, too dry, or too rocky to be susceptible. 
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Regional Rate of Erosion 
Using earthquake magnitude-frequency data for Peru, and the Keefer (1994) magnitude-volume 
relationship, Keefer (1994) found the mean rate of production of earthquake-induced landslide material 
to be 1.70 x 108 m3/year for Peru and adjacent regions.  For an area of 2,308,000 km2, this rate of 
landslide material production translates to a mean erosion rate of 54.63 m3/km2/yr, or 54.63 mm/1000 
years. 

Keefer (1994) also suggests that mean rate of erosion can be calculated using data from events of M ≥ 6 
only: 

…most of the total volume of earthquake-induced landslides over time is generated by a 
few large events; in this region, only 0.1 percent of the landslide volume over time was 
associated with events of M ≥ 5.0, and only 1 percent was associated with events of M ≥ 
6.0, whereas 92 percent was attributable to events of M ≥ 7.0… This relation has two 
implications: first, the determination of V’ [mean rate of production of earthquake-
induced landslide material] is relatively sensitive to the F [frequency] and M [magnitude] 
of the largest events in the region, and, second, for practical purposes, events of M < 6 
(or, in some regions, even M < 7) may be disregarded with only a negligible effect on the 
calculated V’. 

 

A single landslide event such as the Pisco earthquake-induced landslides is not sufficient to calculate 
regional erosion. As more data is collected, particularly high-quality before-and-after satellite imagery, 
the estimation of the rate of regional erosion can be further refined.   
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Summary and Conclusion 
 

Landslides induced by the Pisco earthquake can be categorized by the three distinct geologic-
geomorphic settings within which they occur: the Paracas Peninsula, the Coastal Plains, and the Andes 
Mountains. Each setting displays a predominant style of landsliding, and landslides within each setting 
are controlled by different sets of landslide parameters. 

On the Paracas Peninsula, landslides are controlled primarily by two factors: slope and geology. 
Landslides occur almost exclusively along the near-vertical cliffs as rock slumps. Sedimentary units 
(Paleogene-Eocene marine sandstone and Carboniferous shale) are most susceptible to landsliding; by 
contrast, there were very few landslides in the older volcanic and plutonic units (Jurassic volcano-
sedimentary and Paleozoic granite/granodiorite) and none in the Pre-Cambrian gneiss. PGA, moisture, 
ecological region, and roads/roadcuts are not factors that affect landsliding patterns in this region, as 
there is little or no variability among these parameters. 

Within the Coastal Plains, ground failures are typically found in soils with shallow groundwater 
(Quaternary and Pleistocene alluvium and colluvium, and a Neogene uplifted marine terrace deposit) as 
either lateral spreads or liquefaction; no ground failures were observed in rock units. Lateral spreads are 
more likely to be found adjacent to roads than elsewhere. Like the Paracas Peninsula, PGA and 
ecological region do not affect landsliding susceptibility significantly in the Coastal Plains region. 

In the Andes Mountains, there are several factors which affect landsliding susceptibility. In areas closest 
to the epicenter (with the highest ground shaking) rockfalls predominate. Slopes are very steep, and 
landslides are often associated with roads/roadcuts. There is very little moisture in this part of the 
Andes Mountains region. Further away from the epicenter, there is a transition from rockfalls to soil falls 
and soil slumps, as precipitation increases and the valley floors widen. Landslides here are still 
associated with roads, but in this region they begin to be increasingly associated with terraced farming 
and river cutbanks. Sedimentary units appear to be more susceptible to landsliding, although this factor 
is not as predictive of landsliding as are slope and the presence of moisture/soils. The cut-off for 
landsliding susceptibility coincides with an ecological region boundary, but it is likely that the concurrent 
decrease in slope, along with diminishing PGA, result in conditions whereby the threshold for landslide-
triggering is no longer reached. 

Due to the inaccessibility of much of the study area, as well as the low resolution of Google Earth 
imagery, it seemed likely that some landslides (particularly the smaller ones) may have been missed 
during reconnaissance.  In addition, the total volume of landslide material for the Pisco earthquake-
induced landslides is much smaller than volumes estimated for similar-magnitude earthquakes in Peru. 

Three frequency-size distributions (inverse power law, 3-parameter inverse gamma, and lognormal ) and 
one magnitude-size distribution were evaluated to determine if they could be used to upscale landslide 
data.  Upscaling landslide volumes depends on two things: first, the premise that landslide distributions 
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are self-similar, regardless of triggering event, geology, geomorphology, or any other factor, and second, 
that the landslide inventory is complete for at least the largest landslides. 

None of the distribution models fit the Pisco landslide data well; all resulted in upscaled values that 
were either far too large, or too small to be reasonable.  Two possible explanations for this are 
presented: first, the landslide inventory has a significant proportion (about 35%) of rockfalls, the physics 
of which are so fundamentally different that the frequency-size models do not apply (as suggested by 
Malamud, 2003) or alternatively, while self-similarity allows for comparison of inventories with widely 
different characteristics, those characteristic must be consistent within the inventory itself.  The Pisco 
inventory is too internally inconsistent to fit any of the models. Of particular note, there are far fewer 
medium-sized landslides than the models predict given the volume of the largest landslides.  Ultimately, 
the landslide inventory for the Pisco earthquake-induced landslides was determined to be more 
accurate without modification than with any attempt at upscaling. 
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Appendix A: Landslide Inventories 
 

Introduction 
The INGEMMET landslide data in Appendix A are directly excerpted from INGEMMET (2007). Text in red 
(numbering) has been added by the author for clarification. 

The Zavala (2009) landslide points are identical to the INGEMMET points for landslides in Cuadro 2. 
Cuadro 1 points are unique to Zavala, and are primarily classified as liquefaction (with some cracking 
and/or settlement.) 

Dr. Joseph Wartman inventoried at total of 245 landslides during his 2007 and 2010 field reconnaissance 
trips to Peru.  In some cases, careful measurement using tape measures and GPS points of landslides 
previously inventoried by INGEMMET resulted in amended landslide volumes. These amended 
landslides are presented in a separate table. 

The landslides for each inventory were mapped and compared against each other to remove any 
redundancy, and create the final combined landslide inventory. In cases where the landslide 
descriptions (for landsliding type and volume) were inconsistent, the data from Dr. Joseph Wartman was 
used. 
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Landslides from INGEMMET (2007) Report  
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Landslides from Zavala et al. (2009) Report 
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Landslides from Dr. Joseph Wartman’s Reconnaissance 
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INGEMMET Landslides Modified during Dr. Joseph Wartman’s Reconnaissance 
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Final Combined Landslide Inventory 
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Appendix B: Tavera et al. Evaluation of Attenuation Relationships 
 

Introduction 
The tables and graphs in Appendix B were extracted directly from Tavera et al., (2008) and include 
information about the PGA attenuation relationships evaluated, as well as graphs and a table comparing 
the equations’ predicted values with those measured by accelerographs. 
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Predictive Equations for Ground Motion Events 
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Comparison between Recorded PGA Values and Predictions 
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Comparison of Observed Ground Motions and Predictions 
 

 

  



138 
 

 

Appendix C: McVerry Attenuation Relationship 

Introduction 
The pages in Appendix C were extracted directly from McVerry et al., (2006) and include the equations, 
parameters, and tables of coefficients for the McVerry attenuation relationship. Also included are 
definitions of the New Zealand site classes.   

For the Pisco earthquake analysis, the subduction zone model was used. See Appendix E for MATLAB 
implementation of the McVerry attenuation model. 
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Equations and Parameters 
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Attenuation Coefficients 
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New Zealand Site Class Definitions 
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Appendix D: Geologic Units and Maps 

About the Geologic Maps 
The geologic maps used for the Paracas Peninsula and the Coastal Plains were downloaded as .jpg 
images from the INGEMMET website, http://www.ingemmet.gob.pe/form/Inicio.aspx#.  

An identical INGEMMET map was downloaded from OneGeology, http://portal.onegeology.org/, as a 
.kml file and placed as an overlay in Google Earth. 

The geologic map used for the Andes Mountains region (Mapa Litológico) was scanned from a paper 
map published by INGEMMET. 

 

 

  

http://www.ingemmet.gob.pe/form/Inicio.aspx
http://portal.onegeology.org/
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Leyenda del Mapa Geólogico 
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Mapa Geológico del Departmento de Lima 
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Mapa Geólogico del Departmento de Huancavelica 
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Leyenda del Mapa Litológico 
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Mapa Litológico 
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Appendix E: MATLAB Programs 

About the MATLAB Programs 
The Closest Plane MATLAB program calculates the shortest distance from a point on the surface of the 
earth (given by latitude and longitude) to the fault plane, given by the latitude, longitude, and elevation 
of each of the 4 corners of the fault plane. The program divides the plane into 4 quadrants, finds the 
center of each quadrant, and calculates the distance from the center of each quadrant to the point in 
question. It then selects the quadrant with the shortest distance and repeats this procedure until the 
length of one side of a quadrant is less than or equal to one meter, returning the final distance. This 
program was written by Adrian Rodriguez-Marek. 

The McVerry Attenuation program implements the subduction model of the McVerry attenuation 
relationship; it was originally written by Adrian Rodriguez-Marek and modified by myself (parts 
modified/corrected are commented in the program.) The parameters used for implementation of the 
relationship were: 

M = 7.9  Moment magnitude 
rVOL = 0  Length in km of source-to-site path in volcanic zone (NZ only) 
HC = 18  Centroid depth in km 
CN = 0  Normal mechanism crustal earthquake 
CR = 1  Reverse mechanism crustal earthquake 
SI = 1  Subduction interface earthquakes 
δC = 0  New Zealand site class C, shallow soil 
δD = 0  New Zealand site class D, deep soft soil 
 

The Newman Power Law Distribution program reproduces Newman’s method of reducing the “noise” 
found in the tails of power-law distributed datasets, using an artificially constructed dataset of random 
numbers with a known power-law distribution. The program is then re-purposed with the Pisco landslide 
data in order to evaluate whether the data fits an inverse power-law relationship. Clauset’s PLFIT 
Function is used to determine 2 of the parameters, alpha and xmin, needed for the best-fit power law 
curve. 

The Malamud 3-Parameter Inverse Gamma Distribution program calculates average, total, and 
maximum landslide areas and volumes given the total number of landslides in the inventory (assuming 
self-similarity.) It also plots the Pisco inventory on a log-log frequency density versus landslide area 
graph, along with isolines for landslide magnitude. 
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Closest Plane 
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McVerry Attenuation 
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Newman Power Law Distribution – Artificial Data 
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Newman Power Law Distribution – Pisco Data 
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Clauset’s PLFIT Function 
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Implementation of PLFIT 
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Malamud 3-Parameter Inverse Gamma Distribution 
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