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RESUMEN 
Se reporta la aplicacion de un modelo computacional de diferencias finitas para simular el proceso de erosion en conos 

de ceniza, empleando un algoritmo lineal o no lineal basado en la ecuacion de difusion. Este modelo es aplicado ala determi­
nacion de edades para los conos mas antiguos de los campos volcanicos de Michoacan-Guanajuato y de Colima, Mexico. Se 
obtienen edades de 100,000 afios para Michoacan-Guanajuato y de 250,000 afios para Colima. El modelo tridimensional 
puede simular la evolucion erosional del Volcan Telcampana, Colima. Se discuten posibles efectos de cambio climatico en 
la historia erosional. 

PALABRAS CLAVE: Simulacion por computadora, volcanismo, Colima, Michoacan-Guanajuato, conos de ceniza, difusion, 
modelado geomorfologico. 

ABSTRACT 
Scoria (cinder) cone degradation can be correlated with the length of time a cone has been exposed to erosive condi­

tions, and the systematic decrease with increasing age of cone height, cone height/width ratio, and slope is the basis for 
relative dating of cones by comparing their morphometric parameters. Degradation of scoria cones in the Colima and 
Michoacan-Guanajuato volcanic fields, Mexico, offer an example of how the morphologic changes associated with increas­
ing age can provide a basis for dating cones by a relative scheme or a relative scheme calibrated by radiometric dates. To 
further study the degradational evolution of scoria cones, a computer model for simulating their erosion has been formu­
lated. This model can utilize either a linear or a nonlinear diffusion-equation algorithm expressed in finite-difference form 
to operate upon a three-dimensional scoria cone input as a matrix of elevation values. Aided by calibration with computer­
simulated degradation, cone erosion rates were calculated for the younger scoria cones in the Michoacan-Guanajuato vol­
canic field. These erosion rates were then extrapolated to determine the ages of the older cones in this volcanic field as well 
as in the nearby Colima volcanic field. The oldesf cone age group in the Michoacan-Guanajuato field has an estimated mean 
age of approximately 100,000 years B.P., while the oldest cone age group in the Colima field has an estimated mean age of 
approximately 250,000 years B.P. The erosional history of these small-volume basaltic centers may reveal the effects of 
climate change. Erosional modifications of Volcan Telcampana, a scoria cone in the Colima volcanic field, were simulated 
by the three-dimensional computer model. 

KEY WORDS: Computer simulation, Colima volcanic field, Michoacan-Guanajuato volcanic field, scoria or cinder cones, 
diffusion, geomorphological models. 

INTRODUCflON 

Most scoria cones (also known as cinder cones) are 
conical structures of ballistically ejected fragments topped 
by a bowl-shaped crater. These small volcanoes are often 
found clustered by the dozens or even hundreds in volcanic 
fields or on the flanks of larger volcanoes. They may be 
the most common volcanic landform (Wood, 1980a). 

Assuming an initial conical form, erosional modifica­
tions of scoria cones commence with rounding of the crater 
rim, decrease in cone height, crater infilling, development 
of debris aprons to enlarge the basal diameter or width of 
the cone, and the possible inception of gullies on cone 
slopes. Progressive modifications include a decrease in 
maximum and average cone slope angk, complete crater 
infilling to leave a scoria mound, an increase in width and 
depth of any gullies, and a continuing increase in cone 
width at the expense of cone height as eroding material 
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continues downslope transport. Further erosion reduces the 
cone to a shield-like hill with a low cone height/width ra­
tio. The erosional modifications of scoria cones can be cor­
related with the length of time a cone has been exposed to 
erosive conditions, and the progressive decrease of cone 
height (H,0 ), cone height/width ratio (H,JW co), and slope 
angle with increasing age is the basis for relative dating of 
cones by comparative measurements. 

Morphometric parameters were calculated for 13 scoria 
cones in the Colima volcanic field, Mexico (Figure 1 ). 
Since these cones have not yet been dated, their geomor­
phologic characteristics can be employed as indices of age 
to derive a relative-dating scheme. A second data set is 
provided by Hasenaka and Carmichael (1985a, 1985b), who 
determined the morphometry and age assignments for 107 
scoria cones in the Michoacan-Guanajuato volcanic field of 
central Mexico (Figure 1). 
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Fig. 1. Location of the Colima and Michoacan-Guanajuato 
volcanic fields, Mexico. 

The relatively simple morphology and internal struc­
ture of scoria cones is ideally suited to study their long­
term degradation by a diffusion-equation method because 
they form rapidly and their original morphometric parame­
ters can be estimated with a relatively high degree of cer­
tainty. On a macroscopic scale in a geomorphologic sys­
tem, diffusion is the process by which matter (e.g., soil, 
rock fragments, cinders) is transported from one part of the 
system to another by random movements. A computer 
model for simulating the erosion of scoria cones has been 
formulated to investigate their degradational evolution 
(Hooper and Sheridan, 1991; Hooper, 1994). This model 
can utilize either a linear or a nonlinear diffusion-equation 
algorithm expressed in finite-difference form to operate 
upon a three-dimensional scoria cone input as a matrix of 
elevation values. The linear version of the model assumes 
that downslope movement is directly proportional to sur­
face gradient to the first power and simulates erosion by 
rainsplash (raindrop impact), soil creep, freeze-thaw 
movement, and bioturbation. Mathematically more com­
plex, a nonlinear version of the model is utilized to simu­
late erosion by slope wash with gullying. 

PREVIOUS RESEARCH 

A few authors have employed comparative morphology 
of scoria cones within a chosen volcanic field to establish a 
relative-age scheme or a relative-age scheme supplemented 
by chronometric dates. In an early study, Colton (1967) 
classified the basaltic flows and scoria cones of the San 
Francisco volcanic field, Arizona, into five stages based 
upon degree of comparative degradation and weathering 
(oxidation of fragmentary material). After reviewing the 
morphometry of several scoria cones in the Lunar Crater 
volcanic field of Nevada, Scott and Trask (1971) noted that 
the angle of slope, as well as the relative length of the line 
of maximum slope compared to the height of the cone, 
might provide an index ratio of age. They derived the rela­
tive ages for 15 cones in this volcanic field. Porter (1972) 
made extensive morphometric measurements of parasitic 
cones on the flanks of Mauna Kea, Hawaii. 
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Bloomfield (1975) studied the comparative morphology 
of scoria cones and lava flows in the Chichinautzin vol­
canic field of central Mexico. He used morphologic param­
eters and devised a calibration scheme from radiocarbon 
dates of charcoal and paleosols to establish the relative ages 
for 41 cones in this late Quaternary field. Martin del Pozzo 
(1982) later determined the geomorphologic parameters for 
146 cones in a different region of the same volcanic field. 

Wood (1980b) stressed the importance of climate on 
cone erosion. He was among the first to use the method of 
grouping cones into different age categories and then com­
paring and contrasting their changing morphometric pa­
rameters. His morphometric analyses clearly demonstrated 
a decrease in both cone height/width ratio (fl,JW co) and 
average cone slope angle with an increase in age. 

Luhr and Carmichael (1981) examined 11 late Quater­
nary cones of the Colima volcanic complex, Mexico, and 
devised a preliminary estimation of their ages by compar­
ing averaged maximum slope angles. In a detailed geomor­
phologic study, Dohrenwend et al. (1986) used radiocarbon 
and K-Ar analyses to date 11 cones in the Cima volcanic 
field, California, and provided an example of scoria cone 
degradation under arid conditions. 

COLIMA AND MICHOACAN-GUANAJUATO 
VOLCANIC F1ELDS 

A chain of three andesitic composite volcanoes domi­
nates the southern end of the Colima graben, Mexico, and 
displays a southward propagation of volcanism. This vol­
canic complex consists of the moderately eroded peaks of 
Volcan Cantara to the north, while 15 km further south 
lies Nevada de Colima, the tallest volcano in the group 
with an elevation over 4200 m. The active Volcan de 
Colima (about 3880 m a.s.l.) is the southern-most volcano 
in the chain. More than a dozen scoria cones occur primar­
ily on the graben floor surrounding the larger Colima 
group composite volcanoes (Figure 2). Robin et al. 
(1987), Luhr and Prestegaard (1988), Robin et al. (1991), 
and Stoops and Sheridan (1992) provide further information 
regarding this volcanic complex. 

Luhr and Carmichael (1981) analyzed the petrology and 
geochemistry. of 11 late Quaternary scoria cones and asso­
ciated lavas of the Colima volcanic field. They report that 
nine of the cones produced basic alkaline lavas and scoria 
ranging in composition from basanite to minette. The re­
maining two cones have a calc-alkaline composition. Each 
of the cones from the Luhr and Carmichael study was ex­
amined as part of the geomorphologic analysis. Although 
lacking the distinctive cone-and-crater morphology, Cerro 
Los Olotes and a cone near Sayula were interpreted as sco­
ria cones and added to this study. These two cones have ap­
parently already lost their crater to erosion. 

The Michoacan-Guanajuato volcanic field of central 
Mexico covers approximately 40,000 km2 and contains 
more than 1000 scoria cones, shield volcanoes, maars, lava 
domes, and lava flows lacking an apparent vent (Hasenaka 
and Carmichael, 1985a, 1985b; Connor, 1987; Ban et al., 
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Fig. 2. Location map of the scoria cones and composite volcanoes of the Colima volcanic field, Mexico. Cone abbreviations in 
order of relative age, youngest to oldest: Volcan La Erita (le), V. Apaxtepec (ap), V. Telcampana (tc), El Carpintero Norte (en), V. 
Comal Grande (cg), V. El Comal Chico (cc), Sayula (sy), V. San Isidro (si), El Carpintero Sur (cs), Usmajac (us), V. Tezontal (tz), 
Cuauhtemoc (cu), and Cerro Los Olotes (lo). Abbreviations for cities: Ciudad Guzman (CG), Sayula (SY), Tuxpan (fX), Usmajac 

(US), Venustiano Carranza (VC), and Zapotiltic (ZP). 

1992; Hasenaka et al., 1994) (Figure 1). Two historical 
eruptions have occurred at Volcan Paricutin (1943-1952) 
and Volcan El Jorullo (1759-1774). For the geomorpho­
logic classification of lava flows, Hasenaka and Carmichael 
(1985a, 1985b) followed the nomenclature of Bloomfield 
(1975), who classified volcanoes into Holocene (Hv) or 
Pleistocene (Plv4, Plv3, Plv2, and Plvl -youngest to old­
est) age groups depending upon the preservation and charac­
teristics of surface features on associated lava flows. 
Hasenaka and Carmichael (1985a, 1985b) subdivided Plv3 
into Plv3 and Plv2-3 according to the amount of soil de­
velopment, and defined Hv, Plv4, and Plv3 to be younger 
than 40,000 years B.P. 

METHODS OF MORPHOMETRIC ANALYSIS 

Morphometry was calculated by topographic maps, 
field measurements, and field photographs. The maps 

(lnstituto Nacional de Estadistica Geografia e Informatica -
DETENAL) have a scale of 1:50,000 and a contour interval 
of either lOrn or 20 m. Geologic maps were also consulted 
when available. The morphometric parameters HrofW co and 
maximum cone slope angle act as indicators of cone age. 
Cone height (Reo) is defmed as the difference between aver­
age basal elevation and maximum crater rim or summit el­
evation. Cone width or basal diameter (yl co) is calculated as 
the average of the maximum and minimum basal diameters 
for each cone. This is essentially the same methodology 
described by Settle (1979) and employed by other re­
searchers, including Hasenaka and Carmichael (1985a, 
1985b). 

The ratio HcJW co should decrease with an increase in 
age as erosion diminishes cone height by transporting ma­
terial to debris aprons stirrounding the cone base; Values of 
HcofW co for youthful, Holocene to late Pleistocene cones 
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usually range from 0.17 to 0.22 (Porter, 1972; Bloomfield, 
1975; Wood, 1980a, 1980b; Martin del Pozzo, 1982; 
Hooper, 1994). 

Although this research will focus most heavily upon 
HcJW co values, the decrease in the maximum cone slope 
angle with an increase in age provides another comparative 
morphometric measurement by which to establish the rela­
tive ages of scoria cones. Maximum cone slope angles can 
be measured in the field or determined from the spacing of 
contour lines on topographic maps. For most scoria cones, 
the maximum slope angle of unconsolidated lapilli, cin­
ders, and bombs is greatest when they are first deposited. 
Erosional processes thereafter transport material from the 
upper portion of the cone to debris aprons and also into the 
crater itself. This advancement of erosion produces a grad­
ual decrease in both the average and maximum slope angle 
with time as the cone becomes more rounded and the debris 
aprons increase in size around the base and lower flanks. 
Downslope transport degrades the cone so that the maxi­
mum slope angle is less than the angle of repose of the 
initial cone. Scott and Trask (1971) were the first to iden­
tify the usefulness of this parameter for deriving relative 
cone ages. For youthful, Holocene to late Pleistocene 
cones, maximum slope angles typically range from 29° to 
35° (Scott and Trask, 1971; Wood, 1980b; Hasenaka and 
Carmichael, 1985b; Dohrenwend et al., 1986; Hooper, 
1994). 

GEOMORPHOLOGIC ANALYSIS FOR THE COLIMA 
VOLCANIC FIELD 

Scoria cones at the Colima volcanic field have not yet 
been dated by radiometric or other chronometric techniques. 
However, a relative-age scheme was devised based upon 
their comparative morphology. The HcJWco ratio and max­
imum slope angle were determined for each cone, and the 
resulting values were then ranked or ordered. The sum of 
the rankings as well as the degree of crater erosion deter­
mined the relative-age placement (or geomorphologic dat­
ing) of the cones. Results from gully analysis were incon­
clusive, but this methodology incorporates most of the 
available geomorphologic information. Using this simplis­
tic scheme of morphology and morphometry, each cone 
was also placed into one of three relative-age groups. The 
first group, designated Qy (for youngest Quaternary cones) 
encompasses youthful cones that have not completely lost 
their crater to infilling from erosion and have high HcJWco 
and maximum slope values. Cones that have lost their 
crater to erosion and have low Hc0 /W co and maximum 
slope values comprise unit Qo, the oldest of the Quater­
nary cones. Cones with intermediate morphometric param­
eters are designated Qm for Quaternary-middle or intermedi­
ate unit. The morphometric data for the cones of the Coli­
ma volcanic field are compiled in Table 1 and the results of 
this relative-age scheme are presented in Table 2. The rela-

Table 1 

Morphometry of scoria cones of the Colima volcanic field, Mexico 

Name/Relative age 

V olean La Erita 
V. Apaxtepec 
V. Telcampana 
El Carpintero Norte! 
V. Comal Grande 
V. El Comal Chico 

Sayulal 
V. San Isidro 
El Carpintero Sur! 

Usmajacl 
V. Tezontal 
Cuauhtemocl 
Cerro Los Olotes 

H00(m) 

190 
90 

160 
100 
165 
120 

140 
150 
130 

60 
40 
60 
80 

Wco(m) Hco/Wco Max. 
Slope 

Group Qy (Youngest) 

1080 0.176 34.5° 
638 0.141 35.5° 
862 0.186 32.0° 
588 0.170 33.7° 
900 0.183 29.5° 
912 0.132 33.2° 

Group Qm (Intermediate) 

1000 0.140 22.8° 
1165 0.129 26.6° 
990 0.131 25.6° 

Group Qo (Oldest) 

438 0.137 21.5° 
425 0.094 24.6° 
540 0.111 22.8° 
650 0.123 21.8° 

Dcr(m) Wcim) 

b2 b2 
30 175 
40 312 
30 250 
80 419 
40 275 

b2 b2 

?3 ?3 

Lat (N) Lon(W) 

19°39' 103°45'20" 
19°37'30" 103°29'45" 
19°41 '15" 1 03°47' 
19°43'30" 103°43'30" 
19°45' 103°47'45" 
19°44'20" 103°47'40" 

19°50' 103°34' 
19°37'30" 103°45' 
19°42'50" 103°43'50" 

19°52'20" 103°31'55" 
19°36' 103°23'30" 
19°37'45" 103°55' 
19°42'30" 103°33' 

Explanation: Hco =cone height in meters; Wco =cone width in meters; Max. Slope =maximum cone slope angle; Dcr =depth of 
crater in meters; W cr = width of crater in meters; and location is in latitude (north) and longitude (west). 
!Informal name (see also Luhr and Carmichael, 1981). 
2b = breached. 
3Crater measurements hindered by quarry (cinder pit). 
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Table 2 

Geomorphologic dating of scoria cones of the Colima volcanic field, Mexico 

Name/Relative age (ordered) H00(m) W00(m) Hco/Wro Order Max. Slope Order Crater 

Group Qy (Youngest) 

Volcan La Erita 190 1080 0.176 3 34.5° 2 yes-breached 
V. Apaxtepec 90 638 0.141 5 35.5° 1 yes 
V. Telcampana 160 862 0.186 1 32.0° 5 yes 
El Carpintero Norte! 100 588 0.170 4 33.7° 3 yes 
V. Comal Grande 165 900 0.183 2 29.5° 6 yes 
V. El Comal Chico 120 912 0.132 8 33.2° 4 yes 

Group Qm (Intermediate) 

Sayulal 140 1000 0.140 6 22.8° lOt no 
V. San Isidro 150 1165 0.129 10 26.6° 7 breached, heavily infilled 
El Carpintero Surl 130 990 0.131 9 25.6° 8 no 

Group Qo (Oldest) 

Usmajacl 60 438 0.137 7 21.5° 13 no 
V. Tezontal 40 425 0.094 13 24.6° 9 no(?)2 
Cuauhtemocl 60 540 0.111 12 22.8° lOt no 
Cerro Los Olotes 80 650 0.123 11 21.8° 12 no 

Explanation: Hco =cone height in meters; Wco =cone width in meters; Max. Slope= maximum cone slope angle, and t =tie. 
!Informal name (see also Luhr and Carmichael, 1981) 
2Crater measurements hindered by quarry (cinder pit). 

tive ages are in close agreement with results from Luhr and 
Carmichael (Table 1, p. 130, 1981). The mean HcofWco 
values for each of the three cone groups are presented in 
Table 3. 

Table3 

Mean scoria cone height/width values for the Colima vol­
canic field, Mexico 

Cone age group n Mean HcJWcowith 1 <J 

Qy (youngest) 6 0.164 ± 0.021 

Qm (intermediate) 3 0.133 ± 0.005 

Qo (oldest) 4 0.116 ± 0.016 

Explanation: 
n=number of cones, and mean Hc0 /W co (cone height/cone 

width ratio) with one standard deviation (± 1 cr). 

GEOMORPHOLOGIC ANALYSIS FOR THE 
MICHOACAN-GUANA.JUATO VOLCANIC FIELD 

Hasenaka and Carmichael (1985a, 1985b) compiled the 
location and geomorphologic parameters for 1040 volcanic 
vents in the Michoacan-Guanajuato volcanic field of central 
Mexico. Of these, 901 volcanic centers were classified as 
either cinder (scoria) cones or lava cones. Their geomor-

phologic classification utilized gully density normalized to 
90° of arc, surface morphology of associated lava flows, 
HcJW co• maximum slope angle, and average slope angle. 
The scheme they employed grouped many, but not all, of 
the volcanic landforms into one of six relative-age units, 
from youngest to oldest: Hv, Plv4, Plv3, Plv2-3, Plv2, 
and Plvl. Units younger than 40,000 years B.P. (Hv, 
Plv4, Plv3) were calibrated by radiocarbon dates from 
seven scoria cones. They assigned relative ages to a total of 
107 scoria cones, but seven of these cones were excluded 
from the present geomorphologic analyses because they 
had a height less than 50 m and may not be mature vents 
(McGetchin et al., 1974). Of the remaining 100 cones, 36 
were classified and calibrated by Hasenaka and Carmichael 
as being younger than 40,000 years B.P. Their survey con­
centrated mainly on the younger volcanic landforms; older 
units were not calibrated by radiocarbon dating and their 
sampling did not include extensively eroded volcanoes. 

Mean HcJW co values for cones in each of the six age 
groups were calculated and demonstrate a systematic de­
crease from 0.184 for the Holocene cones, Hv, to 0.135 for 
the oldest Pleistocene unit, Plvl (Table 4). Mean ages for 
the three youngest cone groups were determined from 
Hasenaka and Carmichael (1985a, 1985b) and Hasenaka 
(pers. comm., 1994) and yielded the following classifica­
tion: Hv from 0 to 10,000 years B.P. with a mean of 5000 
years B.P.; Plv4 from 10,000 to 25,000 years B.P. with a 
mean of 17,500 years B.P.; and Plv3 from 25,000 to 
40,000 years B.P. with a mean of 32,500 years B.P. All 
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remaining units or cone age groups are older than 40,000 
years B.P., and estimates of their mean age will be calcu­
lated in a later section. 

Table4 

Mean scoria cone height/width values for the Michoacan­
Guanajuato volcanic field, Mexico 

Cone age group n Mean HoofW co with 1 a 

Hv (0-10,000 years)! 7 0.184 ± 0.039 

Plv4 (10,000-25,000 years) 11 0.160 ± 0.027 

Plv3 (25,000-40,000 years) 15 0.158 ± 0.038 

Plv2-3 (>40,000 years) 6 0.146 ± 0.026 

Plv2 (>40,000 years) 55 0.143 ± 0.036 

Plv1 (>40,000 years) 6 0.135 ± 0.030 

Explanation: 
n=number of cones, and mean Hc0 /W co (cone height/cone 
width ratio) with one standard deviation (± 1 a). 
!Relative-age units from Hasenaka and Carmichael (1985a, 
1985b) and Hasenaka (pers. comm., 1994). 

DIFFUSION-EQUATION MODEL 

Several workers have applied a diffusion-equation 
model to two-dimensional profiles to determine the age of 
fault scarps and marine, lacustrine, or fluvial terrace scarps 
(Nash, 1980a, 1980b, 1984; Hanks et al., 1984; Mayer, 
1984; Andrews and Hanks, 1985; Pierce and Colman, 
1986; and Andrews and Bucknam, 1987). Bursik (1991) 
used a nonlinear diffusion-equation model to determine the 
relative ages of glacial moraines in the Sierra Nevada, 
California. 

Fundamental assumptions of a diffusion-equation 
model include local conservation of mass and downslope 
transport proceeding at a rate proportional to a power of the 
slope and slope length. This can be expressed in two di­
mensions as: 

m (az)" M=D X -ax (1) 

where M is the rate of downslope transport or mass flux, D 
is a constant of proportionality (where the transport rate 
coefficient and density have been combined to produce the 
diffusion coefficient) that is assumed not to vary with posi­
tion or time, X iS a horizontal distance, (}zf dx iS the topo­
graphic gradient for a two-dimensional profile orthogonal 
to the hillslope. The exponential parameters m and n are a 
function of the erosional process and are discussed below. 
Numerous theoretical and observational studies have pre­
sented evidence supporting the validity of Equation 1 (e.g., 
Gilbert, 1909; Lawson, 1915; Ellison, 1944; Schumm, 
1956; Culling, 1960, 1963, 1965; Scheidegger, 1961; De 
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Ploey and Savant, 1968; Hirano, 1968; Mosley, 1973; 
Nash, 1980a, 1980b; and Andrews and Bucknam, 1987). 

Sediment transport processes on slopes are either lin­
early diffusive if downslope movement is directly propor­
tional to the surface gradient to the first power, or nonlin­
early .diffusive if downslope movement is more slope­
length dependent and not proportional simply to the local 
slope to the ftrst power. Linear diffusive agents of erosion 
include rainsplash (raindrop impact); soil creep, freeze-thaw 
movements, and bioturbation (e.g., Culling, 1960, 1963, 
1965; Kirkby, 1971; Carson and Kirkby, 1972; Young, 
1972; Pierce and Colman, 1986; Colman, 1987). Chase 
(1992) also includes talus formation and slumping. For 
these processes the downslope movement is directly pro­
portional to surface gradient to the frrst power and m=O and 
n=l. 

Dynamic simulation models that treat the transport of 
material must consider the conservation of mass. Such 
continuity relations have been applied to hillslopes 
(Kirkby, 1971) and state that an increase or decrease in the 
downslope flow rate of material over a straight line seg­
ment of the hillslope will cause the elevation of the seg­
ment to decrease or increase with time. In the simpler two­
dimensional form this relationship can be expressed as: 

az aM 
-=-
at ax (2) 

where t is time. 

Finally, combining Equations (1) and (2) will yield the 
linear diffusion equation, which can now be written to 
describe a three-dimensional landform: 

(3) 

where x is the first horizontal coordinate direction, y is the 
second horizontal coordinate direction, z is the vertical co­
ordinate direction or elevation (the "diffusing substance"), 
Dx is the diffusion coefficient in the x-direction, and Dy is 
the diffusion coefficient in the y-direction. This equation 
assumes that the rate of diffusive flow varies according to 
direction (i.e., it is anisotropic) and can easily be simpli­
fied for isotropic diffusion. Equation (3) has the same form 
as the diffusion equation used in analyses of chemical dis­
persion and conductive heat flow. In a geomorphologic 
study, this equation signifies that convex-upward topogra­
phy erodes and concave-upward topography aggrades. 

A second category of transport processes to be modeled 
includes slope wash (soil wash or sheet wash) both with 
and without gullying. These are nonlinear diffusive pro­
cesses and are more complex to describe mathematically, 
yielding m=0.3-l.O and n=l.3-2 for slope wash without 
gullying; and m=1-2 and n=l.3-2 for slope wash with gul­
lying (e.g., Kirkby, 1971; Carson and Kirkby, 1972; 
Young, 1972; Pierce and Colman, 1986; Colman, 1987). 



To derive the nonlinear diffusion equation, a generalization 
of Equation (1) can be stated in two dimensions: 

(4) 

where the function F is arbitrary, making downslope trans­
port or mass flux a nonlinear function of slope. The diffu­
sion coefficient is incorporated in function F. Therefore, 
the nonlinear diffusion equation for a three-dimensional 
landform can be written as: 

dZ = ~[F l' X, dZ )]+~[F (y, dZ )] (5) 
Ot dX dX CJy dy 

For computer applications and a numerical solution, 
the diffusion equation was translated to a three-dimen­
sional, explicit finite-difference scheme utilizing a grid of 
unit cells each with a topographic elevation (z-direction) 
and extending in the x- andy-directions. Finite-difference 
analysis simulates the movement of material into 
(aggradation) or out of (erosion) the cell being evaluated in 
a manner proportional to the elevation difference between 
neighboring cells (i.e., slope) and the erodibility (i.e., dif­
fusion coefficient) of the original cell. The net result is to 
smooth or "diffuse" topography. 

MODEL ASSUMPTIONS 

For this study, computer simulation by a diffusion­
equation model treats the internal structure of a cone -
loose pyroclastic layers occasionally interbedded with ag­
glutinated layers or lava flows- as a homogeneous unit 
that does not produce a significant variation in erosion rate 
when observed over a period of tens to hundreds of thou­
sands of years. This model does not treat certain secondary 
or external modifications: breaching, lateral fluvial dissec­
tion of cone flanks, and partial burial by lava flows, allu­
vium, aeolian material, or ash-fall deposits. 

To briefly address these omissions, breached cones can 
be expected to erode faster than unbreached cones because a 
portion of the cone has already been removed (i.e., poten­
tial mass to be eroded has already been subtracted). The 
erosion of a breached cone can easily be simulated by 
changing the initial morphology of the model cone. 

Computer simulation of fluvial dissection has been 
treated by other authors (e.g., Ahnert, 1976; Willgoose et 
al., 1991), but under most circumstances the lateral fluvial 
dissection of cone flanks does not occur until the very lat­
est stages of cone degradation. The simpler dissection of 
cone flanks by intermittent gully processes is encompassed 
by the slope wash with gullying model. 

Partial burial of the cone can occur by a variety of pro­
cesses. Wood (p. 149, 1980b) comments that scoria cone 
modification in the San Francisco volcanic field of 
Arizona, in general, is not appreciably affected by later lava 
flows. Accretionary mantles with abundant aeolian mate-

Models of scoria cone erosion, Colima-Michoacan 

rial, ranging from nearly zero to 3 m in thickness, have 
been measured on basaltic lava flows in the Cima volcanic 
field of the Mojave Desert, California (Wells et al., 1985). 
Flows in this field are less than 1.1 m.y. in age. While the 
roughness of scoria cone slopes may provide a trap for aeo­
lian fines, the overall contribution of aeolian and alluvial 
materia:l to modification is judged to be minima:l for most 
cones. Abrasion by sand and dust is not considered to be an 
effective agent of scoria cone erosion (see also Laity, 
1994). 

The extent to which burial by ash or lapilli affects the 
rate of erosion remains problematical. Segerstrom (1950) 
observed that erosion was at least briefly accelerated on 
scoria cones that were draped by ash from the 1943-1952 
eruption of Volcan Paricutfn in Mexico. He listed several 
factors to account for the accelerated erosion: (1) Heavier 
sediment load and larger grains have greater cutting power; 
(2) Protective cover provided by vegetation has been de­
stroyed; and (3) Rill and gully erosion of the Paricutin ash 
may continue to erode into the older surface after the ash is 
stripped away. In one example, Segerstrom supported his 
observations by measuring increased gully incision on the 
flanks of Cerro de Cutzato, a scoria cone located approxi­
mately 6 km east of Paricutin and upon which was de­
posited about 0.45 m of ash. In the San Francisco volcanic 
field of Arizona, the Sunset Crater eruption of approxi­
mately 900 years B.P. (Smiley, 1958) deposited a 
widespread pyroclastic sheet which is identifiable by field 
observations and denoted in the geologic maps of the area 
by Moore and Wolfe (1976, 1987). However, gully forma­
tion is uncommon in the San Francisco field, suggesting 
that there has not been an acceleration of erosion. In dis­
cussing this same topic, Wood (p. 153, 1980b) states that 
"enhanced erosion due to deposition of Sunset ash does not 
appear to have been important." As a first order attempt to 
model the effects of partial cone burial, the simulation al­
gorithm could be modified by incorporating a digitized 
isopach to accommodate the influence of burial by a vari­
ety of materials. Any cones with morphologic anomalies 
or a suspect degradational evolution can be excluded from 
morphometric analysis. 

SIMULATION RESULTS 

Computer simulation provides an efficient methodol­
ogy to model three-dimensional landform modification un­
der a variety of assumptions, conditions, and cases. The 
simulation of cone erosion employed a unit cell size of 4 
X 4 m and operated upon a 400 X 400 (1600 X 1600 m) 
grid or matrix of elevation values from a digitized scoria 
cone with a fully-developed, youthful, and idealized mor­
phology. The initial morphology of the model or test cone 
used in the simulations approximated a right circular cone 
truncated at the top by an inverted cone to simulate the 
crater. Geometry of the model cone was determined by 
measuring from topographic maps the morphometry of 70 
fully-developed, youthful (Holocene to latest Pleistocene), 
and unbreached cones from several volcanic fields in a vari­
ety of locations (see Appendix). The objective of this se­
lection was to obtain the pristine morphology of the typi­
cal, unbreached scoria cone. Geometric relations and the 
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arithmetic means were then used to construct the model 
cone that was used in the simulations (Table 5). The mean 
and frrst standard deviation for the maximum cone slope 
angle, calculated from the 70 surveyed cones, is 32.11 
±2.88°. This differs from the value of 30.2° calculated by 
geometric relations for the model cone. However, this dis­
crepancy is easily explained since the model cone is an ide­
alized representation of a symmetrical and nonelongated 
landform with a centered, symmetrical, and nonelongated 
crater. Actual cones always show at least a small degree of 
nonsymmetry and elongation which will inevitably leave 
different "portions of the cone having slightly different 
slope angles. 

TableS 

Parameters and initial values for the finite-difference grid 
and modeled scoria cone 

Unit cell size= 4 X 4 m 
Grid or matrix size= 400 X 400 cells (1600 X 1600 m) 
Cone height, Reo = 170 m 
Cone width (basal diameter), W co = 876 m 
Cone height/width ratio, Hc./W co,; 0.194 
Crater width (or crater diameter), W cr =292m 
Crater depth, Dcr = 67 m 
Crater width/cone width ratio, W c/Wco = 0.333 
Crater depth/crater width, Dc/W cr = 0.229 
Initial maximum and average cone slope = 30.2° 
Volume= 0.05 km3 

Computer simulation was conducted with a model dif­
fusion coefficient of D= 1.0 and stopped after 300,000 time 
.steps (Figure 3). A time step or time increment is one pass 
through the computer algorithm evaluating the grid of digi­
tal topography. Simulations employing the linear model 
used values of m=O and n=1 in Equation (1), while the 
nonlinear (slope wash with gullying) model operated with 
values of m=2 and n=2. Progressive degradation was ob­
served from the initial conical form (time step 0), through 
rounding of the crater rim and crater. infilling, through a 
stage with a mound or shield-like hill, and finally into a 
low-relief landform with a low HcJW co ratio. These mor­
phologic changes are demonstrated in a series of profiles or 
cross-sections taken through the center of the model cone 
during simulated erosion (Figure 4). A fundamental differ­
ence in hillslope processes is illustrated by examining the 
cone flanks in these profiles: relatively slow mass move­
ment by simulated soil creep and rainsplash processes has 
yielded a convex hillslope typical of linear diffusion, 
whereas relatively more rapid mass movement from simu­
lated overland flow processes such as slope wash has yield­
ed a concave hillslope typical of nonlinear transport laws. " 

The progressive pattern of erosion displayed by the se­
ries of profiles in Figure 4 offers the possibility of loosely 
fitting actual cone profiles with normalized profiles from 
the diffusion.,equation model. A "best~~t" approximation of 
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Fig. 3. Plot depicting the decrease in cone height/width (Hcof 
W co). with increasing age (measured in time steps) for comput­
er-simulated erosion of the modeled scoria cone by two differ­
ent transport laws. Time steps 0 to 50,000 are displayed in (a), 

while time steps 0 to 300,000 are shown in (b). 

actual (or field) data to model data could be used to correlate 
or calibrate the two different sets of proftles. 

Both computer modeling and field observations suggest 
that crater infilling is a major modification during cone 
degradation. At first material is transported down both the 
external cone slope and internal crater slope. Once the 
crater is completely infilled (see Figure 4), material can be 
transported down only the external or outer slope. There­
fore, the final stage of crater infilling is marked by a shift 
in the general pattern of downslope transport and is a 
critical point in the course of morphologic modification of 
the cone. In a simple classification, youthful cones possess 
a crater while older cones have lost the crater to erosion. 

CALmRATION OF RESULTS 

The rate of scoria cone degradation in the Colima and 
Michoacan-Guanajuato volcanic fields can be compared 
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Fig. 4. (a, b, c, d). Profiles taken at appropriate time intervals 
during computer-simulated erosion record the changing mor­
phology of the model scoria cone. These profiles are taken 
through the center of the model cone and are displayed without 
vertical exaggeration. Progressive degradation is observed 
from the initial conical form (time step 0), through rounding 
of the crater rim and crater infilling, through a stage with a 
mound or shield-like hill, and finally into a' nearly flat land­
form (time step 300,000). The crater is completely infilled by 
time step 6,500 for the nonlinear model and by time step 
15,500 for the linear model. A time step (or tiple increment) is 
one pass through the computer algorithm evaluating the grid 

of unit cells. 

with the rate of simulated degradation. Scoria: cones at 
Colima have not been dated by radiometric or other 
chronometric techniques. However, the radiometrically­
dated cones of the Michoacan-Guanajuato field permit the 
establishment of a calibrated chronometric scheme that can 
be applied to the Colima cones based upon the assumption 
that the volcanic fields have a similar climate. 

The Colima volcanic field occupies portions of the 
states of Colima and J alisco, while the Michoacan­
Guanajuato volcanic field includes the northern half of the 
state of Michoacan and the southern half of the state of 
Guanajuato. The basal elevations for the Colima cones are 
generally between 1400 and 1800 m. Basal elevations are 
more variable for the cones of the Michoacan-Guanajuato 
field, ranging from approximately 1200 m in the relatively 
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warm and dry climate of the lowlands in the southern por­
tion of the field to about 2600 min the relatively cool and 
wet climate of the Southern Mexican Plateau. Climatic ta­
bles for representative cities in the aiea show that Morelia 
in northern Michoacan has an eleva:tion of 1923 m, .an an­
nual daily mean temperature of 17.7°C, and an annual 
mean precipitation of 755 mm; while the City of 
Guanajuato in central Guanajuato State has an elevation of 
2037 m, an annual daily mean temperature of 17 .9°C, and 
an annual mean precipitation of 668 mm (Mosifio-Aleman 
and Garcia, 1974). Climatic tables were not available for 
any city within the region of the Colima volcanic field, 
but mean.annual temperature and precipitation maps pub­
lished by these same authors reveal that there are relatively 
minor climatic variations between the two volcanic fields, 
mostly related to elevation. Therefore, for determining ero­
sion rates for this study, the climatic setting for both vol­
canic fields is assumed to be similar. 

The procedure to calibrate the ra:te of degradation of ac­
tual cones with model results commences with plotting the 
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mean H,jW co value for each cone age group versus the re­
spective mean value of the calibrated relative age. Then ei­
ther statistical methods or best-fit approximations could be 
used to match or superimpose the model degradation curve 
derived from computer simulation with the degradation 
curve derived from actual cone morphometry. Because of 
the fundamentally different transport laws, separate erosion 
rates are determined for the linear and nonlinear diffusion 
models. Once the actual and model results have been cali­
brated, the degradation curve from the computer model can 
be used to estimate the age of cone age groups that have 
not yet been dated. This method essentially provides cali­
brated relative ages. 

As an example of this procedure, mean HcofWco values 
(from Table 4) for the youngest Michoacan-Guanajuato 
cone age groups were plotted versus their previously de­
termined mean ages. These are the cone groups classified 
by Hasenaka and Carmichael (1985a, 1985b) as being 
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younger than 40,000 years B.P. (i.e., Hv, Plv4, and Plv3). 
Superimposed upon these data are the calibrated curves for 
the linear diffusion-equation model (Figure 5a) and the non­
linear diffusion-equation or slope wash with gullying 
model (Figure 5b). The HcrfWco values are employed to 
correlate the two separate time scales. The poor alignment 
of group Plv4 in Figure 5a may be the manifestation of 
slope wash processes that are not defined to be simulated 
by the linear model. Alternatively, the anomalous posi­
tioning of group Plv4 could simply be a statistical conse­
quence. However, since the effect is present in results from 
both the linear and nonlinear models (Figure 5), an alterna­
tive explanation may be a period of increased erosion, pre­
sumably the product of increased rainfall. This hypothesis 
will be discussed further in a later section. 

Mean ages of the Plv2-3, Plv2, and Plvl cone groups 
were determined by plotting the intersection of their mean 
HcJWco values with the results from the calibrated simula-
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Fig. 5. Figures illustrating the calibration of actual cone 
degradation with model cone degradation. Mean HcrJWco val­
ues for three cone age groups (Hv, Plv4, Plv3) from the Mi­
choacan-Guanajuato volcanic field (MGVF) are plotted versus 
the mean of their respective calibrated relative ages (confi­
dence limits omitted for clarity). Superimposed upon these 
data are the calibrated curves from the linear diffusion-equation 
model (a) and the slope wash with gullying (SWG) or nonlin-

ear model (b). 

tion models (Figure 6). Ages for these groups have not 
previously been determined. Based upon this method, the 
estimated mean age of group Plv2-3 varies between 56,000 
years B.P. if derived from the linear model and 61,000 
years B.P. if derived from the nonlinear model. Similarly, 
the estimated mean age of group Plv2 varies between 
65,000 years B.P. (linear model) and 68,000 years B.P. 
(nonlinear model), and the estimated mean age of group 
Plv1 varies between 94,500 years B.P. if determined from 
the linear model and 111,500 years B.P. if detennined from 
the nonlinear model (fable 6). 

Models of scoria cone erosion, Colima-Michoacan 

Table6 

Estimated mean ages for scoria cone groups in the 
Michoacan-Guanajuato volcanic field, Mexico 

Cone age group Mean age (years) 
by linear model 

Mean age (years) 
by nonlinear model 

Hv 
Plv4 
Plv3 
Plv2-3 
Plv2 
Plv1 

Explanation: 

(5,000)1 
(17,500)1 
(32,500)1 
56,000 
65,000 
94,500 

(5,000)1 
(17,500)1 
(32,500)1 
61,000 
68,000 

111,500 

lMean age derived from Hasenaka and Carmichael (1985a, 
198Sb) and Hasenak:a (pers. comm., 1994). 
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Fig. 6. Plots illustrating the estimation of the mean age for 
cone groups Plv2-3, Plv2, and Plvl from the Michoacan-Gua­
najuato volcanic field (MGVF). Mean HcJW co values (confi­
dimce limits omitted for clarity) for all six cone age groups aie 
plotted versus the calibrated results from the linear diffusion-. 
equation model (a) and the slope wash with gullying (SWG) or 

nonlinear model (b). 
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Fig. 7. Figures illustrating the estimation of the mean age for 
cone groups Qy, Qm, and Qo from the Colima volcanic field, 
Mexico. Mean HcofW co values (confidence limits omitted for 
clarity) for the cone age groups are calibrated with the rate of 
degradation calculated for the Michoacin-Guanajuato volcanic 
field. The Colima cone groups are plotted versus results from 
both the linear diffusion-equation model (a) and the slope wash 

with gullying (SWG) or nonlinear model (b). 

Since the assumption has been made that the two study 
sites have a similar climate, the rate of degradation calcu­
lated for the Michoacan-Guanajuato field can be applied to 
the Colima field in order to estimate the ages of the three 
cone groups. Employing the same technique, mean 
HcJW co values for the Colima cones (Table 3) were plotted 
with the calibrated simulation results from the Michoacan­
Guanajuato field. The results yield an estimated mean age 
for the youngest Colima cone group (Qy) that varies be­
tween 22,000 years B.P. if derived from the linear model 
and 21,500 years B.P. if derived from the nonlinear model. 
Similarly, the mean age of the intermediate cone group 
(Qm) is estimated to vary between 104,000 years B.P. 
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(linear model) and 118,000 years B.P. (nonlinear model), 
while the mean age of the oldest cone group (Qo) is esti­
mated to vary between 212,000 years B.P. (linear model) 
and 280,000 years B.P. if derived from the nonlinear model 
(Figure 7 and Table 7). The oldest Colima cones would 
correspond in age to an intermediate period in the evolution 
of Nevado de Colima (Robin et al., 1987). At least one 
cone (Volcan Apaxtepec) may have a Holocene age as indi­
cated by its youthful surface character and unmodified state 
of preservation of the associated lava flow (see also Luhr 
and Carmichael, 1981). Possible future absolute age data 
for the Colima cones would prove or disprove these age as­
signments. 

Table7 

Estimated mean ages for scoria cone groups in the Colima 
volcanic field, Mexico 

Cone age group 

Qy (youngest) 
Qm (intermediate) 
Qo (oldest) 

Explanation: 

Mean age (years) Mean age (years) 
by linear model by nonlinear model 

22,000 
104,000 
212,000 

21,500 
118,000 
280,000 

Cone degradation calibrated to equal the erosion rate of cones 
in the Michoacin-Guanajuato volcanic field, Mexico . 

An inverse-solution approach was used to determine the 
diffusion coefficient for cone erosion in each volcanic field 
and solved for Dr in the relationship: 

(6) 

where D1 is the diffusion coefficient for a cone age group or 
a similar collection of cones in the volcanic field, t1 is the 
mean age for the cone age group or cones in the volcanic 
field, Dm is the diffusion coefficient used in computer sim­
ulations, and tm is the model age as measured in computer 
time steps or increments. The values for tm were found by 
matching the HcJW co values from computer simulations 
with mean HcJW co values for each cone age group or col­
lection of cones. Once this relationship has been solved, 
the length of a computer time step can easily be calculated 
as years per time step. For the linear model the diffusion 
term has dimensions [length2/time] and can be expressed in 
units of square meters per thousand years (m2/kyr]. For the 
nonlinear slope wash with gullying model the diffusion 
term has dimensions [length/time] and has units of meters 
per thousand years [ m/kyr]. 

The diffusion term derived for the Michoacan-Guana­
juato volcanic field can be compared with preliminary and 
similarly obtained results from the volcanic fields in the 
southwestern United States (Table 8). This comparison 
reveals the importance of climate. The arid climate of the 



Cima volcanic field in the Mojave Desert of California 
yields the iowest diffusion coefficient values (lowest ero­
sion rate), while the Michoacan-Guanajuato volcanic field, 
having more abundant rainfall, has the highest diffusion 
coefficient values (highest erosion rate). 

TableS 

Comparison of diffusion coefficient (D) values for several 
volcanic fields 

Volcanic 
field/Location 

Michoacan-Guanajua-
to, central Mexico 

Springerville, Arizona 
(U.S.A.) 

San Francisco, Arizona 
(U.S.A.) I 
Cima, California 
(U.S.A.) 

Explanation: 

linear model Nonlinear model 
D (m2/kyr) D (m/kyr) Climate 

124.6 22.2 Temperate-
tropical 

24.4 6.3 Semi-arid 

24.1 5.3 Semi-arid 

8.2 1.5 Arid 

D = diffusion coefficient, a measure of the erosion rate. 
Data for Arizona and California volcanic fields from Hooper 
(1994). 

CLIMATE APPLICATIONS 

A fUrther review of Figure 5 suggests the possibility of 
correlating an increase in the erosion rate for cone group 
Plv4 from the Michoacan-Guanajuato volcanic field with a 
possible increase in effective rainfall during the last glacial 
maximum. There is uncertainty in reconstructing past cli­
mates. ;Debate continues as to whether the last full-glacial 
(Wiscopsin) climate was mild and wet or cold and dry in 
the so~thwestem United States (e.g., Brak:enridge, 1978; 
Van Devender and Spaulding, 1979; Wells, 1979; 
Gallo1ay, 1983; Spauldingand Graumlich, 1986). Perhaps 
even rrtore uncertain is whether the assumptions and mod­
els es~blishing the climate regime of the southwestern 
United! States can be extrapolated into the more southern 
latituM of the volcanic province of central Mexico. Paleo­
climatic data for central Mexico are scarce, but Bradbury 
(1971)ianalyzed lacustrine sediments from a core drilled in 
Mexic~ City and established a stratigraphic sequence of di­
atom aSsemblages for interpreting the climate and limnolo­
gic history of ancient Lake Texcoco. He reports that there 
is evidence to suggest that the Holocene climate is possi­
bly drier than the climate during the last glacial maximum. 
Heine (1977) reconstructed climatic snow lines for several 
high volcanic peaks in central. Mexico and identified a 
glacial advance about 12,100 years B.P., apparently as are­
sult of increased precipitation. This evidence.is not conclu­
sive regarding a "pJuvial" or rainier climate in central Mex­
ico during the last full-glacial period, butit does raise the 
possibility that increased effective precipitation resulted in 
an increased scoria cone erosion rate during the latest Pleis-
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Fig. 8 .. Plots depicting the approximate age of the last glacial 
maximum coinciding with a period of increased erosion in the 
Michoacan-Guanajuato volcanic field (MGVF). Cone age 
group data is calibrated with curves from the linear diffusion­
equation model (a) and the slope wash with gullying (SWG) or 
nonlinear model (b). 

tocene (Figure 8). Furthermore, this suggests that the com­
bination of detailed chronometric data and a sufficient num­
ber of scoria cones covering a desired time period could be 
used to identify erosion cycles or climatic fluctuations. 

APPLICATION OF COMPUfER-SIMULATED 
EROSION TO VOLCAN TELCAMPANA 

The linear diffusion-equation model was applied to 
Volcan Telcampana to estimate its future degradational 
evolution. One of the youngest scoria cones in the Colima 
volcanic field, Volcan Telcampana has a height of 160 m 
and is slightly breacl)ed on both the south and nortl)west 
flanks. Cone width was determined to be 862 m with .crater 
width measuring 312m. Crater depth was calculated to be 
40 m, but erosion has already contributed to its partial in-
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filling. The surrounding terrain slopes gently downhill to 
the northwest (Figure 9). 

A digital topographic data set or digital terrain model 
(DTM) of Volcan Telcampana and the surrounding area was 
created by digitizing a 1600 X 1600 m subset of the 
1:50,000-scale topographic map. An elevation was as­
signed to each 4 X 4 m cell either directly by the digitizing 
procedure or by the interpolation routine, a modified ver­
sion of an inverse-squared distance weighting technique by 
Clarke (1990). This grid of topographic data was then read 
as input for the linear diffusion-equation model and sub­
jected to simulated erosion using a diffusion coefficient of 
D = 1.0. 

The extent of degradation was periodically sampled, as 
illustrated in Figure 10. After 9,000 time steps, cone 
height displayed a decrease from 160m to 144m or a de­
crease in elevation from 1460 m a.s.l. to 1444 m a.s.l. 
Erosion has left the crater almost completely infilled. If 
one assumes this cone had approximately the same initial 
geomorphologic parameters as the model cone used in the 
computer simulations and that it will experience the same 
general erosion rate as the cones in the Michoacan­
Guanajuato volcanic field, then after 9,000 time steps 
Volcan Telcampana has undergone the equivalent of 72,000 
years of simulated erosion by linear diffusive processes. 

By time step 25,000 all traces of the crater have been 
removed and cone height has decreased to 133 m (1433 m 

a.s.l.). At this stage of degradation the cone has a smooth, 
rounded summit and a maximum cone slope angle of 21°, a 
decrease from the initial maximum slope angle of 32°. The 
HcofWco value has similarly decreased to 0.140 from anini­
tial value of 0.186. This is how the cone may look 
200,000 years into the future. The combination of this 
simulation and an analysis of cone degradational trends 
suggest that 100,000 to 200,000 years are required to com­
pletely infill the crater of an average scoria cone in the 
Colima and Michoacan-Guanajuato volcanic fields. As an­
ticipated, this is a more rapid erosion rate than that found 
at the more arid San Francisco, Springerville, or Cima 
volcanic fields in the southwestern United States (Table 8). 
Scoria cones in these fields generally lose their craters to 
infilling in approximately 500,000 to 750,000 years 
(Hooper, 1994). 

Further erosion reduces the cone to a low-relief, shield­
like hill, as displayed in time step 75,000. Cone height 
and maximum cone slope angle have diminished to 105 m 
(1405 m a.s.l.) and 11°, respectively. In this advanced stage 
of degradation, HcJWco has been reduced to approximately 
0.085 and the cone has experienced 600,000 years of simu­
lated erosion. 

IMPliCATIONS AND CONCLUSION 

Changes in scoria cone morphology can be correlated 
with the length of time a cone has been exposed to erosive 

Fig. 9. View of Volcan Telcampana (Colima volcanic field, Mexico) looking toward the northwest. 
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Fig. 10. A series of photographs of Volcan Telcampana display the results of erosion by a linear diffusion-equation method. Three­
dimensional views exhibit different stages of degradation, beginning with the initial conditions (time step 0) prior to the com­
mencement of simulated erosion (a). Mter 9,000 time steps crater infilling is nearly complete (b). By time step 25,000 all traces of 
the crater have been removed (c). Degraded cone of Volcan Telcampana after 75,000 time steps (d). North is to the top in each pho-

tograph and each color band represents approximately 13 m in thickness. 

conditions since age is the significant factor distinguishing 
the progressive geomorphologic transformations exhibited 
by a group of these landforms. Assuming an initial conical 
form, modifications of scoria cone morphology commence 
with the rounding of the crater rim, decrease in cone 
height, crater infilling, and development of debris aprons to 
enlarge the basal diameter or width of the cone. Progressive 
modifications include a decrease in maximum and average 
cone slope angle, complete crater infilling to leave a scoria 
mound or dome, and a continuing increase in cone width at 
the expense of cone height as eroding material continues 
downslope transport. Further erosion reduces the cone to a 
shield-like hill with low maximum and average slope an­
gles and a low HcJW co ratio. Variations in internal struc­
ture, particle size, welded or agglutinated layers, and sec­
ondary or external modifications may produce slight devia­
tions in this general degradation pattern. Cone age esti­
mates could be influenced by the type of simulation model 
employed and the possibility of immature vents. The cli­
matic setting will determine which erosional processes 
dominate. Since the diffusion coefficient is assumed to be 
constant, any deviation in erosion rate may be linked to 
climate change.le combination of detailed chronometric 

data and a sufficient number of scoria cones covering a de­
sired time period could be used to identify erosion cycles or 
climatic fluctuations. 

The rate of scoria cone degradation in the Colima and 
Michoacan-Guanajuato volcanic fields was calibrated with 
the rate of computer-simulated degradation. Hasenaka and 
Carmichael (1985a, 1985b) classified 36 scoria.cones in 
the Michoacan-Guanajuato volcanic field into three age 
groups (Hv, Plv4, and Plv3) younger than 40,000. years 
B.P. Calibrated simulation results were then employed to 
determine that the mean age of group Plv2-3 varies be­
tween 56,000 years B.P. if derived from the linear diffu­
sion-equation model and 61,000 years B.P. if derived from 
the nonlinear diffusion-equation model. Similarly, the es­
timated mean age of group Plv2 varies between 65,000 
years B.P. (linear model) and 68,000 years B.P. (nonlinear 
model), and the estimated mean age of group Plvl varies 
between 94,500 years B.P. (linear model) and 111,500 
years B.P. (nonlinear model). Since the assumption has 
been made tha:t the two volcanic fields have a similar cli­
mate, the.rate of degradation calculated for the Michoacan­
Guanajuato field can be applied to the Colima field in order 
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to estimate the ages of its three relative-age cone groups. 
Employing the same method, the estimated mean age of 
the youngest Colima cone group (Qy) varies between 
22,000 years B.P. if derived from the linear model and 
21,500 years B.P. if derived from the nonlinear model. The 
mean age of the intermediate cone group (Qm) is estimated 
to vary between 104,000 years B.P. (linear model) and 
118,000 years B.P. (nonlinear model), while the mean age 
of the oldest cone group (Qo) is estimated to vary between 
212,000 years B.P. (linear model) and 280,000 years B.P. 
(nonlinear model). Future work may verify these age as­
signments, or at least aid in the calculation of an improved 
dating scheme and erosion rate. 

The degradational pattern witnessed in field observa­
tions and map measurements was simulated by the com­
puter model. Simulated cone morphology and the mor­
phology of undated cones in a volcanic field can be cali­
brated with morphometric parameters, as well as with 
cross-sectional profiles, of cones that have been dated by 
radiometric techniques. Other possible calibration methods 
include least-squares fitting of morphometric parameters 
(Wood, 1980b) and comparative fitting of normalized cone 
cross-sectional profiles. The advantage of each of these 
methods is that a cone of an unknown age can be loosely 
assigned an age by comparing the morphometric parame­
ters of the cone in question with the spread of the mor­
phometric parameters occupied by a calibrated or dated 
group of cones from the same volcanic field. The accuracy 

and precision of these techniques does not permit them to 
replace absolute age data, but they can separate, for exam­
ple, late Pleistocene scoria cones from early Pleistocene 
cones. Therefore, comparative morphology of cinder or 
scoria cones is a potentially useful dating tool for volcanic 
fields. 
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APPENDIX 

Morphometry of 70 Holocene and latest Pleistocene scoria cones 

Location/Name H;, 1 Woo HcJ'Wco Max Slope Wcr Dcr Lat Lon 

San Francisco volcanic field, Arizona (U.S.A.): 

Sunset Crater 314 1630 0.193 32.7° 530 134 35°21'45"N 111 °30'15"W 
Merriam Crater 370 1844 0.201 30.8° 540 132 35°20'N 111 °l7'15"W 
Maroon Crater 138 854 0.162 29.2° 274 59 35°18'30"N Ill 0 21'30"W 
SP Mountain 250 1201 0.208 34.3° 380 122 35°35'N 111 °37'50"W 
Saddle Mountain 268 1202 0.223 29.2° 434 110 35°26'15"N lll0 44'W 

Lassen volcanic center, California (U.S.A.): 

Hat Mountain 203 1190 0.170 28.0° 339 74 40°30'30"N 121°25'W 
Hall Butte 179 875 0.204 31.7° 214 57 40°42'N 121°33'W 
Eiler Butte 104 611 0.170 28.3° 178 34 40°43'N 12l0 33'W 
Cinder Cone 179 865 0.207 32.6° 268 69 40°32'30"N 121°19'W 
Unnamed 115 643 0.179 27.7° 137 30 40°39'N 121°32'W 

Sand Mountain volcanic field, Oregon (U.S.A.): 

Sand Mtn. (north cone) 225 1071 0.210 30.9° 348 85 44°23'20"N 121°55'50"W 
Sand Mtn. (south cone) 231 1012 0.228 31,60 389 140 44°23'N 121 °55'50"W 
Nash Crater 267 1148 0.232 35,60 262 72 44°25'10"N 121 °56'55"W 
Unnamed 173 809 0.214 27.8° 207 57 44°22'N 121°56'W 

Cima volcanic field, California (U.S.A.): 

Unnamed (Cone G) 167 940 0.178 30.3° 315 50 35°12'30"N ll5°48'W 
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Mauna Kea volcano, Hawaii (U.S.A.): 

Puu Kole (I) 128 595 0.215 29.1° 167 30 l9°45'5"N 155°25'20"W 
Puu Kole (II) 101 476 0.212 28.3° 198 40 19°53'10"N 155°27'10"W 
Hookomo 99 631 0.157 30_60 268 62 l9°44'N 155°27'10"W 
Huikau 101 666 0.152 32.0° 298 88 l9°42'45"N 155°26'15"W 
Kalaieha 80 352 0.227 34.3° 90 22 19°42'20"N 155°26'15"W 
Puu Ka Pele 136 750 0.181 33.3° 381 87 l9°46'10"N 155°38'10"W 
PuuHau Kea 104 607 0.171 36.2° 202 37 l9°49'N 155°28'30"W 
Puu Loa 143 833 0.172 23.7° 181 43 l9°46'N 155°23'5"W 
Puu Makanaka 157 1065 0.147 36.8° 422 102 19°50'40"N 155°25'45"W 
PuuHoaka 145 774 0.187 26.8° 250 35 l9°51'30"N 155°26'15"W 
Kaikipauula 166 690 0.240 31.9° 226 51 l9°55'15"N 155~9'30"W 

Haleakala volcano (Maui), Hawaii (U.S.A.): 

PuuNaue 127 577 0.220 27,60 220 66 20°43'15"N 156°11'15"W 
Halalii 85 518 0.164 34.2° 220 61 20°43'20"N 156°12'10"W 
Puu o Maui 187 765 0.244 36.2° 178 65 20°43'15"N 156°13'15"W 

Mojave Desert, California (U.S.A.): 

Pisgah Crater 92 488 0.188 30.9° 220 25 34°45'N ll6°22'30"W 
Amboy Crater 74 476 0.156 35.8° 250 32 34°32'45"N l15°47'30"W 

Raton-Clayton volcanic field, New Mexico (U.S.A.): 

Capulin Mountain 330 1550 0.213 36.1° 413 122 36°47'N l03°58'20"W 
Baby Capulin 76 455 0.167 28.4° 188 46 36°49'N 103°56'15"W 

Newberry volcano, Oregon (U.S.A.): 

Lava Butte 163 702 0.232 36.2° 173 60 43°55'N 121°21'20"W 

Big Pine volcanic field, California (U.S.A.): 

Red Mountain 201 1202 0.167 33.9° 333 56 37°1'50"N 118°17'15"W 

Craters of the Moon, Idaho (U.S.A.): 

Crescent Butte 119 881 0.135 28.3° 318 73 43°25'N 113°30W 

Mt. Etna volcano, Sicily (Italy): 

MonteGorna 142 625 0.227 29.3° 205 63 37°38'55"N 15°4'50"E 
Monte Serra Pizzuta 117 500 0.234 28.2° 275 40 37°38'30"N 15°1E 
Monte Minardo 179 875 0.204 34.6° 238 54 37°44'N 14°52'15"E 
Monte Lepre 143 800 0.179 33.7° 262 84 37°45'N 14°55E 

Chichimiutzin volcanic field, Mexico: 

Volcan Holotepec 120 625 0.192 31.5° 200 60 l9°5'20"N 99°29W 
Volcan El Tezontle 190 1300 0.146 33.7° 500 120 19°2'5"N 99°27'40"W 
V olean Cuautl 160 750 0.213 33.6° 250 60 19~'50"N 99~5'15"W 

Volcan Negro 170 800 0.212 31.0° 250 80 19~'55"N 99°22'45"W 
Volcan Pehualtepec 170 900 0.189 34.6° 325 90 l9°13'N 99°24'W 
Volcan Texontepec 130 700 0.186 33.5° 225 50 l9°14'30"N 99°24'45"W 
Volcan Ololica 155 1012 0.153 31.0° 388 60 l9°3'40"N 99°2'W 
Volcan El Hoyo 80 483 0.166 36.2° 300 50 19°5'30"N 99°10'W 
Volcan Tesoyo 180 1275 0.141 35.0° 470 110 19°5'45"N 99°13'20"W 
Volcan Pelado 195 1015 0.192 33.7° 383 75 19°9'N 99°13'W 
V olean Teuhtli 120 643 0.187 33.7° 188 30 l9°13'20"N 99°1'50"W 
Volcan Yololica 140 828 0.169 31.4° 282 40 l9°13'15"N 99°10'40"W 
Unnamed 160 831 0.192 27.1° 430 100 l9°9'10"N 98°55'55"W 
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Michoacan-Guanajuato volcanic field, Mexico: 

V olean Pari cutin 220 950 0.232 35.0° 250 65 l9°29'30"N 102°15'5"W 
V olean El J orullo 310 1540 0.201 37.0° 450 150 18°58'20"N 101°43'5"W 
Cerro El Cajete 110 612 0.180 33.5° 220 55 19°22'20"N 101 °36'50"W 
Cerro Prieto 290 1395 0.208 32.3° 440 100 19°17'55"N 101 °32'55"W 
Cerros Cuates (west) 120 675 0.178 32.4° 260 45 l9°46'50"N 101 °58'20"W 
Cerros Cuates (east) 120 550 0.218 30.7° 130 30 19°46'55"N 101 °57'55"W 
Cerro San Miguel 250 1160 0.216 35.0° 295 30 19°36'35"N 102°5'50"W 
C. San Miguel (Velaz.) 230 1250 0.184 35.1° 260 45 l9°48'10"N 101 °58'30"W 
Cerro La Arena 180 825 0.218 34.2° 240 40 l9°46'30"N 101 °54'30"W 
Cerros Cumbuan (west) 150 800 0.188 34.6° 250 45 19°39'N 102°3'35"W 
Cerro Yondima 240 1055 0.227 34.2° 325 65 19°36'5"N 102°6'35"W 
Cerro Los Amoles 140 825 0.170 33.0° 285 45 19°35'20"N 102°7'50"W 
Cerro Santa Cruz 240 1038 0.231 32.7° 262 60 l9°31'20"N 102°5'55"W 
Cerro Piruani 150 838 0.179 32.3° 288 50 19°30'50"N l02°6'35"W 

Colima volcanic field, Mexico: 

Volcan Telcampana 160 862 0.186 32.0° 312 40 l9°41'15"N 103°47'W 
Volcan Comal Grande 165 900 0.183 29.5° 419 80 l9°45'N 103°47'45"W 

Tolbachik volcanic center, Kamchatka (Russia): 

Gorshkov's Cone 299 1154 0.259 30.9° 351 134 55°41'N 160°13E 

Explanation: 
IHco=cone height in meters, W co= cone width or basal diameter in meters, Max Slope= maximum cone slope angle in degrees, Wcr = 
crater width or basal diameter in meters, Dcr =depth of crater in meters, Lat =latitude, and Lon= longitude. 

BffiUOGRAPHY 

AHNERT, F., 1976. Brief description of a comprehensive 
three-dimensional process-response model of landform 
development. Zeitschrift Geomorph., 25, 29-49. 

ANDREWS, D. J. and T. C. HANKS, 1985. Scarp de­
graded by linear diffusion: Inverse solution for age. J. 
Geophys. Res., 90, 10,193-10,208. 

ANDREWS, D. J. and R. C. BUCKNAM, 1987. Fitting 
degradation of shoreline scarps by a nonlinear diffusion 
model. J. Geophys. Res., 92, 12,857-12,867. 

BAN, M., T. HASENAKA, H. DELGADO-GRANADOS 
and N. TAKAOKA, 1992. K-Ar ages of lavas from 
shield volcanoes in the Michoacan-Guanajuato volcanic 
field, Mexico. Geofis. Int., 3I, 467-473. 

BLOOMFIELD, K., 1975. A late-Quaternary monogenetic 
volcano field in central Mexico. Geol. Rundschau, 64, 
476-497. 

BRADBURY, J. P., 1971. Paleolimnology of Lake 
Texcoco, Mexico. Evidence from diatoms. Limnol. 
Oceanography,l6, 180-200. 

BRAKENRIDGE, G. R., 1978. Evidence for a cold, dry 
full-glacial climate in the American Southwest. 
Quaternary Res., 9, 22-40. 

338 

BURSIK, M., 1991. Relative dating of moraines based on 
landform degradation, Lee Vining Canyon, California. 
Quaternary Res., 35,451-455. 

CARSON, M. A. and M. J. KIRKBY, 1972. Hillslope 
Form and Process. Cambridge Univ. Press, London, 
pp. 475. 

CHASE, C. G., 1992. Fluviallandsculpting and the fractal 
dimension of topography. Geomorphology, 5, 39-57. 

CLARKE, K. C., 1990. Analytical and Computer Carto­
graphy. Prentice Hall, New Jersey, pp. 230. 

COLMAN, S.M., 1987. Limits and constraints of the dif­
fusion equation in modeling geological processes of 
scarp degradation. In: "Directions in Paleoseismology, 
Proceedings of Conference XXXIX", Crone, A. and E. 
Omdahl (Eds.), U.S. Geological Survey, Open-File 
Report 87-673, 311-316. 

COLMAN, S. M. and K. WATSON, 1983. Ages esti­
mated from a diffusion equation model for scarp degra­
dation. Science, 221, 263-265. 

COLTON, H. S., 1967. The basaltic cinder cones and lava 
flows of the San Francisco volcanic field. Museum of 
Northern Arizona, Flagstaff, Arizona, pp. 58 (revised 
edition). 



CONNOR, C. B., 1987. Structure of the Michoacan-Gua­
najuato volcanic field, Mexico. f. Volcanol. Geotherm. 
Res., 33, 191-200. 

CULLING, W. E. H., 1960. Analytical theory of erosion. 
f. Geology, 68, 336-344. 

CULLING, W.E. H., 1963. Soil creep and the develop­
ment of hillside slopes. f. Geology, 71, 127-161. 

CULLING, W. E. H., 1965. Theory of erosion on soil­
covered slopes. f. Geology, 73, 230-254. 

DE PLOEY, J. and J. SA VAT, 1968. Contribution a I' e­
tude de !'erosion par le splash: Zeitschrift Geomorph., 
12, 174-193 (In French with English summary). 

DOHRENWEND, J.C., S.G. WELLS and B.D. TURRIN, 
1986. Degradation of Quaternary cinder cones in the 
Cima volcanic field, Mojave Desert, California. Geol. 
Soc. Amer. Bull., 97, 421-427. 

ELLISON, W. D., 1944. Studies of raindrop erosion. 
Agricultural Eng., 25, 131-136. 

GALLOWAY, R. W., 1983. Full-glacial southwestern 
United States: mild and wet or cold and dry? Quaternary 
Res., 19, 236-248. 

GILBERT, G. K., 1909. The convexity of hilltops. f. 
Geol., 17, 344-350. 

HANKS, T. C., R. C. BUCKNAM, K. R. LAJOIE and 
R. E. WALLACE, 1984. Modification of wave-cut and 
faulting-controlled landforms. f. Geophys. Res., 89, 
5771-5790. 

HASENAKA, T. and I. S. E. CARMICHAEL, 1985a. 
The cinder cones of Michoacan-Guanajuato, central 
Mexico: Their age, volume and distribution, and 
magma discharge rate. f. Volcano/. Geotherm. Res., 
25, 105-124. 

HASENAKA, T. and I. S. E. CARMICHAEL, 1985b. A 
compilation of location, size, and geomorphological 
parameters of volcanoes of the Michoacan-Guanajuato 
volcanic field, central Mexico. Geofis. Int., 24, 577-
607. 

HASENAKA, T., M. BAN and H. DELGADO­
GRANADOS, 1994. Contrasting volcanism in the 
Michoacan-Guanajuato Volcanic Field, central Mexico: 
Shield volcanoes vs. cinder cones. Geof{s. Int., 33, 
125-138. 

HEINE, K., 1977. Beobachtungen und Uberlegungen zur 
Eiszeitlichen Depression von Schneegrenze und 
Strukturbodengrenze in den Tropen und Subtropen. 
Erdkunde, 31-3, 161-178 (In German with English 
summary). 

Models of scoria cone erosion, Colima-Michoacan 

HIRANO, M., 1968. A mathematical model of slope de­
velopment: an approach to the analytical theory of ero­
sional topography. f. Geosci., Osaka City University, 
11, 13-52. 

HOOPER, D. M., 1994. Geomorphologic modeling of the 
degradational evolution of scoria cones. Ph.D. disserta­
tion, State University of New York at Buffalo, Buffalo, 
New York, pp. 312. 

HOOPER, D. M. and M. F. SHERIDAN, 1991. A two­
dimensional diffusion model for simulating erosion of 
scoria cones. (Abstr.) Geol. Soc. Amer. Ann. Mtg., 
Abstr. with Prog., 23, 206. 

KIRKBY, M. J., 1971. Hillslope process-response models 
based on the continuity equation. Institute of British 
Geographers Special Pub. 3, 15-30. 

LAITY, J. E., 1994. Landforms of aeolian erosion. In: 
"Geomorphology of Desert Environments", Abrahams, 
A. D. and A. J. Parsons (Eds.), Chapman & Hall, 
London, 506-535. 

LAWSON, A. C., 1915. The epigene profiles of the 
desert. Univ. California Publications in Geology. Bull. 
Dept. Geol., 9-3, 23-48. 

LUHR, J. F. and I. S. E. CARMICHAEL, 1981. The 
Colima volcanic complex, Mexico: Part II. Late­
Quaternary cinder cones. Contrib. Mineral. Petrol., 76, 
127-147. 

LUHR, J. F. and K. L. PRESTEGAARD, 1988. Caldera 
formation at Volcan Colima, Mexico, by a large 
Holocene volcanic debris avalanche. f. Volcanol. 
Geotherm. Res., 35, 335-348. 

MARTIN DEL POZZO, A. L., 1982. Monogenetic vul­
canism in Sierra Chichinautzin, Mexico. Bull. 
Volcano[., 45, 9-24. 

MAYER, L., 1984. Dating Quaternary fault scarps formed 
in alluvium using morphologic parameters. Quaternary 
Res., 22, 300-313. 

McGETCHIN, T. R., M. SETTLE and B. A. CHOUET, 
1974. Cinder cone growth modeled after Northeast 
Crater, Mount Etna, Sicily. J. Geophys. Res., 79, 
3257-3272. 

MOORE, R. B. and E. W. WOLFE, 1976. Geologic 
of the eastern San Francisco volcanic field, Arizona. 
U.S. Geological Survey Misc. Invest. Map I-953, scale 
1:50,000. 

MOORE, R. B. and E. W. WOLFE, 1987. Geologic map 
of the east part of the San Francisco volcanic field, 
north-central Arizona. U.S. Geological Survey Misc. 
Field Studies Map MF-1960, scale 1:50,000. 

339 



D. M. Hooper 

MOSINO-ALEMAN, P. A. and E. GARCIA, 1974. The 
climate of Mexico. In: "Climates of North America", 
Bryson, R. A. and F. K. Hare (Eds.), Elsevier, 
Amsterdam-London-New York, 345-404. 

MOSLEY, M., 1973. Rainsplash and the convexity of 
badland divides. Zeitschrift Geomorph., 18, 10-25. 

NASH, D. B., 1980a. Forms of bluffs degraded for differ­
ent lengths of time in Emmet County, Michigan, 
U.S.A. Earth Surface Proc., 5, 331-345. 

NASH, D. B., 1980b. Morphologic dating of degraded 
normal fault scarps. J. Geology, 88, 353-360. 

NASH, D. B., 1984. Morphologic dating of fluvial terrace 
scarps and fault scarps near West Yellowstone, 
Montana. Geol. Soc. Amer. Bull., 95, 1413-1424. 

PIERCE, K. L. and S. M. COLMAN, 1986. Effect of 
height and orientation (microclimate) on geomorphic 
degradation rates and processes, late-glacial terrace 
scarps in central Idaho. Geol. Soc. Amer. Bull., 97, 
869-885. 

PORTER, S. C., 1972. Distribution, morphology, and 
size frequency of cinder cones on Mauna Kea volcano, 
Hawaii. Geol. Soc. Amer. Bull., 83, 3607-3612. 

ROBIN, C., P. MOSSAND, G. CAMUS, J.-M. 
CANTAGREL, A. GOURGAUD and P. M. 
VINCENT, 1987. Eruptive history of the Colima vol­
canic complex (Mexico). J. Volcano/. Geotherm. Res., 
3I' 99-113. 

ROBIN, C., G. CAMUS and A. GOURGAUD, 1991. 
Eruptive and magmatic cycles at Fuego de Colima vol­
cano (Mexico). J. Volcano/. Geotherm. Res., 45, 209-
225. 

SCHEIDEGGER, A. E., 1961. Mathematical models of 
slope development. Geol. Soc. Amer. Bull., 72, 37-50. 

SCHUMM, S. A., 1956. The role of creep and rainwash 
on the retreat of Badland slopes. Amer. J. Sci., 254, 
693-706. 

SCOTT, D. H. and N.J. TRASK, 1971. Geology of the 
Lunar Crater volcanic field, Nye County, Nevada. U.S. 
Geol. Surv. Prof. Paper, 599-I, pp. 22. 

SEGERSTROM, K., 1950. Erosion studies at Paricutin, 
State of Michoacan, Mexico. U.S. Geol. Survey Bull. 
965-A, pp. 164. 

SETTLE, M., 1979. The structure and emplacement of 
cinder cone fields. Amer. J. Science, 279, 1089-1107. 

340 

SMILEY, T. L., 1958. The geology and dating of Sunset 
Crater, Flagstaff, Arizona. 9th. Field Conf., New 
Mexico Geol. Soc. Guidebook, 186-190. 

SPAULDING, W. G. and L. J. GRAUMLICH, 1986. The 
last pluvial episodes in the deserts of southwestern 
North America. Nature, 320,441-444. 

STOOPES, G. R. and M. F. SHERIDAN, 1992. Giant 
debris avalanches from the Colima volcanic complex, 
Mexico: Implications for long-runout landslides (>100 
km) and hazard assessment. Geology, 20, 299-302. 

VANDEVENDER, T. R. and W. G. SPAULDING, 1979. 
Development of vegetation and climate in the south­
western United States. Science, 204,701-710. 

WELLS, P. V., 1979. An equable glaciopluvial in the 
west: pleniglacial evidence of increased precipitation on 
a gradient from the Great Basin to the Sonoran and 
Chihuahuan Deserts. Quaternary Res., 12,311-325. 

WELLS, S. G., J. C. DOHRENWEND, L. D. 
McFADDEN, B. D. TURRIN and K. D. MAHRER, 
1985. Late Cenozoic landscape evolution on lava flow 
surfaces of the Cima volcanic field, Mojave Desert, 
California. Geol. Soc. Amer. Bull., 96, 1518-1529. 

WILLGOOSE, G., R. L. BRAS and I. RODRIGUEZ­
ITURBE, 1991. Results from a new model of river 
basin evolution. Earth Surface Proc. Landforms, 16, 
237-254. 

WOOD, C. A., 1980a. Morphometric evolution of cinder 
cones. J. Volcano/. Geotherm. Res., 7, 387-413. 

WOOD, C. A., 1980b. Morphometric analysis of cinder 
cone degradation. J. Volcano{. Geotherm. Res., 8, 137-
160. 

YOUNG, A., 1972. Slopes. Longman, Inc., London, pp. 
288. 

Donald M. Hooper 
Center for Earth and Planetary Studies 
National Air and Space Museum, MRC-315 
Smithsonian Institution 
Washington, D.C. 20560 U.S.A. 
Present address: Department of Geology 
876 Natural Sciencies & Mathematics Complex 
Box 603050 
State University of New York at Buffalo 
Buffalo, N. Y. 14260-3050, 
U.S.A. 


