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RIO GRANDE RIFT, UTILIZING CONE MORPHOLOGY AND LANDSAT THEMATIC 

IMAGERY: A PRELIMINARY ASSESSMENT 

JERRY M. HOFFER', BRIANS. PENN2, OSCAR A. QUEZADA', and MONICA MORALES' 
'Department of Geological Sciences, University of Texas at El Paso, El Paso, TX 79968; 

'Pan-American Center for Earth and Environmental Studies, University of Texas at El Paso, El Paso, TX 79968 

Abstract- The Potrillo and Palomas basalt fields, located in southern New Mexico and northern Chihuahua, 
respectively, contain abundant cinder cones and basaltic lava flows. Radiometric dates indicate the volcanic 
activity in the Potrillo field is much younger (20-916 ka) than in the Palomas field (2960---5170 ka). 
Measurements of cinder cone morphology, including maximum slope angle and radius/height ratios, correlate 
well with individual ages from both of the fields. The maximum slope angles of the Potrillo cones average 19° 
versus 6° for the older Palomas cones; radius/height values show a similar relationship, 5.1 for the former, and 
9.8 for the latter. In addition, Landsat thematic mapper images of the cinder cones in the Potrillo and Palomas 
fields increase in apparent reflectance in visible through short wavelength infrared with increasing age. The 
older Palomas cones display higher reflectance values than the younger Potrillo cones. The spectral reflectance 
in the visible and infrared wavelengths is due to the alteration of magnetite and/or ilmenite in the basaltic cin
der to hematite and goethite. 

INTRODUCTION 

Two moderate-sized late Cenozoic volcanic fields occur within 
the Rio Grande rift in southern New Mexico and northern 
Chihuahua. The Potrillo basalt field includes Quaternary basalt 
flows and associated cinder cones that crop out over an area of 
approximately 405 mi' in western Dona Ana and eastern Luna 
Counties in southern New Mexico. The field includes, from west to 
east, the West Potrillo Basalt, Aden-Afton Basalt and the Black 
Mountain-Santo Tomas Basalt (Fig. 1). The lava flows are predom
inantly alkali-olivine basalt (normative nepheline and olivine) and 
basanite (normative nepheline exceeds 5%) (Hoffer, 1988). 

The West Potrillo Basalt is defined as the Quaternary basalt that 
crops out in the West Potrillo Mountains, a broad topographic high 
composed almost entirely of volcanic materials. The range rises 
400-800 ft above the surrounding desert floor and consists of older 
fissure-fed lava flows capped by numerous younger cinder cones 
and associated flows. Two maar volcanoes, Mount Riley and 
Malpais, have been described in the central and southern sections 
of the field (Hoffer, 1976). 

The Aden-Afton basalt field, east of the West Potrillos, consists 
of a series of thin basaltic lava flows, a small shield cone (Aden 
Crater), several cinder cones (Gardner cones), and three maar vol
canoes (from north to south, Kilbourne Hole, Hunts Hole, and 
Potrillo Maar, the latter straddling the International border). 

The Black Mountain-Santo Tomas basalt field refers to four 
small volcanic centers on the eastern margin of the La Mesa sur
face; from south to north the centers include Black Mountain, 
Little Black Mountain, San Miguel, and Santo Tomas. The Black 
Mountain and Santo Tomas both display multiple eruptions from 
cinder cones, but the two intervening centers display only a single 
extrusion of olivine basalt from a cinder cone (Hoffer, 1971 ). 

The Palomas basalt field is located approximately 30 mi west
southwest of the Potrillo basalt field and covers an area of about 
380 mi' in southern New Mexico and northern Chihuahua, Mexico 
(Fig. 2). The lavas in the Palomas basalt field are more variable 
chemically than those in the Potrillo field as they include both alka
lic and tholeiitic types (Frantes and Hoffer, 1982). The tholeiitic 
lavas include both olivine basalt (normative olivine and hypers
thene) and tholeiite ( normative hypersthene greater than 3%) 
(Hoffer, 1988). 

Volcanic features include cinder cones, lava flows , and exposed 

dikes. The cones, ranging from 100 to 350 ft in height, display sin
gle or multiple vents and are typically breached on one or more 
sides where lava flows have been extruded. A number of olivine 
basalt dikes are associated with the cinder cones. The dikes dip 
nearly vertically, are several feet in width, and average 400 ft in 
length. The dikes display two different orientations. The majority 
are linear and strike in a generally northern direction for distances 
up to 2000 ft. The remaining dikes, approximately 20°, occur as 
curving ring dikes near the top of several cinder cones. The dikes 
dip nearly vertically and partially encircle the vent area. The out
cropping dikes are thought to represent the exposed plumbing sys
tem of the highly eroded cinder cones (Frantes, 1981). 

A summary of the major volcanic features in both the above vol
canic fields, along with recently published dates, are included in 
Table 1. 

This study reports on the correlations among cone morphology, 
Landsat thematic imagery spectra, and geochronology. 

CINDER CONE MORPHOLOGY 
Introduction 

Several studies have been reported on the morphology of cinder 
cones. Porter (1972), Bloomfield (1975), Luhr and Carmichael 
(1981), and Scott and Trask (1971) investigated morphological vari
ations among Quaternary basaltic cinder cones in Hawaii, central 
Mexico, eastern Mexico, and central Nevada, respectively. All the 
above studies concluded that the cone slope angle, which decreased 
with time, is the most easily measured and reliable age indicator. 

TABLE 1. Summary of volcanic features and ages, Potrillo and Palomas 
basalt fields, southern New Mexico and northern Chihuahua(' = "'Ar/"Ar; 
Williams et al., 1994; ' = 'He Surface exposure dates; Anthony and Poths, 
1992, ' = K/Ar, Seager et al., 1984). 

West rotrillo 
Basalt 

Lava flows numerous 
Maar 2 

Cindc-r cone > 130 

Spatter cone 0 

Lava cone 0 
Age dales 262 ± 12-

916 ± 67 ka1 

Aden 
Ba,alt 
5-10 

0 
0 
7 
I 

20±3-
24 ± 4 ka' 

Aflon 
Basalt 

0 

66 ± 6-
120 ± 8 ka' 

Black Mountain 
Santo Tomas 

Basalt 
11 

0 

7 
3 
0 

79±7-
137±9 ka' 

Palomas 
Basalt 

numerous 
0 

34 

0 

0 

2960± 70-
5170± 110 ka' 



124 

• Cone 
~ Moor 

- - Fault 
;if Hrusive 
C Collapse Craters 
E Explosive Craters 

West -
Potrlllo 

Mountains 

0 
Mt. Riley 

Moor 

MalpoisA 
Maar ~ 

Robledo / 
Fault 

I 
I 

lbourne Hole 

Hun1's Hole 

NEW 
MEXICO 

0 Las Cruces 

ile , I Fitzgerald Fault ,u 
o, I 

":tPotrillo M~ NEW MEXICO 
--~ MEXICO 9.__ _ __.~mi. 

FIGURE 1. Index map of the Potrillo basalt field. 
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FIGURE 3a. Aerial view o[ cinder cones in the PotriUo basalt field (West 
Potrillo Mountains), note their more youthful appearance, steeper slope 
angles, compared to the older Palomas cone in Figure 3b. 

Because the rate of slope decrease with time is strongly dependent 
upon climate, the criteria utilized on the cinder cones in the arid 
Lunar crater field by Scott and Trask (1971) were selected for 
analysis of the southern New Mexico and northern Mexico cinder 
cones. Scott and Trask (1971) measured cone radius, cone height 
and maximum slope; they reported that the most useful parameters 
were the ratio of cone radius/height and maximum slope which 
increase and decrease, respectively, with age. 

Methods 

The morphology of the cinder cones north of the border were 
calculated from USGS 7.5-min topographic maps, scale 1:24,000 
and contour interval 10 ft, and to the south from the Mexico 
De ten al topographic maps, scale 1 :50,000 and contour interval of 10 
m. The morphological parameter of the two cinder cones within 
Potrillo maar were determined from a planetable topographic map 
(scale 1:5000 and contour interval of 10 ft) completed by Chester 
Callahan and Chuck Terrazas in 1971. 

The cone height was read directly from the map whereas the 
basal radius was determined by averaging the maximum and mini
mum basal cone radius. The base of the cone was picked at the 
point where the horizontal distance between successive contour 
lines suddenly increased. Three or four slope measurements were 
calculated for each cone, and the maximum slope angle represents 
the maximum of at least three measurements. 

HOFFER et al. 

FIGURE 3b. View of a typical cinder cone, Palomas basalt field, note the 
low slope angle and large basal diameter compared to the younger Potrillo 
cones in Figure 3a (Trcs Hcrmanas Mountains in the background). 

Results 

To date, 110 cinder cones have been analyzed morphologically in 
the Potrillo and Palomas basalt fields; the results are summarized in 
Table 2. 

The cinder cones in the West Potrillo Mountains show signifi
cantly higher maximum slope ang.les (19° vs. 6°) and radius/height 
ratios (5.7 vs. 9.8) than the Palomas cinder cones, which correlates 
with their younger age. Seager et al. (1984) reported three K-Ar 
dates from the northern end of the Palomas field which range from 
2960 ± 70 to 5170 ± 110 ka. The 3910 ± 180 ka date is from a lava 
flow associated with a cinder cone displaying a maximum slope 
angle of only 7° and radius/height ratio of 8.4. 

A number of dates have been published on lava flows from the 
West Potrilllo Mountains, indicating ages ranging from 262 ± 12 to 
916 ± 76 ka (Anthony and Poths, 1992; Williams et al. , 1994). These 
dates support their younger age, compared to the Palomas cones, 
based upon morphology (see Fig. 4). 

In several areas of the West Potrillo Mountains, cinder cones do 
not occur as distinct and isolated features but form clusters com
posed of two or more overlapping cones. Clusters composed of as 
many as four to five cinder cones are common. 

Approximately 3 mi west of Mount Riley, on the eastern edge of 
the West Potrillo field, occurs a cluster of three cinder cones (Fig. 
5). Field relationships show that cones 1 and 3 have been partially 
buried by cinder from the eruption of cone 2, the youngest cone. 
Cone morphology measurements also indicate a similar conclusion. 
The maximum slope angle and the radius/height ratio of the three 
cones are: cone 1 = 15°, 3.6; cone 2 = 20°, 2.7; and cone 3 = 14°, 4.1. 

TABLE 2. Cinder cone morphology Potrillo and Palomas basalt fie lds (' = ages from lava flows not related directly to cinder cones; ' and '= ages from lava 
flows erupted from cinder cones; see Table 1 for source of age dates). 

Average Average Average maximum 

Cones height (ft) Average radius radius/height slope angle (°) 

Location measured (rangel (ft) 1 range I lraoge] (range] Age date 

POTRILLO BASALT 
West Potrillo 85 I 91 [93-435] 847 (450-1700] 5.1 (2.6-12.3] 19 [7-30] 262 ± 12-916 ± 75 ka' 

Aden-Afton 
Gardner Cones 3 151 (113-220] 345 [240-450] 31 [3.2- 3.8] 20 (15-25] <91 ±5 110±7ka' 

Potrillo Maar 2 40 [30-501 96 [66-125] 2.3 [2.2-25] 23 [22-24] 66 ± 6-28 ± 6 ka' 
59 ± IO ka3 

Black Mtn Santo Tomas 
BlackMtn. 132 400 3.0 18 79 ± 7- 104 ± 9 ka' 

Little Black Mtn. 90 350 3.9 14 117±7-137±9ka2 

PALOMAS BASALT 18 139 (65-260] 1228 [650--1880] 9.8 (5.0--15.0] 6 [4-10] 2900 ± 70-5170 ± I 10 ka3 
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FIGURE 4. Cinder cone radius/height ratios vs absolute age in the Potrillo 
and Palomas basalt fields, southern New Mexico, and northern Chihuahua, 
Mexico. 

The radius/height ratios suggest the sequence of cone formation 
from youngest to oldest, is cone 2, cone 1, and cone 3, respectively. 

Some of tbe youngest cinder cones in the Potrillo basalt field 
include those at Potrillo maar, Gardner cones (north of Kilbourne 
hole), and Black Mountain and Little Black Mountain to the east. 
In all the above locations, cinder cone morphology correlates well 
with the published radiometric dates. 

LANDSAT THEMATIC MAPPER IMAGERY 

Spectrally, ferric iron is an important component of earth surface 
materials like rock, soil and regolith. While not volumetrically sig
nificant, ferric iron dominates the reflective spectra range from 0.4 
to l.2 µm (Townsend, 1987). When light impinges on natural sur
face materials, ferric iron absorbs the shorter blue and green wave
lengths (0.35-0.60 µm). This absorption is primarily due to charge 
transfer among available energy levels; the dominant reflected 
energy is in the 0.6-0.7µm range producing a strong red color com
ponent. The charge transfer among the energy levels are controlled 
by valence, coordination number, site symmetry, and to a lesser 
extent by the ligand-type metal-ion distortion, and the magnitude 
of metal-ligand interatomic distances (Burns, 1970). Absorption 
features associated with charge transfers are typically several 
orders of magnitude more intense than an accompanying field 
effect. Alteration of magnetite (Fe,O.) and ilmenite (FeTiO,) to 
hematite {Fe2O,), goethite (FeOO.), and jarosite 
{KFe,(SO,),(OH),) produce characteristic spectra which can be 
measured using a multispectral scanner. 

False-color (bands 7 [red], 4 [green], and 2 [blue]) thematic 
images of the Potrillo and Palomas basalt fields show a clear dis
tinction between cinder cones and lava flows. The cones are strong 
reflectors for wavelengths >0.7 µm while lava flows, regardless of 
age, have low reflectance values. The difference between these is 
most likely due to the greater amount of exposed surface area, 
resulting in greater oxidation of magnetite in the vesicular cinder 
compared to the dense lava flows. 

To verify the presence of ferric iron minerals, derived from sur
face weathering of magnetite in the basaltic cinder, three cones 
were sampled and analyzed with x-ray diffraction. The first sample 

was obtained from a recently exposed quarry pit in a cinder cone, 
approximately 50 ft below the former cone surface, and is unweath
ered. The only opaque mineral identified was magnetite. Surface 
cinder samples from two nearby cones were also x-rayed and both 
hematite and goethite were identified; no magnetite was identified 
in either sample. 

Landsat thematic mapper images of the cinder cones in the 
Potrillo and Palomas basalt fields show an increase in apparent 
reflectance in bands 7 (2.2 µm) and 5 (1.5 µm) with increasing age. 
Cinder cones less than 100 ka, for example the Potrillo maar cones, 
exhibit low reflectance values from visible through short infrared 
wavelengths. Cinder cones with dates ranging from 100 ka to less 
than 1000 ka, including Black Mountain, Little Black Mountain, 
and the West Potrillo cones, show increasing apparent reflectance 
from visible (false color equals red) through mid-wavelength 
infrared. The oldest cinder cones, 2900- 5200 ka, in the Palomas 
field show the highest apparent reflectance from visible (subdued 
reds to orange) through short wavelength infrared. Therefore, it 
appears that Landsat imagery and cinder cone morphology can be 
used to determine the relative age of cinder cones. 

SUMMARY AND CONCLUSIONS 

Cinder cones are abundant in both the Petrillo and the Palomas 
basalt fields located in southern New Mexico, and Chihuahua, 
Mexico. Ages of the cones, derived from radiometric dating of 
associated basaltic lava flows, range from 20 to 916 ka in the 
Potrillos and from 2960 to 5170 ka in the Palomas field. 

After their initial formation, cinder cones are modified over time 
by both erosion and weathering. Erosion processes, mainly mass 
movements, reduce the height of the cone, increase its radius, and 
thus decrease the maximum slope angle. These morphological 
changes, including both radius/height ratio and maximum slope 
angle, increase and decrease, respectively, with age and appear to 
be useful in estimating qualitative age relationships among cinder 
cones. 

Weathering of the cones includes the oxidation of ferrous miner
als in the basaltic cinder, primarily magnetite and/or ilmenite, to 
ferric minerals such as goethite and hematite. When viewed on 
Landsat thematic mapper images, the oxidized cones show an 
increase in apparent reflectance with increasing cone age in both 
visible (false colors of subdued reds to black) through the short 
wavelength infrared spectra. The characteristic reflectance spectra 
from the cones can be measured using a multispectral scanner and 

2 

Fl GU RE 5. A cluster of three cinder cones in the West Potrillo Mountains. 
The central cone (2) has partially buried the flanks of the other 2 cones (1 
and 3); see text for the morphological data on the cinder cones. 
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the results used to estimate qualitative ages of the cones. One 
advantage of this remote sensing method is that it can be used in 
areas that lack adequate topographic maps for cone morphology 
measurements. 

ACKNOWLEDGEMENTS 

This work was supported in part by NASA under cooperative 
agreement NCCW-0089. Thanks are extended to Elizabeth 
Anthony and Tom Williams, Department of Geological Sciences, 
University of Texas at El Paso, for reviewing the paper and offer
ing suggestions for its improvement. 

REFERENCES 

Anthony, E. Y. and Poths, J., 1992, 'He surface exposure dating and its 
implications for magma evolution in the Potrillo volcanic field, Rio 
Grande rift, New Mex.ico, USA: Geochimica e t Cosmochimica Acta, v. 
56, p. 4105-4108. 

Bloomfield, K., 1975, A late-Quaternary monogenetic volcano field in cen
tral Mexico: Geologische Rundschau, v. 64, p. 476-497. 

Burns, G. R., 1970, Mineralogical applications of crystal field theory: 
Cambridge University Press, New York, 224 p. 

Frantes, T. J., 1981, The geology of the Palomas volcanic field, Luna 
County, New Mexico and Chihuahua, Mexico [M.S. thesis]: El Paso, 
University of Texas, 70 p. 

Frantes, T. J. and Hoffer, J. M., 1982, Palomas volcanic field, southern New 

HOFFER et al. 

Mexico and northern Chihuahua, Mexico: New Mexico Geology, v. 4, p. 
6-8. 

Hoffer, J. M., 1971, Mineralogy and petrology of the Santo Tomas-Black 
Mountain basalt field, Potrillo Volcanics, south-central New Mexico: 
Geological Society of America Bulletin, v. 82, p. 603-612. 

Hoffer, J . M., 1976, Geology of the Potrillo basalt field, south-central New 
Mexico: New Mexico Bureau of Mines and Mineral Resources, Circular 
149, 30 p. 

Hoffer, J. M., 1988, Late Cenozoic basalts of southwestern New Mexico: 
New Mexico Geological Society, Guidebook 39, p. 119- 122. 

Luhr, J. F. and Carmichael, I. S. E., 1981, The Colima volcanic complex, 
Mexico: Part II-Late Quaternary cinder cones: Contributions to 
Mineralogy and Petrology, v. 76, p. 127- 147. 

Porter, S. C., 1972, Distribution, morphology, and size frequency of cinder 
cones on Mauna Kea Volcano, Hawaii Geological Society of America 
Bulletin, v. 83, p. 3607-3612. 

Scott, D. H. and Trask, N. J., 1971, Geology of the Lunar Crater volcanic 
field, Nye County, Nevada: U.S. Geological Survey, Professional Paper 
599-1, 22 p. 

Seager, W.R., Shafiqullah, M., Hawley, J. W. and Martin, R. F., 1984, New 
K-Ar dates from basalts and the evolution of the southern Rio Grande 
rift: Geological Society of America Bulletin, v. 95, p. 87-89. 

Townsend, T. E., 1987, Discrimination of iron alteration minerals in visible 
and near-infrared reflectance data: Geophysical Research Journal, v. 92, 
p. 1441- 1454. 

Williams, W. J. W., McIntosh, W. C., Poths, J., Miller, J. G. and Anthony, E. 
Y., 1994, the Quaternary western Potrillo volcanic field, southern Rio 
Grande rift: .. Ar/" Ar geochronology and geochemistry: EOS 
Transactions, AGU, v. 75, no. 32, p. 731 


