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ABSTRACT 

Hasenaka ,  T. and  Carmichael ,  I.S.E., 1985.  The  c inder  cones  of  Michoac~n - -Guana jua to ,  
cen t ra l  Mexico:  the i r  age, vo lume  and  d i s t r i bu t ion ,  and  magma  discharge rate .  J. Vol- 
canol. Geotherm. Res., 25:  104- -124 .  

The  Michoac~in- -Guana jua to  Volcanic  Field ( M G V F )  in cen t ra l  Mexico con t a in s  over  
1000  late Q u a t e r n a r y  volcanic  centers ,  of  which  a p p r o x i m a t e l y  90% are c inder  cones.  
This  area is d i s t inc t  f r om o t h e r  par t s  o f  the  Mexican  Volcanic  Bel t  (MVB),  where  c o m p o -  
site vo lcanoes  p r e d o m i n a t e .  O t h e r  volcanic  fo rms  in th is  f ield inc lude  lava cones,  lava 
domes ,  maars ,  t u f f  rings, small  shield volcanoes ,  and  coneless  lava flows. Most  of  the  
shield vo lcanoes  are e r o d e d  and  p reda t e  the  cu r r en t l y  observable  c inder  cones.  

Wi th in  the  M G V F ,  c inder  cones  are s i t ua t ed  b e t w e e n  200 k m  and  440  k m  f rom the  
Middle Amer i ca  Trench .  Nearly 75% of  the  vo lcanoes  are d i s t r ibu ted  b e t w e e n  200 k m  
and  300  k m  f rom the  t r ench ,  and  cone  dens i ty  is h ighes t  a t  250 km. Overall cone  dens i ty  
is 2.5 c o n e s / 1 0 0  k m  2, and  med ian  sepa ra t ion  d is tance  is 2 km. The  m e d i a n  c inder  cone  
has  a he igh t  of  90 m, a basal d i ame te r  of  800  m, a c ra te r  d i ame te r  o f  230  m, and  a vol- 
u m e  of  0 .021 k m  3. The  c inder  cones  typica l ly  e r u p t e d  ol ivine-basal t  or  basal t ic  andes i te ;  
these  rock  types  are less silicic t h a n  those  of  c o m p o s i t e  vo lcanoes  in the  MVB. In general,  
samples  f rom the  M G V F  show higher  MgO, Cr, and  Ni and  lower  K20,  P~O5, and  Zr t han  
those  f a r t he r  f rom the  t rench .  

Cinder  cones  show various stages of  degrada t ion ,  f rom which  relat ive ages can be esti- 
m a t e d ;  r a d i o c a r b o n  da tes  of  seven c inder  cones  were o b t a i n e d  for  ca l ibra t ion .  Of several 
morpho log ica l  indices  of  age, gully dens i ty  and  surface m o r p h o l o g y  of  associa ted lava 
f lows are the  m o s t  sensitive.  The  morpho log ica l  c lassif icat ion,  based  on  gully dens i ty  and  
lava f low surface  fea tures ,  revealed t h a t  78 vo lcanoes  are younge r  t h a n  40 ,000  years. All 
of  t h e m  are s i tua ted  in the  sou th ,  and  some have a rough  NE a l ignment ,  parallel  to  the  
relat ive m o t i o n  vec to r  b e t w e e n  the  Cocos and  N o r t h  Amer ica  plates.  Such NE a l ignments  
are also f o u n d  local ly  for  o lder  cones,  a l t hough  in general  cones  are r a n d o m l y  spaced.  
Local  c inde r  cone  a l ignmen t s  are E--W in the  n o r t h e r n  pa r t  of  the  volcanic  field, where  
E--W norma l  faul ts  also occur .  

Despi te  the  large n u m b e r  of  sca t t e red  c inder  cones  and  o t h e r  small  vo lcanoes  in the  
M G V F ,  to ta l  e r u p t e d  vo lume suggests a low magma  supply  rate.  The  e s t ima ted  to ta l  vol- 
ume  of  lava flows, ash, and  cones  e r u p t e d  dur ing  the  last  4 0 , 0 0 0  years  for  an  area of  
15 ,000  k m :  is 31 k m  3. The  ca lcu la ted  magma e r u p t i o n  ra te  of  0.8 k m 3 / 1 0 0 0  years is 
small  in c o m p a r i s o n  to a single c o m p o s i t e  vo lcano  in the  MVB. 

0 3 7 7 - 0 2 7 3 / 8 5 / $ 0 3 . 3 0  © 1985 Elsevier Science Publ i shers  B.V. 
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I N T R O D U C T I O N  

The Mexican Volcanic Belt (MVB) (Mooser, 1969, 1972) is defined by an 
E--W-trending belt of composite volcanoes, rhyolitic complexes, and smaller 
vents (Fig. 1). Like other active continental volcanic arcs, the MVB shows a 
sub-parallel distribution of Quaternary volcanism, earthquake foci, and an 
oceanic trench (Drummond,  1981; Nixon, 1982). However, the MVB does 
not parallel the Middle America Trench (MAT), but  rather makes an angle of 
approximately 15 ° to it (Fig. 1) and deep earthquakes (>150 km) have not  
been observed under the active volcanoes (Molnar and Sykes, 1969; Hanus 
and Venek, 1978; Nixon, 1982). Within the MVB in central Mexico is a large 
concentration of cinder cones, lava cones, and central volcanoes. About  
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F i g .  1. I n d e x  m a p  o f  t h e  M i e h o a c ~ i n - - G u a n a j u a t o  V o l c a n i c  F i e l d .  T h e  l o c a t i o n  o f  t h e  

M G V F  is  s h o w n  as  a r e c t a n g l e .  T h e  i n s e t  e n l a r g e s  t h e  r e c t a n g l e  a r e a .  C o n t o u r s  o f  1 0 0 0  m 
a n d  2 0 0 0  m s h o w  g e n e r a l  t o p o g r a p h y  o f  t h e  a r e a .  M e x i c a n  V o l c a n i c  B e l t  ( M V B )  is s h o w n  

as  t h e  c h a i n  o f  v o l c a n o e s .  P l a t e  b o u n d a r i e s  a r e  d r a w n  a f t e r  D r u m m o n d  ( 1 9 8 1 ) .  
V o l c a n o e s :  1 = S a n g a n g u e y ;  2 = C e b o r u c o ;  3 = S i e r r a  L a  P r i m a v e r a ;  4 = N e v a d o  d e  C o l i -  
m a ;  5 = N e v a d o  d e  T o l f l c a ;  6 = P o p o c a t 6 p e t l ;  7 = P i c o  d e  O r i z a b a ;  8 = S a n  A n d r O s  T u x t l a ;  

9 = E1 C h i c h 6 n .  
a = P a r i c u t i n ;  b = E1 J o r u l l o ; c  = E1 J a b a l i ;  d = E1 M e t a t e ;  e = L a  T a z a ;  f = E1 H u a n i l l o ; g  = 
L a  M i n a ;  h = E1 P u e b l i t o ;  i = L a s  C a b r a s ; j  = L a  P i l i t a ;  k = S a n t a  T e r e s a ;  I = T a n c i t a r o .  

P l a c e s :  Z = Z a m o r a ;  V = V a l l e  d e  S a n t i a g o ;  S = S a l v a t i e r r a ;  C = C e l a y a ;  U = U r u a p a n ;  H = 

L a  H u a c a n a ; M  = M e x i c o  C i t y ;  LC = L a k e  C h a p a l a .  
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1000 eruptive vents, mostly cinder cones, are found in the northern half of 
the state of Michoac~n and in the southern part of the state of Guanajuato. 
The youngest  of these, Volc~in Paricutin, erupted in 1943--1952;  the second 
youngest,  Volc~n E1 Jorullo, in 1759--1774.  This region, the Michoac~in-- 
Guanajuato Volcanic Field (MGVF) has an area of 40,000 km ~ and forms a 
unique part of  the MVB, since it lacks the young large composite volcanoes 
dominant  in other parts of the MVB. 

This volcanic field was formerly referred to as: (1) the Michoac~in volcanic 
province (Foshag and Gonzalez, 1956); (2) the Paricutin region (Williams, 
1950); and (3) the Zamora volcanic field (Simkin et al., 1981) depending on 
the perspectives of researchers. As the volcanoes described in this paper are 
distributed in both Michoac~in and Guanajuato, we suggest the broader label 
of  the Michoac~in--Guanajuato Volcanic Field (Fig. 1). 

In general, cinder and lava cones are active for only a short period of time, 
perhaps a few months to twenty  years, and rarely become active again. In 
contrast,  central volcanoes are fed by a single conduit  or a row of closely 
spaced conduits which repeatedly deliver magma to the surface; they may be 
either composite  or shield. Cinder and lava cones either occur near a large 
central volcano (e.g., Porter, 1972; Downie and Wilkinson, 1972; McGetchin 
et al., 1974; Luhr and Carmichael, 1981; Nelson and Carmichael, 1984), or 
cluster to form a volcanic field lacking composite  volcanoes (e.g., Colton, 
1937; Singleton and Joyce,  1969; Scott  and Trask, 1971; Bloomfield, 1975; 
Moore et al., 1976; Walker, 1981; Martin del Pozzo, 1983), but  are some- 
times accompanied by tuff  rings, maars, and small shield volcanoes. 

The purpose of this s tudy of the MGVF are: (1) to describe the spacing, 
size, and morphology of cinder cones and their associated lavas; (2) to devel- 
op morphological age indices for cinder cones; (3) to calibrate these using 
radiometric ages; and (4) to estimate the eruption rate of magma in the 
region. 

THE MICHOAC~,N--GUANAJUATO VOLCANIC FIELD 

Most of the volcanic centers of the MGVF occur on the E--W-trending 
plateau which corresponds to the axis of  the MVB (Cordillera Neovolcanica) 
(Fig. 1); some extend to the north in the Bajio de Guanajuato, and a few to 
the south in the lowlands (Fig. 1). 

The limited exposure of  the basement rocks underlying the volcanic field 
consists mainly of felsic intrusive rocks (Williams, 1950). Granites, quartz 
monzonites,  and quartz diorites crop out  in the southern part of  the volcanic 
field, south of  Uruapan and north of La Huacana (Fig. 1). Clark et al. (1982) 
reported an Early Oligocene age of the La Huacana batholith. These base- 
ment rocks occur as partially fused inclusions in scoriae of  Paricutin (Wilcox, 
1954) and other cinder cones in the southern part of the volcanic field. 

Basalt or andesite lavas of  the Eocene to Miocene (?) Zumpinito Forma- 
tion (Williams, 1950) underly the MVB and outcrop as eroded hills. Late 
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Miocene (?) ignimbrites, probably of the Sierra Madre Occidental province, 
form elongated ridges and mesas to the north and east of the volcanic field. 
They are also observed to the west of Lake Cuitzeo (Fig. 8), and near Salva- 
tierra, Guanajuato (Demant, 1978). Shield volcanoes generally are older than 
the cinder cone eruptions. They range from 4 to 13 km in diameter, with a 
slope angle of 5 ° to 15 ° . Approximately 120 shields are distributed through- 
out the volcanic field, the largest being Cerro Tancitaro (3845 m) in the area 
SW of Volc~in Paricutin (Fig. 1). 

D I S T R I B U T I O N  O F  V E N T S  

A total of 1040 volcanic vents in the MGVF were identified from topo- 
graphic maps and air photographs (published by D E T E N A L ,  Mexico City, 
scale 1:50,000) in conjunction with field observations. This total includes 
901 cones, 43 domes, 13 young shield volcanoes with surmounting cones, 22 
maars or tuf f  rings, and 61 lava flows with hidden vents. (A table of the loca- 
tions of these volcanoes with their dimensions and morphological parameters 
is available from the authors upon request.) Old, highly dissected shield vol- 
canoes and eroded hills, the nature of which is not easy to discern from 
topography, are excluded from this compilation. 
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Fig. 2. D i s t r i b u t i o n  o f  v o l c a n o e s  in t h e  M i c h o a c ~ i n - - G u a n a j u a t o  V o l c a n i c  F ie ld .  The  area  
is t h e  s a m e  as t h e  inse t  o f  F ig .  1. Circ les  i n d i c a t e  all vo lcan ic  c en t e r s :  c i n d e r  cones ,  lava 
d o m e s ,  maars ,  t u f f  r ings,  sh i e ld  v o l c a n o e s  w i t h  a s u m m i t  c o n e ,  o r  lava f l o w s  w h i c h  a re  
n o t  a s soc i a t ed  w i t h  c o n e s .  T h e  p o s i t i o n  o f  e s t i m a t e d  v e n t s  are used fo r  l oca t i ng  the  lava 

f lows .  
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Few volcanoes occur closer than 200 km to the Middle America Trench 
(Fig. 2). The concentration of volcanoes is greatest about 250 km from the 
trench, and approximately 75% of the volcanoes are found between 200 km 
and 300 km. Farther than 300 km, the number of volcanoes decreases; the 
most distant cinder cone is 440 km from the trench. A local concentration 
of volcanoes at 380 km corresponds to the maar cluster of Valle de Santiago 
(Figs. I and 2). 

In general, the cinder cones are randomly spaced and indicate no preferred 
orientation (Figs. 2 and 3). A small number of closely associated cinder 
cones, however, show local alignments; these trend E--W in the northern part 
of the volcanic field, ENE in the middle part, and NE in the southern part 
near the volcanic front (Fig. 2). In any given area, cinder cones are restricted 
to relatively low elevations as most cones formed either on alluvial plains or 
low on the flanks of eroded shield volcanoes (Fig. 3). 
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Fig. 3. Map of  the  volcanoes and associated lava flows in the Paricutin region cons t ruc ted  
f rom air pho tographs .  U R  = Uruapan;  P R  = Paracho;  P = Volc~in Paricutin;  J = Cerro E1 
Jabali;  M = Cerro E1 Meta te ;  J n  = Cerro Janamo;  C = Cerro Capatacuiro.  

The overall density of volcanoes in the MGVF is 2.5 volcanoes/100 km 2 
(1040 vents/40,000 km2). The highest density of 11/100 km 2 is calculated 
for the Paricutin region (141 vents/1250 km 2 in Fig. 3). Cone separation 
distance, the distance from one cinder cone to its nearest neighbor, has a 
Poisson distribution (thus, mode < median < mean). A representative 
median value is 2 km for 100 selected cinder cones from the entire field, and 
1.15 km for the Paricutin region (Fig. 3). If cone separation distance is cal- 
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cu la t ed  assuming equal  cone  dens i ty  t h r o u g h o u t  the  Par icu t in  region,  t he  
mean  d i s t ance  increases  to  3.2 km,  a r e f l ec t i on  of  the  t e n d e n c y  for  cones  to  

c lus te r  or  f o rm  pairs.  
Samples  r ep re sen t a t i ve  of  the  d ivers i ty  of  the  1040 c inder  and  lava cones  

inc lude  ol ivine basa l t  and  basa l t i c -andes i te  (usual ly  con ta in ing  p h e n o c r y s t s  
of  ol ivine)  and  p y r o x e n e  or h o r n b l e n d e  andes i tes ,  all ca lc-a lka l ine ,  and  
alkal i  o l iv ine-basa l t  and  basani te .  There  is a progress ive change in c o m p o s i -  
t i on  wi th  d i s t ance  f rom the t r ench .  F o r  the  same silica c o n t e n t ,  i n c o m p a t i b l e  
e l emen t s  such as K, P, and  Zr genera l ly  increase  wi th  d i s t ance  f rom the  
t r ench .  MgO, Cr, and  Ni are r iches t  in samples  near  the  t r ench  and  p o o r e s t  
in the  more  a lkal ine  volcanics  f a r thes t  f r om it (Table  1) (Hasenaka ,  1981) .  
However ,  e x c e p t i o n s  to  this  general  t r e n d  are f o u n d ;  one  e x a m p l e  is of  an 
o lde r  (ca. 0.2 Ma) cone  n e x t  to  Volcfin E1 Jo ru l lo ,  one  of  the  c loses t  cones  
to the  t r ench  and ye t  has 2.8% K20 and  49.2% SiO2 (Luhr  and Carmichae l ,  
in press).  The main  rock  t y p e s  of  the  region ,  ca lc-a lkal ine  basa l t  and  basal t ic  
andes i t e ,  are genera l ly  less silicic t han  those  of  t he  c o m p o s i t e  vo lcanoes  in 
the  MVB (Will iams,  1950;  Gunn  and Mooser ,  1971;  Pal et  al., 1978;  Nelson,  

1980;  Luhr  and Carmichae l ,  1980;  R o b i n  and  Cantagre l ,  1982) .  

TABLE 1 

Representative chemical analyses of scoria and lava 

Sample: 663 416A 432B 571T 555A 

SiO: 53.06 53.06 52.82 54.12 52.48 
TiO 2 0.89 0.98 1.79 1.79 t.69 
AI:O 3 17.00 17.84 16.97 17.12 16.98 
FeOt 6.85 7.04 8.70 8.33 8.10 
MnO 0.13 0.12 0.14 0.14 0.13 
MgO 7.96 6.61 4.86 3.75 4.47 
CaO 7.75 8.61 7.38 6.54 7.86 
Na:O 3.74 3.83 3.86 4.21 3.94 
K~O 0.91 0.96 t.46 1.96 2.17 
P:O~ 0,18 0.21 0.39 0.59 0.74 

Cr 364 142 100 47 n,d. 
V 169 139 204 182 223 
Ni 212 142 ,13 45 44 
Sr 530 723 549 569 1419 
Zr 117 99 207 243 240 
Ba 267 297 399 5%1 850 

DFT 201 249 305 345 401 

Major element oxides in wt.%. 
Trace e|menets in ppm. 
FeOt = total iron as ferrous. 
n.d. = not detected. 
Analyses by X-ray fluorescence. 
DFT = distance of the cone from the Middle America Trench in km. 
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C I N D E R  CONE SIZE 

M o r p h o m e t r i c  p a r a m e t e r s  o f  c inder  cones  and  the i r  associa ted  lava f lows 
were  o b t a i n e d  f r o m  1 : 5 0 , 0 0 0  t o p o g r a p h i c  maps .  These  p a r a m e t e r s  include 
cone  height  (H),  cone  basal d i a m e t e r  or  w id th  (Wco), and  c ra te r  d i ame te r  or  
wid th  (Wcr) (Fig. 4). Most  o f  the  c inder  cones  show a s y m m e t r i c a l  t r u n c a t e d  
c o n e  shape,  bu t  cones  t ha t  e r u p t e d  on  an incl ined b a s e m e n t  surface  are o f t en  
b reached  or e longated .  T o  a l low fo r  this, Wco and Wcr are def ined  as the  
a r i t hme t i c  means  o f  the  m a x i m u m  and m i n i m u m  values of  cone  and  cra te r  
widths .  H is the  e levat ion  d i f fe rence  b e t w e e n  the  s u m m i t  o f  the  c inder  cone  
and  its base.  The  basal e levat ion  is the  mean  of  the  highest  and  the  lowes t  
basal values.  The  c i r cumfe rences  of  c ra te r  r ims and  cone  bases were deter-  
m ined  where  the  general ly  equ id i s tan t  t o p o g r a p h i c  c o n t o u r s  a b r u p t l y  widen.  
Where the  c ra te r  is no t  visible on  the  t o p o g r a p h i c  maps ,  the  d i ame te r  of  a 
s o m e w h a t  f l a t t e r  s u m m i t  was t a k e n  as the  c ra te r  d i ame te r  value. F r o m  these  
values,  the  vo l um e  o f  a s y m m e t r i c a l  t r u n c a t e d  cone  was ca lcula ted .  

Wcr 

r 

Wco 

Fig. 4. Schemat i c  diagram i l lus t ra t ing the  pa rame te r s  used to es t imate  c inder  cone  size. 
M  otL 
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0 .  Wcr km . . . . . .  

Fig. 5. F r e q u e n c y  d i s t r i bu t ion  of  c inder  cone  size in the  MGVF.  (A)  cone  height ,  (B) 
cone  basal d iamete r ,  (C) cone  c ra te r  d iameter ,  (D) cone  vo lume  ca lcula ted  as a symmet r i -  
cal t r u n c a t e d  cone  shape.  M indicates  the  med ian  value. 



T A B L E  2 

D i m e n s i o n s  a n d  age o f  c i n d e r  c o n e s  
b~ 

C i n d e r  c o n e  L a t i t u d e  (N)  L o n g i t u d e  (W) Wco Wcr H V o l u m e  A g e  S a m p l e  m e t h o d  

a V o l c ~ n  P a r f c u t i n  19 ° 2 9 ' 3 3 "  102  ° 1 5 ' 0 4 "  0 . 9 5  0 . 2 5  0 . 2 2 0  0 . 0 6 9  1 9 4 3 - - 1 9 5 2  A D  H i s t o r i c a l  r e c o r d  
b V o l c ~ n  E 1 J o r u l l o  18  ° 5 8 ' 1 9 "  1 0 1 ° 4 3 ' 0 3  '' 1 . 45  0.42 0 . 2 9 0  0 . 2 1 9  1 7 5 9 - - 1 7 7 4  A D  Hi s to r i c a l  r e c o r d  
c Ce r ro  E 1 J a b a l i  1 9 o 2 6 ' 5 6  '' 1 0 2 o 0 6 ' 4 6  '' 0 . 9 3  0 . 3 8  0 . 1 6 0  0 . 0 5 7  3 , 8 3 0  ÷ 1 5 0  y .B .P .  7 3 7 C  c h a r c o a l  ~4C 
d C e r r o E 1 M e t a t e  1 9 ° 3 2 ' 2 0  '' 1 0 1 0 5 9 ' 3 3  '' 0 . 8 8  0 . 2 0  0 . 1 5 0  0 . 0 3 9  4 , 7 0 0 ±  2 0 0 y . B . P .  7 6 1 C c h a r c o a l ~ 4 C  
e C e r r o L a T a z a  19 ° 3 1 ' 3 3 "  1 0 1 ° 4 3 ' 2 8  ' '  0 . 7 0  0 . 1 8  0 . 1 7 0  0 . 0 2 9  8 ,430 -+  3 3 0 y . B . P .  7 5 9 C c h a r c o a l ~ 4 C  
f H o y a E I H u a n i l l o  1 9 ° 4 1 ' 0 1  '' 1 0 1 ° 5 9 ' 0 4  '' 0 . 9 5  0 . 3 5  0 . 1 9 0  0 . 0 6 8  9 , 1 8 0 ±  2 5 0 y . B . P ~  4 1 1 C 3 c h a r c o a l ~ 4 C  

9 , 4 1 0  ± 2 3 0  y .B .P .  4 1 1 C 2  c h a r c o a l  ~4C 
g V o l c ~ i n L a M i n a  1 9 ° 4 2 ' 4 5  '' 1 0 1 ° 2 6 ' 0 2  '' 1 .15  0 . 3 5  0 . 1 9 0  0 . 0 9 2  1 7 , 1 7 0 ±  4 3 0 y . B . P .  622Ccharcoal~4C 
h El P u e b l i t o  1 9 ° 4 9 ' 2 9  '' 1 0 1 ° 5 5 ' 2 4  '' 1 . 00  0 . 3 8  0 . 1 8 5  0 . 0 7 5  2 9 , 0 0 0  ± 3 , 3 0 0 y . B . P .  4 3 5 C  c h a r c o a l  ~4C 
i Ce r ro  L a s  C a b r a s  1 9 ° 4 9 ' 3 4 "  101  ° 5 3 ' 3 7 "  1 .18  0 . 5 5  0 . 1 9 5  0 . 1 2 0  > 4 0 , 0 0 0  y . B . P .  6 7 4 C  c h a r c o a l  ~4C 
j Ce r ro  P e l o n  19 ° 17 '  52" 101  ° 5 4 ' 4 7 ' '  0 . 6 8  0 . 1 8  0 . 0 8 5  0 . 0 1 4  0 . 3 7  ± 05  Ma 4 2 6 L  lava K - A r  
k S a n t a  T e r e s a  20 ° 2 9 ' 5 0 "  1 0 0 ° 5 9 ' 5 3  '` 0 . 6 3  0 . 1 5  0 . 0 3 0  0 . 0 0 4  2.78+_ 07 Ma  5 5 5 A s c o r i a K - A r  

S y m b o l s  ( a - - k )  are  t h e  s a m e  as  in Fig.  1. 
Wco = basa l  d i a m e t e r ,  Wcr = c r a t e r  d i a m e t e r ,  H = c o n e  h e i g h t  ( in k in ) .  
V o l u m e  o f  c i n d e r  c o n e  ( in k m  3) is c a l c u l a t e d  as a s y m m e t r i c a l  t r u n c a t e d  c o n e ,  i.e. : 

~ H  
V o l u m e  = - - .  (W~r + WcrWco  + W~o) 

12 

C o n e  s ize  is m e a s u r e d  u s i n g  l : 5 0 , 0 0 0  t o p o g r a p h i c  m a p s  ( D E T E N A L ,  M e x i c o  Ci ty) .  
~4C ages  are o b t a i n e d  f r o m  t h e  c h a r c o a l  in  t h e  soil  u n d e r  t h e  a sh  a n d  lappi l i  l a y e r s  ( a n a l y s t :  T e l e d y n e  I s o t o p e s ) .  
C h a r c o a l  s a m p l e s  we re  c o l l e c t e d  a t  t w o  d i f f e r e n t  s i t e s  f o r  H o y a  Et H u a n i l l o .  
K - A t  ages  a re  o b t a i n e d  f r o m  t h e  w h o l e  r o c k  s a m p l e s  o f  l ava  o r  s co r i a  ( a n a l y s t :  G. M a h o o d ) .  
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For cones with discernable crater rims, frequency histograms for H, Wco, 
Wcr, and cinder cone volume are shown in Fig. 5. Median values are 90 m for 
the height, 800 m for the basal diameter, 230 m for the crater diameter, and 
0.021 km 3 for the volume. Mean values are 100 m, 830 m, 240 m, and 0.038 
km 3, respectively. 

Younger cinder cones dated by 14C are larger than the median (Table 2). 
Older cinder cones are often partly buried by later lava flows, and aeolian 
and alluvial deposits as well as erosional processes can diminish the dimen- 
sions of relatively old cinder cones. Large cinder cones are more frequent in 
the southwestern part of the MGVF where cones erupted on the lowlands 
(Fig. 1), indicating that  there may be some elevation (crustal thickness) in- 
fluence on cinder cone size (Vogt, 1974; Ben-Avraham and Nur, 1980). 

L A V A  FLOW V O L U M E  

Volumes of lava flows whose margins were clearly observable on the air 
photographs (scale 1:50,000) were estimated by tracing flow margins onto 
topographic maps and then calculating their thickness from the countour 
intervals (either 20 m or 10 m). The thickness estimates were made at equal 
intervals along the margins of a flow, and then averaged. When the thickness 
was smaller than the contour interval, an arbitrary value of one-half the con- 
tour interval was assumed. Lava flow area was measured with a planimeter. 
The volume of each flow unit was then calculated from its average thickness 
and area. Note that  the volume of  lava flows hidden under later flows was 
not  estimated and that  the thickness of a lava flow may be underestimated 
because of the accumulation of colluvium at the foot of  the flow margins 
and later alluvial deposition surrounding the lava flows. Therefore, the calcu- 
lated volumes represent minimum values. The thickness, length, and volume 
of the lava flows are compiled in Table 3. 

T A B L E  3 

Dimens ions  and  vo lumes  of  lava f lows 

Mean Median M i n i m u m  M a x i m u m  

Thickness  a (m)  40 30 2--3 120 
Leng th  a ( k m )  3.5 3.0 0.7 15 
V o l u m e  b (km 3) 0.23 0 .20 0.01 4.8 

aCalcu la ted  for  279  lava flows. 
b V o l u m e  ca lcu la ted  as to ta l  lava e r u p t e d  for  a single cone.  

Plots of lava flow volumes against the volumes of associated cinder cones 
for the MGVF show scatter of up to 2 orders of  magnitude. The data, how- 
ever, fall on the least-squares line defined by cinder cones with greater size 
ranges (Fig. 6), from which Wood (1980a) concluded that  in general cone 
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volume becomes  a greater  po r t ion  of  the  to ta l  e rup t ion  as the  e rup t ion  vol- 
ume  increases. The rat io of  cone  to  lava volume is a func t ion  of  explosivi ty  
possibly ref lect ing the  volati le c o n t e n t  or viscosity of  magma.  On the  aver- 
age in the  MGVF,  the  volume o f  a c inder  cone  is roughly  1 /10 tha t  of  its as- 
sociated lava flow, which is the  same rat io observed at Paricut in,  where  more  
precise measurement s  exist  (Fries, 1953) .  
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Fig. 6. The relationship between volume of cinder cones and associated lava flows in the 
MGVF {dots), combined with Wood's (1980a) data from San Francisco volcanic field, 
Etna, Reunion, Tolbachic, and Eldfelt {crosses). The line indicates the least-square fit 
derived by Wood (1980a). 

GEOMORPHOLOGICAL PARAMETERS OF CINDER CONE AGE 

One of  the  earliest studies of  c inder  cones was Col ton 's  {1937) work  in 
the  San Francisco Mounta in  volcanic field of  Arizona,  in which he classified 
the  stages of  erosion of  cones and their  associated lava flows. Other  semi- 
quant i ta t ive  indicators  of  c inder  cone  age include:  the  m a x i m u m  cone  slope 
angle (Scot t  and Trask, 1971) ,  the  rat io o f  cone  height  to  cone  basal dia- 
me te r  (Scot t  and Trask, 1971;  Wood,  1980b) ,  the  tangent  of  the  cone  slope 
(Bloomfie ld ,  1975) ,  and the  change of  surface features  o f  lava f lows associ- 
a ted wi th  cinder  cones (Bloomfie ld ,  1975) .  

Cinder cones in the MGVF also show various stages of  degradat ion ,  f r o m  
which the relative ages of  the  cinder  cones  can be est imated.  The younges t  
cones,  like Paricutin,  have a per fec t  cone  shape with slope angles of  34 °, the  
angle of  repose  of  cinder.  Their  craters,  whose  rims are sharp and lit t le modi-  
fied by  erosion,  have lit t le infilling of  ash or  scoriae. A large n u m b e r  of  rills 
and shallow gullies have developed on  the  slopes of  the  younges t  cones.  The  
largest n u m b e r  o f  radial l ineaments  on  the  slope of  Par icut in  observed in air 
pho tographs ,  however ,  are no t  gullies bu t  a l ternat ing bands of  scoriae and 
lapilli. Vegeta t ion  is sparse on  Paricut in where  soil is absent ,  bu t  mos t  of  the  
surface of  Volc~n E1 Jorul lo  is already covered  wi th  trees on ly  200 years  
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after its eruption. Under the tropical to temperate climate of the MGVF, 
vegetatative recovery after eruption is rapid compared with the age span of 
cinder cones. The total annual precipitation in the MGVF is between 500 
mm and 1800 mm/year ,  and the mean annual temperature is between 16°C 
and 29°C (total annual precipitation and mean annual temperature maps, 
published by DETENAL, Mexico City). The area on the plateau has a relative- 
ly cool and wet climate; in contrast, the lowland south has a relatively hot 
and dry climate, resulting in different erosional conditions. 

Older, degraded cinder cones have lower slope angles, a smaller number of 
gullies (which are larger and deeper), greater soil development, and more 
weathered and oxidized ejecta than the youngest cones. Craters of the older 
cones are filled by ash from other volcanoes and by debris eroded from the 
higher slopes of the craters themselves. Some of the oldest cones may be al- 
most completely buried and have very shallow slope angles. The oldest group 
includes cones with flattened and rounded shapes and deeply dissected cones 
with breached craters. 

Lava flow morphology also changes with age. Holocene lava flows display 
well preserved original surface features, such as flow margins, boundaries of 
individual flow units, pressure ridges, and levees. Lava flows lose these char- 
acteristics with time and become covered with soils which may be cultivated. 
In a densely populated area where almost all the useful land is cultivated, 
lava surfaces covered with trees and shrubs indicate the absence of arable 
soils and hence relative youth.  The lava flows of Paricutin and E1 Jorullo are 
exceptional; they only have sparse vegetation. 
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Fig. 7. Geomorphologica l  parameters  of  cinder  cone age p lo t ted  against ~4C age. The data 
are f rom Paricutin,  El Jorul lo ,  El Jabali ,  E1 Huanillo, La Mina, El Puebli to,  Las Cabras, 
and E1 Pelon (Table 2). The data for Cerro E1 Metate are excluded because the cone shape 
is greatly modif ied  by lava flows on the slope. Dashed lines are f i t ted  by eye. 
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The morpho log ic  indicators  of  age include: (1) the rat io of  cinder cone 
height  to basal d iameter  (H/D); (2) m a x i m u m  slope angle (0max), taken as 
the average of  several field measurements  f rom different  direct ions;  (3) aver- 
age slope angle (0ave) , which is calculated as tan -~ (H/r), where r is given in 
Fig. 4; (4) the difference be tween the m a x i m u m  and the average slope 
angles; (5) gully densi ty,  defined as the number  of  gullies de te rmined  f rom 
air pho tographs  normal ized  to 90 ° of  arc; and (6) the  geomorpholog ica l  
classification of  lava flows, as summarized  in Table 4. I m p o r t a n t  measured 
variables are displayed in Fig. 7. These indices are relatively easily ob ta ined  
f rom topograph ic  maps,  air pho tographs ,  or field observations.  

TABLE4 

Geomorphological classification of lava flows 

Flow Indiv. Pressure 
margins flow ridges 

units 

Soil Tree Culti- Cinder 
shrub ration cone 
cover 

Age 

Hv 

Ply 4 

Plv~ 

Plv~ 

Ply, 

× X 

X X 

x × Paricutin 1943--1952 AD 
El Jorullo 1759--1774 AD 

× E1 Jabali 3,830 y.B.P. 
E1 Metate 4,700 y.B.P. 
La Taza 8,430 y.B.P. 

: × La Mina 17,170 y.B.P. 

. . . .  '. El Pueblito 29,000 y.B.P. 

Las Cabras ~40,000 y.B.P. 

'~ Pelon 0.37 Ma 

X ? 

-, = feature is distinctly observed or abundant. 
= feature is somewhat recognizable or moderately abundant. 
= feature is obscure or scarce. 

RADIOMETRIC DATES AND CINDER CONE AGES 

Radiocarbon dates 

Carbon 14 dates were obta ined  for 8 charcoal  samples f rom cinder cones 
in the earlier stages of  degradat ion (Table 2). The charcoal  was col lected 
f rom soil just beneath  the ash and lapilli at distances of  500 m to 2000 m 
f rom a cinder cone.  At this distance,  the con t inu i ty  of  the  tephra  f rom the 
cone  is obvious.  Charcoal  was found  at the con tac t  o f  the  soil and ash and up 
to 20 cm below it. This indicates a close t empora l  relat ionship be tween  char- 
coal f o rma t ion  and airfalls; thus the 14C dates are used to represent  the age 
of  erupt ion.  Most of  the cones da ted  are relatively large and f rom the plateau 
(with a relatively cold and wet  climate).  
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Cinder cone geomorphological parameters are plotted against the '4C ages 
in Fig. 8. Clearly, no significant change with age occurs in the H/D ratio or 
in the cone slope angles; both maximum and minimum values are found to 
remain constant within the '4C span of 40,000 years. The maximum slope 
angle, 33 ° to 34 ° , is the initial cone slope angle and remains constant for 
about 40,000 years; the average slope angle shows a greater but inconsistent 
variation. Accordingly, the difference between maximum and average slope 
angles will not  be meaningful. These three parameters indicate that the initial 
form of these cinder cones has been slow to change over a period of  at least 
40,000 years. During this period, major erosional processes of landsliding 
and gullying (Segerstrom, 1950; Wood, 1980b) have yet  to modify the shape 
of  cinder cones which are largely comprised of permeable scoriae and lapilli. 
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Fig. 8. A l i g n m e n t s  o f  c inde r  cones,  the i r  vents  and  dikes, and  no rma l  faul ts  in the  MGVF.  
Large do ts  ind ica te  c inde r  cones  and  lava f lows y o u n g e r  t h a n  4 0 , 0 0 0  years.  Ar row shows  
the  relat ive m o t i o n  vec tor  of  the  Cocos and  N o r t h  Amer i ca  plates.  Map area same as in 
Fig. 2 e x c e p t  at  t he  eas tern  margin .  

Conversely, gully density shows a consistent change from 30/90 ° to 10/ 
90 ° over 40,000 years, although there is some scatter of the data due to in- 
fluence of vegetation, visibility of gullies, prevailing wind and weather, and 
cinder cone size. Smaller cones are expected to develop fewer gullies due to 
their smaller area and the shorter runoff  distance of rainfall water. Also, 
gullying may play a minor role in the degradation of cones under dry cli- 
mate. In general, cinder cones in the lowland (relatively hot  and dry climate) 
are rounded, show little gullying, and are similar to those of the San Francis- 
co volcanic field in Arizona (mean annual precipitation, 490 mm by Ruffner, 
1980) (Colton, 1937; Wood, 1980b). 
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Geomorphological  classification of lava flows is another  useful age index 
for their associated cinder cones, and the surface features of  lavas are corre- 
lated with radiometric dates in Table 4. The lava flows and associated cinder 
cones are classified into three groups: Holocene volcanoes (Hv), which are 
younger  than 10,000 years B.P., and the youngest  two groups of Pleistocene 
volcanoes (Plv4, Plv3). Cerro Las Cabras and other  similar lava flows are arbi- 
trarily subgrouped into Plv~.3, since they have surface features between 
Plv2 and Plv3. 

K-Ar dates 

K-Ar dates were obtained for lavas and scoriae of more degraded cinder 
cones (Table 2). Cerro Pelon (0.37-+ 0.05 Ma)shows a significant difference 
in all parameters compared to cones younger than 40,000 years B.P; H/D 
ratio decreases to 0.12, maximum and average slope angles decrease to 28 ° 
and 19 ° , respectively. An apparent " young"  value of gully density (11/90 ° ) 
may be coincidentally due to a dry climate, as discussed above. The lava 
flows associated with this cone are classified as Plv2 (Table 4). Note from 
Table 4 Ply2 (and possibly Ply2.3) lava flow morphology represents a longer 
time span than that  of the youngest  three groups. For this longer period, 
erosional processes became significant in changing the form of  cinder cones. 

The Santa Teresa cone west of Celaya, Guanajuato (2.78 Ma ± 0.07) is 
probably one of the oldest in the MGVF. It has an almost flat shape, being 
partly buried by sediments but is recognized as such by an openpit  quarry. 
Another  K-Ar age is known for the San Nicholas maar near Valle de Santi- 
ago; juvenile scoriae of the maar give an age of 1.2 Ma (Murphy and Car- 
michael, 1984). 

LATE PLEISTOCENE--RECENT ERUPTION HISTORY 

The calibrated geomorphological classification of lava flows combined 
with the gully density allows estimation of  the relative ages of cinder cones 
and lava flows. The number of  Holocene and Late Pleistocene volcanoes (Hv, 
Plv4, and Plv3) are 16, 27, and 35 respectively; thus an estimated 78 volca- 
noes erupted within the last 40,000 years. These volcanoes include mostly 
cinder cones, but  also some lava flows not  associated with cones and two 
shield volcanoes with summit cones. These young volcanoes are situated only 
in the southern part of  the volcanic field, between 200 and 300 km from the 
Middle America Trench in an area of  15,000 km 2. 

Structural control of  eruptive vents 

Structural alignments of cinder cones and other  volcanoes which have 
erupted within the last 40,000 years are notable (Fig. 8). One such alignment 
includes Paricutin and extends about  100 km farther to the northeast.  An- 
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other 40 km long alignment of  volcanoes which includes E1 Jorullo in the 
south also shows a NE direction. Although there is some scatter of cones, 
these alignments suggest crustal fractures along which magmas ascended. 
The direction of these younger cone alignments coincides with the relative 
motion vector of the Cocos and North America plates (and the direction 
perpendicular to the minimum horizontal compressive stress) consistent 
with the idea that  tectonic stresses control the location of magmatic con- 
duits, (Nakamura, 1977; Nakamura et al., 1977). In the southern part of the 
field, older parasitic cones and closely-associated cinder cones also show NE 
alignments. Additional tectonic information is difficult to obtain because the 
region is almost completely covered by young volcanic products. 

In the northeastern part of the field, the relationship between tectonic 
stress and cinder cone alignments is more obvious. The area surrounding 
Lake Cuitzeo is characterized by E--W normal faults and parallel alignments 
of cinder cones. These faults may be related to the E--W-trending Chapala 
graben structures just west of the volcanic field. 

M A G M A  O U T P U T  R A T E  

Multiple vents like those in the MGVF imply an absence of long-lived 
shallow magma reservoirs characteristic of composite volcanoes, since on the 
evidence of Volc~n Paricutin and Volc~n E1 Jorullo, the vents had been 
active for less than 20 years. An exponential decrease of effusion rate at Vol- 
cdn Paricutin indicates that  no new magma batches were supplied during 
eruption (Scandone, 1979), and it has been suggested that  the magma came 
from a deep reservoir (Wadge, 1981). If the formation of a shallow magma 
reservoir is prevented by a small magma supply rate, a field of cinder cones is 
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Fig. 9. Ca lcu la ted  dense  rock  (2.7 g /cm 3) equ iva len t  vo lumes  of  the  Late  Ple is tocene  to  
R e c e n t  vo lcanoes  in the  M i c h o a c ~ n - - G u a n a j u a t o  Volcanic  Field.  The  symbols ,  Hv, Ply4, 
and  Plv 3 r ep re sen t  the  geomorpho log ica l  stages of  lava f lows (Table  4). Cone  vo lume was 
ca lcu la ted  as a symmet r i ca l  t r u n c a t e d  cone.  Each lava f low vo lume was ca lcu la ted  as the  
p r o d u c t  of  area and  average th ickness .  Vo lume  of  airfali ash was assumed to be 7.73 t imes  
t h a t  o f  the  associa ted  cone  af te r  Fries (1953) .  All vo lume  da ta  were co r rec t ed  for  vesicul- 
ar i ty  by  assuming t h a t  lava f lows have 30% poros i ty  (Fries,  1953) ,  b o t h  airfall  ash and  
c inde r  cones  have 50% poros i ty .  V o l um es  of  depos i t s  were n o t  ad jus ted  for  eros ion and  
burial  by alluvial sed imen t s ,  which  m a y  a c c o u n t  for  the  smaller  vo lumes  of  Ply 3 vol- 
canoes.  



120 

m o r e  l ikely to  f o r m  ins tead  o f  a c o m p o s i t e  vo lcano  ( F e d o t o v ,  1981 ;  
Hi ldre th ,  1981;  Fig. 15; Walker ,  1983) .  

Overall  m a g m a  o u t p u t  ra te  was ca lcula ted  fo r  the  M G V F  for  the  last  
40 ,000  years .  Magma e rup t i on  vo lumes  (dense r o c k  equivalent )  for  the  Holo-  
cene and late Ple is tocene (Hv,  Plv4 and  Ply3) are 9.3, 11.3 and 9.9 k m  3, respec- 
t ively  (Fig. 9). Thus ,  30.5  k m  3 o f  m a g m a  was d ischarged over  40 ,000  years  
in an area o f  15 ,000  k m  2, y ie lding an overall  m a g m a  o u t p u t  ra te  of  0.8 km3/  
1000  years ;  this  can also be r ep resen ted  by  a ra te  ca lcula ted  for  uni t  length  
parallel  to the  Middle Amer ica  Trench  and  is a p p r o x i m a t e l y  0 .005  k m 3 / k m  
per  1000 years .  

A c o m p a r i s o n  wi th  o the r  c o m p o s i t e  vo lcanoes  at conve rgen t  p la te  bound -  
aries is m a d e  in Fig. 10. Magma o u t p u t  ra tes  of  13 c o m p o s i t e  vo lcanoes  f r o m  
Japan ,  USSR,  and Amer ica  range f r o m  0.4 to  270 k m 3 / 1 0 0 0  years  (Crisp, 
1984) .  In Mexico,  the  o u t p u t  ra tes  of  Col ima and Ceboruco  are 2.7 km3/  
1000  years  and  6 k m 3 / 1 0 0 0  years ,  r espec t ive ly  (Luhr  and  Carmichael ,  1980 ,  
1982;  Nelson,  1980) .  In con t r a s t  Sierra La Pr imavera  rhyol i t ic  c o m p l e x  has a 
re la t ively  low m a g m a  o u t p u t  ra te  of  0.5 km~/1000  years  (Crisp, 1984 ;  
M a h o o d ,  1980 ,  1981;  Wright,  1981) .  The  ent i re  M G V F  is a m o n g  the  smal-  
lest (Fig. 10).  
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Fig. 10. Magma output rates of volcanoes at convergent plate boundaries shown on a loga- 
rithmic plot of discharge volume against duration of magmatism. Diagonal lines indicate 
equal magma output rates. Filled circles represent the Mexican volcanoes'. C O  = Colima 
after the 1818 major ash flow eruption (Luhr and Carmichael, 1980, 1982); C E  = Cebo- 
ruco after the Plinian eruption of Jala pumice (1000 years ago) (Nelson, 1980); SP = 
Sierra la Primavera during and after the ash flow eruption of the Tala Tuff (95,000 years 
ago) (Mahood, 1980, 1981; Wright, 1981; Crisp, 1 9 8 4 ) ; M G F V  = MichoacAn-Guanajuato 
Volcanic Field (this study). Crosses represent the volcanoes from other regions (Wadge, 
1982; Crisp, 1984): 1 = Arenal, Costa Rica; 2 = Kaimondake, Japan; 3 = Edgecumbe, 
USA; 4 = Sakurajima, Japan; 5 = Oshima, Japan; 6 = Asama, Japan; 7 = Fuego, Guate- 
mala; 8 = Avachinsky, USSR;9 = Kluychevskoy, USSR; 10 = Fuji, Japan;/1 = Shiveluch, 
USSR; 1 2  = Hakone, Japan, 1 3  = Calabozos caldera, Chile. Magma output volume of the 
Paricutin region (Fig. 3) is also plotted. 
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Whether the magma discharge volume of the MGVF is ~ equivalent to a 
composite volcano is difficult to estimate. Those volcanoes whose output  
rates were calculated for comparison have surface areas less than 500 km 2 
(Crisp, 1984), whereas the last 40,000 years of activity in the MGVF covers 
an area of 15,000 km 2. Although the surface area of  a volcano does not 
necessarily reflect its source, the MGVF is likely to sample a larger area of 
magma source region than a composite volcano, since composite volcanoes in 
most volcanic arcs have an average spacing closer than the dimensions of the 
MGVF (ca. 200 km). As an at tempt  to make a reasonable basis for compari- 
son, high cone density areas in Fig. 8 are assumed to represent a magma 
batch equivalent to that  of  a single composite volcano. For example, the 
Paricutin region (Fig. 3) yields a magma output  rate of 0.12 km3/1000 years, 
which is about 1/7 of the entire MGVF. This value is the lowest among the 
reported magma output  rates at convergent plate boundaries. These calcula- 
tions indicate that  the magma discharge rate for the MGVF is smaller than 
that  of a single composite volcano despite the evidence of geographically ex- 
tensive volcanic activity. It seems that  the myriad vents of the MGVF reflect 
a small magma discharge rate, and probably a small supply rate to the lower 
crust. 

CONCLUSIONS 

(1) The Michoac~in--Guanajuato Volcanic Field (MGVF) contains 1,040 
volcanoes within an area of 40,000 km 2. Most of these are cinder cones but 
also include lava domes, maars, tuf f  rings, shield volcanoes, and coneless 
lava flows. 

(2) The median-sized cinder cone in the MGVF is 90 m high and has a 
basal diameter of 800 m, a crater diameter of 230 m and a volume of 0.021 
km 3. For lava flows, the median thickness is 40 m and the median length is 
3 km. 

(3) Gully density normalized to a 90 ° arc and the geomorphological classi- 
fications of lava flows are sensitive indicators of cinder cone age but have 
only been calibrated for the last 40,000 years. 

(4) Some of the late Pleistocene--Recent volcanoes form NE alignments, 
which parallel the relative motion vector for the Cocos--North America 
plates. 

(5) For the last 40,000 years, the average magma output  rate in the 
MGVF is 0.8 km3/1000 years, and in the Paricutin region, 0.12 km3/1000 
years, a value small in comparison to a composite volcano. 

ACKNOWLEDGEMENTS 

We thank Dr. J.F. Luhr for his continued guidance in volcanology and 
Prof. G.A. Mahood for K-Ar dates. Radiocarbon dates were made by Tele- 
dyne Isotopes. Thanks are also offered to many U.C. Berkely students, espe- 



122 

cially R. Ludwin, M. Kokinos,  and S. Keating for their assistance in the field, 
and to M. Wopat for helping to measure cinder cones. A. MiUar and W. 
Chavez improved the English. Comments by Drs. B.H. Baker, J.F. Luhr, K. 
Nakamura, M. Sakuyama, H. Ferriz, S. Linneman, and an anonymous  re- 
viewer greatly improved the manuscript. The support of  NSF EAR 81- 
03344 ,  EAR 82-19945 (Carmichael) is acknowledged. 

REFERENCES 

Ben-Avraham, Z. and Nur, A., 1980. The elevation of volcanoes and their edifice heights 
at subduction zones. Geophys. Res., 85: 4325--4335. 

Bloomfield, K., 1975. A late-Quaternary monogenetic volcano field in central Mexico. 
Geol. Rundsch., 64: 476--497. 

Clark, K.F., Foster, C.T. and Damon, P.E., 1982. Cenozoic mineral deposits and subduc- 
tion-related magmatic arcs in Mexico. Geol. Soc. Am. Bull., 93: 533--544. 

Colton, H.S., 1937. The basaltic cinder cones and lava flows of the San Francisco Moun- 
tain volcanic field. Mus. North.. Ariz. Bull., 10: 1--49. 

Crisp, J.A., 1984. Rates of magma emplacement and volcanic eruption. J. Volcanol. Geo- 
therm. Res., 20: 177--211. 

Dement, A., 1978. Caracteristicas del eje neovolcanico transmexicano y sus problemas 
de interpretacion. Univ. Nac. Auton. Mex. Inst. Geol. Rev., 2 :172--187.  

Downie, C. and Wilkinson, P., 1972. The Geology of Kilimanjaro. Department of Geol- 
ogy, University of Sheffield, Sheffield, 250 pp. 

Drummond, K.J., chairman, 1981. Plate-tectonic map of the circum-Pacific region, north- 
east quadrant, scale 1:10,000,000. Am. Assoc. Petr. Geol., Tulsa, Okla., U.S.A. 

Fedotov, S.A., 1981. Magma rates in feeding conduits of different volcanic centers. J. 
Volcanol. Geotherm. Res., 9: 379--394. 

Foshag, W.F. and Gonzalez, R.J., 1956. Birth and development of Paricutin Volcano, 
Mexico. U.S. Geol. Surv. Bull., 965-D: 355--489. 

Fries, Jr., C., 1953. Volumes and weights of pyroclastic material, lava, and water erupted 
by Paricutin volcano, Michoac~in, Mexico. Trans. Am. Geophys. Union, 34 (4): 603-- 
616. 

Gunn, B. and Mooser, F., 1971. Geochemistry of the volcanics of Central Mexico. Bull. 
Volcanol., 34: 577--614. 

Hanus, V. and Venek, J., 1978. Subduction of the Cocos Plate and deep active fracture 
zones of Mexico. Geofis. Int., 17: p. 14--53. 

Hasenaka, T., 1981. Preliminary report on the cinder cone field in Michoachn and Guana- 
juato, SW Mexico. Geol. Soc. Am., Abstr. Programs, 13: 469. 

Hildreth, W., 1981. Gradients in silicic magma chambers: Implications for lithospheric 
magmatism. J. Geophys. Res., 86: 10153--10192. 

Luhr, J.F. and Carmichael, I.S.E., 1980. The Colima Volcanic complex, Mexico: Part I. 
Post-caldera andesite from Volc~in Colima. Contrib. Mineral. Petrol., 71: 343--372. 

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

Luhr, J.F. and Carmichael, I.S.E., 1982. The Colima Volcanic complex, Mexico: Part III. 
Ash- and scoria-fall deposits from the upper slopes of Volc~n Colima. Contrib. Mineral. 
Petrol., 80: 262--275. 

Luhr, J.F. and Carmichael, I.S.E., in press. The 1759--1774 eruption of Jorullo volcano, 
Michoac~in, Mexico: The earliest stages of fractionation in calc-alkaline magmas. Con- 
trib. Mineral. Petrol. 

Mahood, G.A., 1980. Geological evolution of a Pleistocene rhyolitic center: Sierra la 
Primavera, Jalisco, Mexico. J. Volcanol. Geotherm. Res., 8: 199--230. 



123 

Mahood, G.A., 1981. Chemical evolution of a Pleistocene rhyolitic center: Sierra la 
Primavera, Jalisco, Mexico. Contrib. Mineral. Petrol., 77: 129--149. 

Martin del Pozzo, A.L., 1983. Monogenetic vulcanism in the Sierra Chichinautzin, Mexi- 
co. Bull. Volcanol., 45: 9--24. 

McGetchin, T.R., Settle, M. and Chouet, B.A., 1974. Cinder cone growth modeled after 
Northeast crater, Mount Etna, Sicily. J. Geophys. Res., 79: 3257--3272. 

Molnar, P. and Sykes, L.R., 1969. Tectonics of the Caribbean and Middle America regions 
from focal mechanism and seismicity. Geol. Soc. Am. Bull., 80: 1639--1684. 

Moore, R.B., Wolfe, E.W. and Ulrich, G.E., 1976. Volcanic rocks of the eastern and 
northern parts of the San Francisco volcanic field, Arizona. J. Res. U.S. Geol. Surv., 
4: 549--560. 

Mooser, F., 1969. The Mexican Volcanic Belt -- Structure and development: Formation 
of fractures by differential crustal heating. Pan-American Symposium on the Upper 
Mantle, Mexico, pp. 15--22. 

Mooser, F., 1972. The Mexican Volcanic Belt: Structure and tectonics. Geofis. Int., 12: 
55--70. 

Murphy, G.P. and Carmichael, I..S.E., 1984. A report on the occurrence of maars in the 
Michoacfin-Guanajuato Volcanic Field, central Mexico. Geol. Soc. Am. Abstr. Pro- 
grams, 16. 

Nakamura, K., 1977. Volcanoes as possible indicators of tectonic stress orientations: prin- 
ciple and proposal. J. Volcanol. Geothermal Research, v. 2, p. 1--16. 

Nakamura, K., Jacob, K.H. and Davies, J.N., 1977. Volcanoes as possible indicators of 
tectonic stress orientation -- Aleutians and Alaska. Pure Appl. Geophys., 115: 87-- 
112. 

Nelson, S.A., 1980. Geology and petrology of Volc~n Ceboruco, Nayarit, Mexico. Geol. 
Soc. Am. Bull., Part II, 91: 2290--2431. 

Nelson, S.A. and Carmichael, I.S.E., 1984. Pleistocene to Recent alkalic volcanism in the 
region of Sanganguey volcano, Nayarit, Mexico. Contrib. Mineral. Petrol., 85: 321-- 
335. 

Nixon, G.T., 1982. The relationship between Quaternary volcanism in central Mexico and 
the seismicity and structure of subducted ocean lithosphere. Geol. Soc. Am. Bull., 93: 
514--523. 

Pal, S., Lopez, M.M., Perez, R.J. and Terrell, D.J., 1978. Magma characterization of the 
Mexican Volcanic Belt (Mexico). Bull. Volcanol., 41: 379--389. 

Porter, S.C., 1972. Distribution, morphology, and size frequency of cinder cones on 
Mauna Kea Volcano, Hawaii. Geol. Soc. Am. Bull., 83: 3607--3612. 

Ruffner, J.A., 1980. Climates of the States. vol. 1. Gale Research Company, Detroit, 
Mich., 588 pp. 

Robin, C. and Cantagrel, J.M., 1982. Le Pico de Orizaba (Mexique): Structure et ~volu- 
tion d 'un  grand volcan andesitique complexe. Bull. Volcanol., 45: 299--315. 

Scandone, R., 1979. Effusion rate and energy balance of Paricutin eruption (1943-- 
1952), Michoacfin, Mexico. J. Volcanol. Geotherm. Res., 6: 49--59. 

Scott, D.H. and Trask, N.J., 1971. Geology of the Lunar Crater Volcanic Field, Nye 
County, Nevada. U.S. Geol. Surv., Prof. Pap., 599-1, 22 pp. 

Segerstrom, K., 1950. Erosion studies at Paricutin volcano, state of Michoac~n, Mexico. 
U.S. Geol. Surv. Bull., 956-A: 1--164. 

Simkin, T., Siebert, L., McClelland, L., Bridge, D., Newhall, C., and Latter, J.H., 1981. 
Volcanoes of the World. Hutchinson Ross, Stroudsburg, PA., 232 pp. 

Singleton, O.P. and Joyce, E.B., 1969. Cainozoic volcanicity in Victoria. Geol. Soc. Aust. 
Spec. Publ., 2: 145--154. 

Vogt, P.R., 1974. Volcano height and plate thickness. Earth Planet. Sci. Lett., 23: 337-- 
348. 

Wadge, G., 1981. The variation of magma discharge during basaltic eruptions. J. Volcanol. 
Geotherm. Res., 11: 139--168. 



124 

Wadge, G., 1982. Steady state volcanism: evidence from eruption histories of polygenetic 
volcanoes. J. Geophys. Res., 87: 4035--4049. 

Walker, G.P.L., 1983. Variations in the size of volcanic eruptions and their consequences. 
Geol. Soc. Am., Abstr. Programs, 15: p; 713. 

Walker, J.A., 1981. Petrogenesis of lavas from cinder cone fields behind the volcanic front 
of Central America. J. Geol., 89: 721--739. 

Wilcox, R.E., 1954. Petrology of Paricutin volcano, Mexico. U.S. Geol. Surv. Bull., 965- 
C: 281--353. 

Williams, H., 1950. Volcanoes of the Paricutin region, Mexico. U.S. Geol. Surv. Bull., 
965-B: 165--279. 

Wood, C.A., 1980a. Morphometric evolution of cinder cones. Volcanol. Geotherm. Res., 
7: 387--413. 

Wood, C.A., 1980b. Morphometric analysis of cinder cone degradation. J. Volcanol. Geo- 
therm. Res., 8: 137--160. 

Wright, J., 1981. The Rio Caliente ignimbrite: Analysis of a compound intra-plinian 
ignimbrite from a major late Quaternary Mexican eruption. Bull. Volcanol., 44: 189-- 
212. 


