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C OLLAPSE DEPRESSIONS OF THE PINAC ATE 
VOLC ANIC FIELD, SONORA, MEXIC O'!< 

By Richard H.  Jahn s 
C alifo rnia Ins titute of T echnology 

INTRODUC T ION 

The P inacate region of no rthwe stern Sono ra, Mexico ,  is characte rized by hun
dreds of c inde r cone s and ba s altic lava flows .  Thi s volc anic field extends ove r an 
area of nearly 600  s quare mil e s  between the Gulf of C alifo rnia and the Inte rnational 
B oundary, and a small part of it proj ects  northward into Arizona. Its northe rn 
half, though topographically i r regular,  lie s at altitude s  that exc eed 1,  000 feet in 
few place s .  Its southe rn half, in contrast, i s  dominated by the Sie r ra Pinacate , a 
g re at pile of lava flow s and pyrocla stic depo s its  that ri s e s  to a maximum altitude of 
4 , 2 3 5  feet.  So well pre s e rved are the young e st parts of thi s pile that the ir volc anic 
o r ig in wa s r e c ognized by explor e r s  as early as 1 7 0 1 ( Ive s ,  1 942) . 

C ontrasting strongly with the c inde r c one s and othe r volcanic fo rms of the area 
a r e  s even calde ras , long r efe r r e d  to a s  c r ate r s  by the local r e s i dent s ,  and a parti
ally c ollap s e d  c one, known as C er ro C olorado, that appear s to repre s ent a diatr eme . 
T he s e featu r e s lie no rth of the Sie rra Pinacate in a no rthwe st- to we st- tr ending 
arc about 20 mile s long (fig . 60 ) .  Seve ral of them have been bri efly de s c rib e d  by 
Mac Dougal ( 1 9 0 8 ) ,  Ho rnaday ( 1 9 09 ) ,  Lumholtz ( 1 9 1 2) ,  and othe r s .  Separate acc ount s 
of explo ratory trip s  to C Tate r Elegante, larg e st of the c alde r a s ,  have been published 
more r e c ently ( Hende rson, 1 9 5 1 ;  Jahns and Fiedle r ,  1 9 5 2 ;  Kelley, 1 9 52) . 

The sub stanc e  of thi s b rief pap e r  ha s been drawn from the r e sults of 28 day s '  
field work and sub s equent petrog raphic studi e s .  The treatment i s  nec e s  sarily c on
fined to g ene ralizations and a few s elected de s c ription s ;  fulle r  di s c u s sion of the 
c ollap s e  dep r e s s ion s ,  the rocks as sociated with them, the ir spatial and tempo ral 
r elation- ship s with adj ac ent featur e s ,  and the ir g ene s i s  mu st await public ation el s e 
whe r e .  

GEOLOGIC SE TT ING 

The P inac ate volcanic rocks oc cur within and upon a terrane of p r e - T e rtiary 
plutonic and me tamo rphic rock s .  They al so  r e  st upon and inte rfing e r  with non
marine s e diments of Quate rnary ag e ,  extens ively so in the no rthe rn parts of the 
field. A b road belt of dune sand borde r s  the field on the west  ( fig . 34) ,  and s eve ral 
othe r ,  mo re localized ac cumulation s  of such s and :.. re  p r e s ent along its s outhe rn 
and ea stern margins .  Many ridg e s  and small mountain mas s e s  of the olde r c ry stalline 
rocks buttre s s  the volcanic s e c tion or p roj ect upward through it ( fig s .  34 , 3 8 ) ,  
e specially in the area no rth of the Sie rra Pinacate , and it i s  clear that the p r e 
volcanic surfac e wa s one o f  c on side rable local r elief. 

Some of the volcanic s ection may date from late T e rtiary time,  but mo s t  i s  
Quate rnary in ag e .  E ruptive activity apparently r e ached a maximum during the 
Pleistoc ene epoch, and continue d at dimini she d level s the r eafte r .  E ruptions have 
b e en ob s e rved s inc e the region wa s fir s t  occupied by man, and a small outbur s t  
r eportedly o c c u r r e d  as r e c ently a s  January 1 9 3 5  ( Ive s ,  1 9 3 5) . 

* C ontribution No.  9 1 5 , Divi sion of the G eolog ical Sc ienc e s ,  C alifornia In stitute of 
T echnology. 
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1:1 * O F  FOU N D E R E D  B LO C K S  CON CEALED A S S E M B LAGE 

( t u ff brecc i a ,  "c inders", basa l t ,  etc.) 

II 
S e c t i o n  o l ong l i n e  A - B  

M a pped b y  R.H. J a h n s , I I  '5 1  

VOLCA N I C  

ROCKS 

I N  

P L A C E  

B 

E X P L A N A T I O N 

� 
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0 
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0 
w Older a l l u v i um u z w ::::> LJ a w (f) 

Ta lus u z 0 '" u .� -' 0 0 
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w Younger u gray "cinders' z w ::::> Billill a w (f) 
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S t r i k e  and d i p  of beds 

Rim of crater  

FIGURE 3 2 .  G eolog ic map and c ro s s  s ection o f  C rate r Elegante . 
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2 7 - Jahns - Pinacate C alde ra s  

The ba salts o c cur chiefly as tongue- and she et-like flows that rang e i n  ave rag e 
thickne s s  from a few inche s to a s  much a s  3 0  fe et. The ave rage flow in the northe rn 
half of the field i s  1 2  to 1 5  feet thick, i s  in part ve s icular ,  include s some ma s s e s  of 
flow b r e c cia, and i s  den s e  to s c o riac eou s  along its rough uppe r  surface and i r regular 
margins ( fig s .  3 1 ,  36,  38 ) ;  departu r e s  from thi s ave rag e ,  howeve r ,  a r e  both c on
s ide rable and c ommon. Some flows a r e  s tacked, one upon anothe r ,  to fo rm s e ctions 
many tens of feet thick. Othe r s  inte rfing e r  late rally, and still othe r s  are inte r 
laye r e d  o r  inte rtongued with stratified s ection s of c inde ry ej e c ta in which pellets and 
bomb s of juvenile mate r ial are ve ry abundant. B oth flow and pyrocla stic s e c tions 
are cut at many localiti e s  by plug s,  dike s ,  and s ill s of basalt, brec c ia, and c inde ry 
mate r ial . 

T he ba salts are holoc rystalline to holohyaline , and c rystalline typ e s  predominate . 
Mo st are fine to me dium g r aine d, and many are both ve s icular and po rphyritic in 
variou s deg ree  s .  The characte r is tic mine ral s are plag iocla s e  i n  the labrado r ite 
bytownite rang e ,  g r eeni sh- brown to brown magne s i'.in olivine,  magnetite , and hype r s 
thene. Spar s e  to ve ry abundant phenoc rysts of plagiocla s e  and olivine c ommonly are 
s et in a pilotaxitic o r  fluidal g r oundmas s .  Some spectacularly porphyritic flow and 
dike rocks are c rowded with ve s icle s ,  pea-like c ry s tal s of olivine,  and tran sluc ent 
to tran spar ent tablets and thick chunks of plag ioclase  1 /  4 - inch to 5 inche s long . 
Amyg daloidal c alc ite and epidote are moderately abundant in s eve ral of the lava 
flow s .  

Mo s t  of the pyrocla stic mate rial in the field i s  r elated to c inde r c one s ,  seve ral 
hundred of which are prominent feature s of the p r e s ent lands c ap e .  The i r  develop
ment r ep r e s ent s  a c on side rable span of time,  and they show a wide rang e in deg r e e  
of e ro s ional modific ation ( fig s .  3 1 ,  34, 36 ,  38 ) .  Many are a symmetr i c ,  having been 
br eached by c olumns of lava r i s ing in their  throat s ; mo st of the young e st expo s e d  
lava flow s can be  trac ed s ourc eward to c inde r c one s o f  thi s type.  

The c inde r c one s a r e  c ompo s e d  mainly of  lapilli and bomb s with r ounde d to 
clinkery surfac e s .  B oth ac c e  s sory and acc idental ej e cta al so  a r e  p r e s ent, and include 
s catte r e d  blocks of large s i z e .  Ma!ly of the e s s ential and acc e s sory fragments con
tain c rystal s of plag iocla s e ,  olivine, and magnetite in matric e s  of den s e  to highly 
ve s icular gla s s .  The c inde ry mate rial s  are loo s e - textured, even whe r e  app r e 
c iable amounts o f  inte r stitial a sh are p r e s ent. They fo rm b e d s  a fraction o f  a n  inch 
to about 20 fe et thick;  the s e  rang e in g ro s s  c ol o r  from medium to dark g ray through 
g re enish g ray and buff to r e ddish b rown. 

C OLLAPSE DEPRE SSIONS 

G ene ral featu r e s  of the c alde ra s 

The princ ipal calde ras are steep-walle d  dep r e s s ion s with c ircular to broadly 
oval outline s ,  and from the air they appear a s  hug e  pock - marks on the rough fac e 
of the volcanic field. Each ha s a r emarkably even rim from which the g round sur
fac e slope s mode rately to g ently outward, g iving the imp r e s s ion of  a low, flat
topp ed hill with wide and symmetrical shoulde r s  when viewed from adjac ent point s 
on the g round. The dep r e s s ions rang e in maximum diamete r from 2 ,  5 0 0  to 5, 7 0 0  
feet, i n  maximum depth from 1 2 0  t o  8 0 0  feet, and i n  ratio o f  diamete r t o  depth 
from 6 :  1 to nearly 2 5 :  1 .  Each marks the s ite of a volc anic c one that wa s c on s i de rably 
larg e r  than any of the a s sociate d earlier c inde r c one s .  Each has an almo st flat 
floor ,  from the marg in s of which an e s s entially c ontinuous apron of talus r i s e s  to 
the ba s e  of a cliffe d  wall ; a moderate to steep slope extends upward from the top 
of thi s  wall to the rim of the c alde ra (fig s .  3 1 ,  34 , 3 6 ) .  
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The rocks expo s e d  within the dep re s s ions c an be divide d into two contrasting 
s ection s .  The olde r s ection i s  dominated by flow s of cliff-making ba salt, s eparated 
and ove rlain in many plac e s by thin inte rval s and thicke r but mor e  lenticula r bodi e s  
o f  c indery ej e c ta. The s e  rocks repre sent a c omplex s e quence of e ruptive activity 
at each locality, but are not s ignificantly diffe rent from rock type s expo s e d  el s e 
whe r e  in the Pinacate volc anic field.  

Quite diffe r ent, on the othe r hand, are the well - stratifie d  tuff br e c c ia s  that 
c ompo s e  the young e r ,  o r  upp e r ,  s ection. The s e  " rim l::,eds" are an e s s ential fe ature 
of  all the calde ra s and the diatreme cone , but have not been found in g enetic a s s o c ia
tion with any othe r volc anic form in the entir e  fiel d. They lap up and butt ag ainst 
the s i de s of nearby c inde r c on e s  and ba salt flow s ( fig s .  3 1 ,  34, 3 6 ) ,  and in turn are 
ove rlapped by s eve ral ba salt flows of very rec ent appearanc e (fig . 3 1 ) .  

T he tuff breccias  a r e  fine to extremely coa r s e  g rained, and fo rm very c ontinuous 
layer s  who s e  thickne s s  rang e s  from a small fraction of an inch to nearly 20 feet.  
They c on si s t  chiefly of gla s sy ash and lapilli ,  with abundant c ry stal s ,  c ry stal 
bearing pellets of gla s s ,  and small bomb s of juvenile origin. B oth acc e s sory and 
acc idental ej ecta, which in many beds are dominant, include olde r lapilli ,  c ry stal s ,  
and bomb s ,  a s  well as  blocks of  basalt and p r e - T e rtiary rocks  such as g r anite, 
pegmatite , gne i s s ,  schi st ,  phyllite , quartzite , and vein quartz . F ragments I to 3 
feet in diamete r are c ommon, and a few 1 5 - to I S -foot blocks are pre s ent within the 
" rim beds" of at least thr ee  c alde r a s .  

M o s t  of the tuff brec c ia s  a r e  dis tinctly platy ( fig . 3 3 ) .  Typically they dip away 
from the calde ra rims in g ro s s  ac cordanc e with the exte rior surfac e slope s .  Many 
s tructu ral featu r e s ,  such as g rade d bedding , slump mark s ,  and local r ippl e marks 
and c ro s s  be dding , sugg e st a fluvial environment .  Howeve r ,  the s e  featur e s  mu st 
be  of aeolian o r igin, a s  the " rim beds ! ! plainly we r e  laid down by direct  fallout of 
volc anic ej ecta.  Thi s i s  atte sted by the g r eat extent of even the thinne st b e d s ,  which 
c an be trac e d  individually for hundreds of fe et within areas of favo rable expo sure ,  
by the c ontinuity of  beds  a c ro s s  many p r e existing surface ir regulariti e s  attributable 
to e r o s ion and slumping , by s imilar c ontinuity at plac e s  whe r e  the s e ction r eve r s e s  
its dip and lap s ag ainst  older c inde r c one s ,  and b y  s edimentary structu r e s in the 
fine r - g rained debri s  sur rounding nume rou s bombs and block s .  

The young e st depo sits  within the c ollap s e  dep r e s s ion s include talus ,  alluvium, 
playa s ediment s ,  and windblown sand. The s e mate rial s ,  who s e  agg regate thick
ne s s  p robably is not g r eat, r e s t  upon various mas s e s  of volcanic rocks that we r e  
dropp e d  downward and j o stled about during calde ra fo rmation, and effectively c on
c eal mo st of them. 

C rate r Eleg ante 

G ene ral feature s 

C rate r Eleg ante,  mo st spectacular and be st  known of the calde r a s ,  i s  almo st 
c ircular  in g ro s s  plan, 4 , 3 0 0  to 5 , 5 0 0  feet in diamete r,  and 7 9 6  fe et in depth as 
measured from the highe st point on its r im.  The lowe st point on its floor lie s slightly 
more than 2 0 0  fe et above s ea level . The e r o sional r emnants of three  olde r c inde r 
c one s are surrounded by its " rim beds" , and a fourth c one i s  expo s ed in c ro s s 
s ection along the southe a s te rn part of its wall s ( fig . 3 1 ) .  A young e r  lava flow lie s 
nearby on the we st and s outhwe st, and othe r s  are pre s ent at g reate r dis tanc e s  to 
the north. 
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Volcanic rocks 

" Rim beds"  about 1 50 feet in averag e thickne s s  are expo s e d  in the upp e r  parts 
of the calde ra, and undoubtedly we re much thicke r in the highe r parts of Elegante 
volc ano prior to it s collap s e .  They a r e  yellowi sh to pale g r eenish g ray and typically 
platy (fig . 3 3 ) . The ashy matric e s , a r e  rich in fragment s  of ve s icular ba salt with 
spar s e  to mo de rately abundant pheno c rysts . Along the south s i de of the depre s s ion 
the s e  beds  r e s t  upon a broad lens of g r ay, loo s e - textured ej ecta that evidently 
r ep r e s ent the pa rtly buried c inde r c one to the south ( fig . 3 1 ) .  Along the east s ide 
they lie upon two olde r units of c inde ry ej ecta that are parts of the buried c one now 
vis ible in c ro s s - s e ction on the calde ra wall . The c rate r of thi s c one was onc e 
occupied by a small lava lake a s  much a s  50 feet de ep;  the c ong eal e d  remnant of the 
lake appear s beneath a s e c tion of r e ddi sh-b rown I I  cinde r s l l  and against  a lower s e c tion 
of g ray " c inde r s ,  I I  and extends ve rtically downward in the fo rm of a fe e de r  dike or 
plug about 60 feet thick ( fig . 32 ) . 

Along the othe r s i de s of the calde ra the I I  rim beds" lie upon a!l i r r egular laye r 
of s c o r ia and ba s alt b r e c c ia with taffy-like flow structu r e .  Thi s in turn i s  unde rlain 
by s eve ral flows of basalt and ba saltic b r e c c ia, rang ing in individual thickne s s  from 
a few inche s to 2 2  feet, that commonly a r e  s eparated by much thinne r inte rval s of 
c inde ry pyrocla stic mate rial s .  The s e  rocks tog ethe r c ons titute the upper basalt 
unit shown in figure 3 2 .  Some of the flows stemme d from the vent occupied by the 
feeder dike o r  plug note d above, other s  from a sour c e  marked by a larg e ,  we dg e 
l ike ma s s  o f  ba salt that trans ects  the olde r s ection o f  g ray " c inde r s" on the no rth
ea stern part of the c aldera wall . Inte rtonguing of the se  two sets  of flow s can be 
ob s e rved along the southe rn cliff s ,  whe r e  the r elationship s are c omplicated by the 
p r e s enc e of s eve ral thin s ill s and dike s of s imilar ba salt. 

The lowe r ba salt unit, which ante date s all maj o r  exp o s e d  s ection s of pyrocla stic 
mate rial s ,  c ompri s e s  cliff-making flow s ,  3 to 2 5  feet thick, and at least two much 
thinner s ill s .  It con s i sts  of basalt -- some i s  fine- to medium-g rained and dens e  to 
s c o r iac eou s ,  and some i s  ve s icular and porphyritic . None of thi s s ec tion c an be 
c o r r elated with expo s ed vent s .  Both the upp e r  and lowe r ba salt units appear to dip 
ve ry g ently outward;  their  inclination may well be le s s  than that of the ove rlying 
I I  rim b e d s ,  I I  and hence the c onco rdant r elation ship s sug g e sted in the c ro s s - s ection 
of figure  3 2  p robably are much ove r s implifi e d. 

A remarkable compo s ite dike of basalt po rphyry, 28 inc he s in maximum thick
ne s s, appear s as a vertical spine proj e c ting from the wall of olde r g ray " c inde r s" 
on the east  s ide of the c aldera ( fig . 3 2 ) .  It extends only a few fe et into the unde rlying 
basalt, and lie s below the I I  rim- be d" s ec tion. The nearly ho rizontal attitude of its 
c re st and keel sug g e  sts that it may have b e en fo rmed by outward, rathe r than upward, 
inj e c tions of magma from a sourc e to the south- southeast .  Some upward movement, 
howeve r ,  i s  evidenc e d  by local flow s truc ture s within the dike . All pa rts of the 
intrusive ma s s  are v e s icular and po rphyritic in variou s deg r e e s ,  and all contain 
pheno c rysts of olivine and plagiocla s e .  Its thin c r e stal portion s a r e  the fine st  g rained 
and mo s t  ve s i cular .  In c ontra st ,  one unit near its c ente r  c ontains chunky phenoc rysts 
of transparent plag iocla s e  as much as 4 - 1 / 2  inche s long . 

Young e r  depo sits 

Deltaic depo s its  of mate rial de r ived from the I I rim beds I I  and older volcanic 
rocks form a di stinct bench about 2 0 0  fe et above the calde ra flo o r .  The dep o s it s  
are ring -like i n  thei r  distribution within the caldera,  but much o f  the bench i s  c on-
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c eal e d  by young e r  accuITlulations of talu s .  Its surfac e  i s  uninte r rupte d along the 
we stern and no rthw e s tern s ide s of the depre s s ion s ,  whe r e  it i s  1 20 to 2 0 0  feet wide .  
T h e  deltaic for e set  b e d s ,  which dip a s  ITluch a s  28  deg r e e s  toward the c ente r  of the 
c alde r a ,  are capped by v e ry g ently incline d and ITluch coar s e r - g raine d top s et beds . 
The entir e  a s s eITlblag e c onsi sts  of poorly lithified ITludstone, fine - to c oar s e -g rained 
s andstone ,  and g ritty pebble c ongloITle rate . Distributed throughout are irregular 
blocks of ba salt de rived froITl the nearby cliff s .  

The delta evidently wa s develop ed along the ITlargin of a lake that occupied the 
caldera soon afte r its c ollap s e .  T he s e diITlents appear to have b e en laid down upon 
founde r e d  parts of Elegante Volcano and locally upon ITlarg inal apron s of talus ;  in 
ITlo st plac e s  they p robably a r e  in c ontact with down- dropped ITlas s e s  of " riITl- b e d" 
ITlate rial. E ro s ion of for e s et parts of the delta ha s expo s ed one of the s e  ITla s s e s  on 
the southwe stern s ide of the p r e s ent floor ( fig . 3 2 ) . Occurrenc e s  of trave rtine and 
the con s i s tent po s ition of the deltaic depo s it s  indicate that the lake ITlu st have been 
at a nearly c on s tant level during ITlo st of its exi stenc e ;  in c ontrast, its r ec e s s ional 
hi sto ry probably was epi sodic , a s  sug g e sted by the r eITlnant s of s eve ral narrow but 
well - defined top s et benche s at lower level s .  

P o st-lake ero sion, chiefly of the lacustr ine depo s it s ,  has b e en r e spon s ible fo r 
developITlent of alluvial apron s and a thin s ec tion of playa s e diITlents in the lowe st 
parts of the depr e s s ion. Alluvial accuITlulations of two ag e s  c an be dis tingui shed , 
the young e r  having been de r ived in part frOITl the olde r ,  T he slight diffe rence in 
their l evel ITlay r eflect  ITlinor r eadj u s tITlents aITlong the unde rlying founde r e d  ITlas se s ,  
leading to SOITle depr e s s ion of the c entral pa rt of the floor and sub s equent trenching 
of the earlie r po s t-lake alluviuITl. That readjustITlents and the prog r e s sive filling 
of voi d s  are continuing at the p r e s ent tiITle i s  indicated by nUITle rous shallow sink
hol e s  and sluITlp tr enche s on the floor  of the playa. SOITle o f  the s e  depre s sions are 
ITlore than 1 00 feet long . Wate r penetrate s so  rapidly into the g round beneath the 
playa that ponding rar ely p e r s i st s  fo r ITlo re than an hour o r  two, even afte r s evere 
storITl s .  

MacDougal C rate r 

Mac Dougal C rate r ,  we s te rnITlo s t  of the calde r a s ,  i s  1 7  ITlil e s  north-no rthwe st 
of Pinacate P eak ( fig . 60 ) .  It  lie s at  the ea s te rn ITlargin of the G ran De sierto, a 
b road expans e  of dune sand and i s olated rock hill s ,  and iITlITlediately s outh of the 
Hornaday Mountain s ,  a sITlall , elongate ITla s s  of p re - T e rtiary c rystalline rocks 
( fig . 34 ) .  The calde ra i s  oval in plan, and rang e s  in diaITleter frOITl 5 , 0 0 0  to 5 ,  7 0 0  
feet.  The ITlaxiITluITl depth of its alITlo st flat floo r  is about 4 3 0  feet beneath the highe s t  
point on its e a s t  rlITl. Like C rate r Elegante , i t  i s  flanked b y  the r eITlnants o f  older 
c inde r c one s .  

The yellowi sh- b rown I I  r iITl beds"  are platy to slabby, and in part ar e sOITlewhat 
c oar s e r  and ITlore g ritty than tho s e  at C rate v Elegante . They are rich in fragITlent s  
o f  v e s icular ba salt and c ry s tal s of plag iocla s e  and olivine .  Al s o  well r ep r e s ented 
aITlong the rock con s tituent s a r e  g r anite, schist,  phyllite , vein quartz, and friable 
agg regate s of c o a r s ely c ry stalline plagiocla s e ,  olivine,  and ITlagnetite .  Separate 
c ry s tal s and c ry s tal fragITlent s of plag iocla s e  c on s titute the bulk of S OITle laye r s .  
The stratific ation of the s e  tuff b r e c cias  i s  ve ry continuou s ,  and SOITle of the laye r s  
a r e  di s ting ui shed by aeolian c ro s s  b e dding . C ut- and-fill s t ructure i s  expo s e,d on a 
sITlall s c ale at ITlany plac e s .  

The " riITl- bed" s e ction i s  6 5  to 9 0  feet thick, and slope s  g ently outward froITl 
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the edg e  of the c aldera.  It i s  cove r e d  to the we s t  by dune sand, but i s  expo s ed over 
a wide , nearly flat area fo r at least a mile to the east  and northea st .  T o  the no rth 
and south the beds lap onto the shoulder s of c inde r c one s ,  and el s ewhere they are 
locally conc e aled beneath patche s of  alluvium and wind-blown sand. 

No well - defined s ection of " cinde r s" is expo s e d  within the dep r e s  sion. Instead, 
the " r im beds "  l ie  upon a very rough surfac e that appear s a s  a bench above a con
tinuou s s e rie s of basalt cliffs ( fig . 34 ) .  F o rming thi s surface is highly ve s ic ular 
ba salt, intimately a s s o c iate d with b r e c c ia and with lens e s  of c inde ry and clinkery 
mate rial .  The se  rocks are tran s e cted by nume rous i r regular,  ste eply- dipping dike s 
of fairly den s e ,  po rphyritic basalt. The dike s are a few inche s to 1 2  feet thick, 
and the ir ave rag e expo s e d  breadth is  about 4 feet. Mo s t  are plainly compo site.  
Their arch- like top s c ommonly proj ect upwar d  into basal parts of the " rim-bed" 
s e ction. Thin string e r s  and tongue s of r e ddi sh-br own " c inde r s" al s o  tran s e c t  the 
ve s icular ba salt and immediately ove rlying " rim b e d s . " 

The cliff-making parts of the ba salt s e c tion r e  s emble the c o r r e sponding unit s 
in C rate r Eleg ante,  exc ept that s ill s ,  fe e de r  dike s ,  and pyrocla stic element s  are 
l e s s  abundant. On the s outhea s t  wall of  the calde ra the basalt i s  shatter ed, much 
alte red along both ve rtical and subho rizontal fracture s ,  and locally mixed with 
r e ddi sh-brown c inde ry mate r ial. Some ha s b e en b r e c c iated and c emente d by ana s 
tomo sing string e r s of fine - g rained basalt. The s e  featu r e s sug g e st proximity to an 
old vent. 

The floor of the dep re s s ion, which is ring ed by a steeply- sloping apron of coar s e  
talu s ,  consist::>  of yellowi sh, sandy mate rial de rive d mainly from the " rim b e ds ,  " 
along with subordinate amount s of wind-blown sand. A small patch of playa s e diments 
is p r e s ent near the c ente r  of the floor .  The b r e c c iate d and j o inte d ba salts on the 
southea ste rn part of the calde ra wall have yielded readily to e r o s ion, and the ir 
p o sition i s  marke d by a di stinct r e entrant in the cliffs ( fig . 3 5) .  B elow thi s r e entrant 
i s  a c ompo s ite tongue of mudflow debri s that lie s upon the talus and alluvium of the 
floo r .  The c r e s c entic , moraine -like te rminations of two larg e deb r i s  flow s  mark 
the uppe r  surfac e of the tongue . 

C rate r G rande ( Syke s C rate r )  

C rate r G rande , al s o  known a s  Syke s C rate r ,  i s  3 mil e s  ea st-northeast of Papag o 
T ank s and about 1 3  mil e s no rth-northwe st of Pinac ate Peak (fig . 60 ) .  The depr e  s s ion 
lie s in r elatively high g round at the north end of the Rainbow Hill s ,  a clu ster of 
r e ddi sh-brown c inde r c one s ,  and it appe ar s as a de ep puncture between two of the s e  
c one s ( fig . 36 ) . It i s  3 , 2 0 0  to 3, 5 0 0  feet in diamete r ,  and 580  fe et i n  maximum 
depth. 

The " r im -bed" s ection i s  9 0  to 1 2 5 fe et thick.  Lithologically it i s  much like 
that at Mac Doug al C rate r ,  exc ept that fragm.ents of p r e - T e rtiary rock s a r e  le s s  
abundant. The tuff b r e c c i a s  a r e  unusually c oar s e  g raine d along and near the r im, 
whe r e  they dip outward at angl e s  as high as 30 to 38 deg r e e s ,  and it s e em s  clear 
that c alde ra fo rmation spared a much larg e r  po rtion of the p r e - exi sting c one than 
at MacDoug al C rate r .  

On the no rth and no rthwe st s id e s  of the depr e s s ion, the " rim be ds"  r e s t  upon 
two thic k  wedg e s  of r e ddi sh- b rown c inde ry ej ecta that r ep r e s ent a c one who s e  c rate r ,  
r im, and flanks a r e  now expo s e d  in c ro s s - s e c tion (fig . 37 ) . The pyrocla stic mate rial 
in turn ove rlie s a c ontinuou s  s ec tion, 8 to 4 5  fe et thick, c omprising 2 - to 1 0 - foot 
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laye r s  of ve s icular ba salt. This s e c tion, which appears  to slope g ently west
southwe st, lie s imme diately beneath the " rim b e ds ! ' along the southwe s te rn, s outhe rn, 
and ea stern s ide s of the dep r e s sion. B elow it is a lens of r e ddi sh- brown " c inde r s" 
that c an be  c o r r elate d with a c one nearby on the southeast, a s  well a s  a thinner 
layer  of g ray " c inde r s" who s e  sourc e ha s not  b e en e stabli shed. 

The olde s t  rocks on the calde ra wall s are den se  to ve s icular ba salts,  mainly 
thick flows inte rtongued with s eve ral thinne r flow s and still thinne r  lay e r s  of pyro
cla stic mate rial s .  One thick laye r of  g ray " c inde r s , " expo s e d  on the northea st wall 
of the hol e,  al s o  lie s within thi s s ection . Some of the flow s butt sharply again s t  
othe r s ,  and the a s s emblag e i s  furthe r c omplicate d by s eve ral fe e de r dike s and by 
one large,  c ro s s - c utting mas s of vent-filling basalt ( fig . 37 ) . 

T he po s t - c ollap s e  depo s it s ,  in the lower parts of the calde ra, include talu s ,  
alluvium, and playa s e diments who s e  g ro s s  relation ship s are r elatively s imple .  

Other c alde r a s  

The othe r four maj o r  c alde r a s  a r e  shallowe r and i n  g ene ral small e r  than Ele 
g ante ,  Mac Dougal, and G r ande ( fig . 6 0 ) . De s c riptions cannot be  included in thi s 
pap e r ,  and a few note s on their  mo st di s tinctive featur e s  a r e  offe r e d  instead. 

Molina C rate r, a short  di s tanc e  southe ast  of Mac Doug al C rate r ,  ha s a clov e r 
leaf outline and evidently repre s ents c ollap s e  about thr e e  clos ely r elate d c ente r s  
( fig . 34) .  It s " rim beds" are thick and in part very c oa r s e  g r aine d. F ragments 
more than an inch in diameter c onstitute the bulk of some laye r s ,  and blocks mo re 
than 6 feet long are very abundant. The s e  explo s ion b r e c c ia s ,  who se  coar s er c on
stituents are almo s t  wholly ac c idental and ac c e s  s o ry, contain muc h l e s  s ashy mate rial 
than the " rim beds "  at any othe r locality. They lie upon ba salt, which i s  be st  ex
po s e d  in the relatively small and deep no rthwe stern hole within the clu ste r .  H e r e  
are prominent cliffs ,  s ome o f  who s e  fac e s  may be  fault s urfac e s  related t o  collap s e  
of the fo rme r cone . 

B adillo C rate r i s  r elatively shallow, with a r elatively thin s ec tion of c o ar s e 
g rained " rim b e ds . " Its formation wa s p r e c e ded by a c omplex s e quenc e of volcanic 
activity, involving development and br eaching of at least thr ee  c inde r c one s r e 
vealed in s e c tion along its wall s .  Many alte rnations o f  effu sive and pyrocla stic 
activity are indic ate d  in an exp o s e d  s ection le s s  than 1 50 fe et thick. 

Kino C rate r ,  least  ac c e s s ible of the larg e r  depr e s s ion s ,  is shallow and a sym
metric in te rm s  of wall height. A few exposur e s  of earlie r basaltic roc k s  appear 
beneath its " rim b e d s . " This calde ra provide s unusually good evidenc e c onc e rning 
the nature of c ollap s e ,  thanks chiefly to the p r e s enc e of rec ognizable faults that 
trend subparallel to its wall s .  

C elaya C rate r ,  in r elatively low g round app roximately 8 mile s we st-northwe st 
of  C e r r o  C olo rado ( fig . 38) ,  expo s e s  about 1 0 0  fe et of " rim beds"  and an equal thick
ne s s  of unde rlying ba salts . It appears  to repre s ent prefer ential collap se  about the 
more northe rly of two clo s ely - spac e d  c ente r s  of explo s ive activity. Its p r e sent 
floor i s  being agg raded by drainag e from a broad area outs ide it s r im .  

C e r ro C olorado 

C e rro C olo rado i s  a light r e ddish-br own hill that r i s e s  above a b road, nearly 
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flat surfac e 1 5  mil e s  northeast  of Pinacate Peak. It i s  clearly visible from Mexico 
Route 2 about 5 mile s to the no rth, and is  ac c e s sible from thi s highway ove r 7 mil e s  
o f  unimproved road (fig . 60 ) . The hill, about a mile i n  diameter a t  its ba s e ,  actually 
i s  an asymmetric shell surrounding a mo de rately deep, flat- floo r e d  depre s s ion 2 ,  8 0 0  
to 3 , 5 0 0  feet in diamete r ( fig . 38 ) .  The gullied oute r surfac e of thi s shell r i s e s  5 0  
to 3 6 0  feet above a wide , g ently sloping circumfe rential ap ron o f  alluvium that me rg e s  
with a playa surfac e along mo s t  of its out e r  mar g in. 

The olde st rocks within the depr e s s ion a r e  expo sed only along the we ste rn e dg e  
of its floor ( fig . 39 ) .  They c omp r i s e  ash, cinde ry ej ecta ,  and fine - g raine d, highly 
ve s icular ba salt, in g ene ral c rudely inte rlaye red.  Thi s  s ection may be c o r relative 
with a se rie s of lava flow s expo s ed a short di stanc e we st of the hill, or it may be  
somewhat olde r .  

A young e r  volcanic sequenc e ,  c on s i s ting solely o f  tuff b r e c c i a s ,  fo rms the enti r e  
hill . Its lowe st unit, a pinki sh, thinly-laye r e d  a sh with s c atte r e d  lapilli and bomb s ,  
i s  3 5  fe et in maximum known thickne s s . Above i s  a g ravelly tuff b r e c c ia,  about 4 5  
feet in ave rag e thickne s s , who s e  di stinctively flat g ray color i s  due to a predomi
nanc e of g ranitic and metamorphic rock typ e s among its ve ry abundant fragment s .  
This u:q.it i s  well expo s e d  along the steep we st, north, and northeast  wall s of the 
depr e s s ion, whe re it i s  ove rlain by a thicke r s ection of r eg ularly and c ontinuou sly 
stratified tuff b r e c c ia of light r e ddi sh- brown c olor .  Thi s  mate rial i s  much like that 
fo rming the " rim bed s" of C rate r Elegante , though som ewhat fine r g rained.  It i s  
exten sively expo s e d  both in side the depr e s sion and o n  the r elatively high s outhwe st,  
south, and southea s t  exte r io r  slop e s  of the hill , and i s  overlain unconfo rmably by 
25 to 40 feet of litholog ic ally s imilar tuff breccia,  the young e st unit of the volc anic 
s equenc e.  

The young e st tuff b r e c c ia clearly wa s laid down after an epi sode of gully cutting 
on the exterior slope s and maj o r  c ollap se  about one or mo r e  inte rior vent s .  On the 
south s ide of the hill, whe r e  the r im of the c rate r  i s  p r e s e rved, the s e  beds  extend 
c ontinuou sly ove r the top with an acc ompanying reve r s al of dip . Evidently they 
we r e  plaste r e d  ove r the walls and irr egular floo r  of an inte rior depr e s s ion alm o s t  
a s  larg e a s  the p r e s ent one, with inclination s approaching the angle of r epo s e .  The 
dep r e s s ion had been fo rme d by sloughing and downward movement of the olde r tuff 
b r e c c ia s  from the wall s of an earlier c rate r ,  and no inward- dipping parts  of thi s 
olde r s ection have been p r e s e rved at the level s of p r e s ent expo sur e .  

Following depo sition o f  the young e st tuff b r e c c ia, additional collap s e  o c c u r r e d  
within the earli e r  depr e s s ion, deepening it and enlarging i t  slightly i n  northea stward 
and southwe stward directions .  Larg e parts of  the inward- dipping blanket of  young e st 
beds  have survived on the northwe stern and southeas te rn s ide s ;  whe r e  they lie with 
pronounc e d  angular unc onfo rmity upon the olde r beds ( fig . 4 0 ) . The same hor izon 
of unc o nfo rmity, with nume rous but highly localized angular r elation ship s that r e 
fle c t  the filling o f  gullie s ,  i s  expo sed o n  the s outhe rly exte rior slop e s  o f  the hill, 
whe re the upp e r  and lower tuff b r e c cias have not been di stinguishe d  s eparately on 
the map (fig . 39 ) .  

Although C e r r o  C olorado i s  p robably a ve ry young featu r e ,  antedating only a 
few lava flows in thi s part of the volcanic field, it has b e en modified apprec iably 
by e ro s ion. The soft tuff b r e c c i a s  are being vigo rously di s s ected on its out e r  slope s ,  
and are c ontributing to aprons of talu s and alluvium through gullying and cliff retreat 
ins ide the depr e s s ion . One larg e ma s s  of upp e r  and low e r  tuff b r e c c ia s ,  detached 
from the ste ep lowe r wall on the s outhe a st s ide of the depr e s sion (fig . 39 ) ,  ha s 
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moved downward in ve ry r e c ent time s .  Small- s c ale adjustments within the broken 
material unde rlying the p r e s ent floor of the volc anic c enter are refle cted by shallow 
sink s  and troughs on the playa surfac e .  

ORIGIN AND AGE O F  C OLLAPSE DE PRESSIONS 

Vent s 

Each of the eight maj o r  depr e s s ions attribute d to collap s e  c o r re sponds in po s i 
tion to an e ruptive c enter a t  which both a s h  and coar s e r  debr i s  we r e  blown out upon 
the surfac e to fo rrn a cone much larg e r  than the typical c inde r c one s of the reg ion. 
Dimensions of the infe r r e d  vent or vent s through which the se rnate rial s e s caped 
c annot be e s tabli shed dir ectly, but it  s e ern s  likely that such a vent was larg e r  than 
tho s e  g iving rise  to earlier  c inde r c one s nearby. On the othe r hand, it probably 
wa s of cons ide rably l e s s e r  diamete r than the depre s sion now occupying the same 
g ene ral s ite.  W e r e  it as large or nearly so, the agg r egate volurne of older vol 
c anic rocks occurring a s  ac c e s sory fragment s  in it s pyrocla stic contribution s should 
be at least as g reat a s  the volume of the p r e s ent dep r e s  s ion. The I I rim- bed" s e c tion s ,  
i n  which relatively fine - g rained juvenile ej e c ta a r e  the dorninant c onstituents , a r e  
quite inadequate to account fo r such a volume . 

It rnight be argued that the vents we re very larg e at the surfac e ,  but tap e r e d  
marke dly downward i n  funnel -like fa shion. If such upward enlarg ement did exi st 
in a reas onable g eometric fo rrn, it c ould not be a s c ribed rnainly to explo s ive ac tion, 
which should have detache d an abundanc e of tuff b r e c c ia from the highe r parts of the 
a s s o c iated c one s and depo s ite d the material in surrounding areas .  The exi sting 
I I  r im - bedl l s e ctions d o  c ontain fragments o f  tuff b r e c c ia that could have been de rived 
in thi s manner ,  but such fragrnents are very spar s e .  It s e ems more reasonable to 
view any ma rked upward enlarg ement of the vents a s  cau s e d  princ ipally by slumping 
and in sliding of rnate rial s  frorn their wall s ,  both during and after e ruption. 

Nature of collap s e  

The compo sition of the I l rirn- bedl l s e c tion s denie s the exi stenc e of cylindr ial 
vent s o r  explo s ion pip e s  c omparable in diarneter to the pre sent dep re s s ion s ,  and 
henc e it i s  reas onable to infe r the fo rme r p r e s ence of tuff- b r e c c ia c one s who s e  
lower slope s a r e  now pr e s e rved outs ide the rirns o f  the dep r e s s ions .  That the s e  
c one s did not I l blow their top s l l  a t  s ome late stag e o f  activity al so  i s  indicated b y  the 
litholog y of the I l r im be d s .  I I  Ins tead, the uppe r  portions of the c one s mu st have 
di sappeared thr ough inward collap s e  and whole s ale founde ring . The downwar d  move 
ment s ,  amounting to hundre ds of feet in mo st of the occurrenc e s ,  probably w e r e  
c onfine d within cylindrical zone s o f  ne ar -ve rtical faults ,  a s  sug g e sted b y  the v e ry 
steep fac e s  of hard,  r e s i s tant rocks on the wall s of the depre s sion s ,  by expo s ur e s  
of such faults at Kino C rate r ,  and by the po s ition of a ve ry la rg e ma s s  of typical 
I I  rirn beds l l on the floo r  of C rate r Elegante .  

T h e  Pinac ate " c rate r s" thu s appear t o  be small but othe rwi s e  typical c ollap se  
c alde r a s  a s  definitively di s cu s s ed by William s ( 1 94 1 ) . The depr e s s ion at  C e r ro 
C olo rado might b e s t  be c alle d  a diatr eme,  a s  the feature s at thi s locality r e sembl e ,  
i n  many r e spects , tho se  de s c r ibed from nurn e rous diatreme occurrenc e s ,  notably 
tho s e  in the Navaj o -Hopi c ountry of Arizona and New Mexico ( e .  g . , Apple do rn 
and W r ight, 1 9 5 7 ;  Hack, 1 94 2 ;  W illiarn s ,  1 9 3 6) .  Rec ently Shoernake r ( 1 9 5 3 )  ha s 
empha s ized prog r e s s ive s ub sidenc e o r  c ollap s e  as an impo rtant el ernent in the c om
pl ex hi story of the se  fo rm s ,  which are charac te rized by thick s e c tion s of wate r 
laid s e diment s that filled funnel-like dep r e s sions .  
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C ollap se  al so wa s important at C e rro C olorado, but it occur red in only two 
recognizable late - stag e epi sode s and c r eated depr e s sions with initially steep wall s 
that s ub s e quently we r e  modifi e d  by slumping and sliding . Mo r eove r ,  infilling se di 
ments are not ve ry abundant and include r elatively littl e wate r -laid mate rial. T he 
p r e s ent depr e s s ion might be appropr iately te rme d a miniature calde ra, although 
l ittle can be infe r r e d  c onc e rning its structural relationship s at depth. 

C au s e s  of collap s e  

Founde ring of the tuff-bre c c ia c one s i s  mo st readily attributable to the elim 
ination of magmatic support at depth. The c ritical s equenc e at each locality probably 
c ommenc e d  with development of a diatr eme through explo s ive drilling of a vent in 
the rocks ove rlying a chamb e r  of partly c rystallized magma. W ith reduction in 
confining p r e s sure the magma began to ve s iculate bri skly, to r i s e  in the vent, and 
to " fla sh- off" its di s solve d volatile c onstituents with inc r e a s ing violenc e as it ros e .  
At the surfac e a c one g r ew rapidly in r e sponse  to repeated c ontr ibutions of juvenile 
c rystal s ,  pellets  of lava, and abundant basaltic froth, along with nume rous frag 
ment s  of olde r rocks to rn from the wall s of the conduit. Thi s ultra-ve s iculation 
of basaltic magma wa s truly cata s trophi c ,  and marked the end of po s itive volcanic 
action at each locality. Rapid evacuation of the magma r e s e rvoi r s effec tively r e 
moved support from beneath the c one s and the platforms on which they were built, 
and sub s e quent founde ring was inevitable .  

Thi s  explo s ion- c ollap s e  theory, which ha s b e en applied to many o f  the world' s 
c alde r a s ,  i s  fully compatibl e with all ob se rve d r elation ship s in the Pinac ate occur 
r enc e s .  But why we r e  c aldera- making proc e s s e s  c onfine d to only a few localitie s 
and to only one part of the volcanic field ? As sugg e sted by H. T .  Stearns ( pe r s onal 
c ommunic ation, 1 9  52) , the distribution of g roundwate r within rocks ove rlying the 
magma chambe r s  may provid e the answe r to thi s que ry. Vaporization and explo s ive 
e s cape of nea r - surfac e wate r s  could have drilled initial vent s  and trigg ered- off the 
paroxysmal expul sion of unde rlying magma through sudden reduc tion in c onfining 
pre s sure on the chamber s .  Thi s notion i s  made attractive by a g ene ral c o r r e spon
denc e between the po s ition of the cal de ra arc and the di s tribution of wate r -bearing 
Quate rnary s e dim ents that probably r epre sent an anc ient cour se  of the Rio Sonoyta. 
In the opinion of Ive s ( 1 9 3 6 ) ,  thi s str eam onc e flowed we stward ac ro s s  the area 
north of  the Sie r ra Pinac ate , and thence southwe stwa rd to a mouth at  B ahia de Adair,  
on the Gulf of C alifornia (fig . 60 ) .  Sub s equent damming by volcanic rocks may well 
have deflecte d  it to its pr e s ent c our s e  east  of the Sie r ra Pinac ate . The r e  is little 
evidenc e to sug g e s t  that c omparable ac cumulations of g roundwate r we r e  p r e s ent in 
the othe r parts of the volc anic field. 

The collap s e  depr e s s ions are young e r  than the nearby c inde r cone s and olde r 
than the mo s t  r e c ent lava flows in the r eg ion. Although they may have develop e d  at 
diffe r ent time s ,  all are of e s s entially the s ame g ene ral ag e .  The fo rme r exi stenc e 
of a lake in C rate r Elegante sug g e sts that thi s dep re s s ion date s back to a pluvial 
climatic s tag e ,  pe rhap s c o r r e sponding to late W i s c on s in glac iation in more north
e rly latitude s .  Radiocarbon dete rminations on o rg anic mate rial c ollected from 
s ediment s  laid down in thi s lake ( F .  W .  Galbraith, oral communication, 19 59 )  should 
s ettle the que stion. Meanwhile ,  a tentative a s s ignment of the calde r a s  to the upp e r  
Plei stoc ene s e em s  c ompatible with the deg ree  to which the ir wall s and exte rior 
slope s have b e en modifi e d  by e r o s ion. C e rro C olorado might be somewhat young e r ,  
and i t s  late st  c ollap s e  may have occurred i n  early R e c ent time . 
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