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ABSTRACT

The P inacate v o lc a n ic  f ie ld  o f northw est Sonora, M ex ic o , c o n 

ta in s  ten  large craters rem arkable for their number and fresh  ap p earan ce. 

To te s t  the a p p lica b ility  of g e o p h y s ic a l m ethodology for in v e s tig a tio n  of 

crater su b structures and to attem pt to d istin g u ish  b etw een  maar and c a l

dera o r ig in s , r ec o n n a issa n c e  g e o p h y s ic a l and g e o lo g ic a l su rveys w ere 

made of the c ra ter s . Crater-form  term inology and m ech an ism s are re

v iew ed  and sy n th e s iz e d  to provide probable m od els of the su b su rface  

structure o f maars and ca ld era s  .

M agn etic  su rveys in d ica te  the p resen ce  o f a su b su r fa c e , c y l 

in d r ica l, b a sa lt ic  plug a s so c ia te d  w ith M acD ougal Crater but not with  

M olina Crater or Cerro C olorado. The M acD ougal plug is  grav im etrica lly  

in s ig n if ic a n t . The cen tra l peak of Moon Crater is  m orp h olog ica lly  and 

m a g n etica lly  a cinder c o n e . C inder c o n e s  g en era lly  have b a s a lt ic ,  

h ig h ly  m agn etic  p lu g s , w h ereas the major craters gen era lly  have tu ff-  

a ceo u s  p lu g s .

M ost craters are ch ara cter ized  by ra ised  tuff rims unconform - , 

ab ly  restin g  on f la t - ly in g  b a s a lt ic  c l i f f s .  It is  su g g e s te d  that diatrem e  

a c tiv ity  led  to the con stru ction  o f tu ff c o n e s  w hich  c o lla p se d  fo llow in g  

the eruption of the tu ff. A m u ltip h ase eruptive and c o lla p s e  h istory  for 

each  o f th e craters is  ev id en ced  by cinder c o n e s  ex p o sed  in c ro ss  s e c 

tio n  in crater r im s, rim -breaking cinder c o n e s ,  major e c c e n tr ic  v e n ts ,  

and c o a le s c in g  c r a te r s . B a sa lt ic  in tru sion s occurred along ring fractures  

and in the cen ter  o f M acD ougal C rater. C ircu m stantia l e v id en ce

x



s u g g e s ts  that m ost craters be co n sid ered  m aars, although Cerro C olorado  

may b e s t  be d escr ib ed  as a tuff ring and Moon crater as a ring d ik e .

x i



INTRODUCTION

Sierra P in acate is  a roughly c ircu lar  v o lc a n ic  sh ie ld  about 30 

m ile s  in diam eter in the Sonoran D eser t o f M e x ic o , e a s t  o f the G ulf of 

C a lifo rn ia . In add ition  to c in d er c o n e s  and m a lp a is , w hich are com m on

p la c e  in sou th w estern  North A m erica, the la v a -f lo w  and a s h -d e p o s it  

terrain of the P in acate  is  p enetrated  by ten  large w e ll-p r e se r v e d  cra ter s . 

The literature concern in g th e orig in  o f th e se  craters is  sp a rse  and not 

y e t  in a cco rd . The craters may be an a logou s to the orig in a l surface  

e x p r e s s io n s  ( i . e . ,  e x p lo s io n  ven ts) o f eroded v o lc a n ic  n eck s  ex p o sed  

in A rizona, S co tla n d , and Germany; or perhaps the craters are sm all 

c a ld e r a s . In an attem pt to t e s t  the a p p lic a b ility  of g e o p h y s ic a l  

m eth od ology  to d is tin g u ish  b etw een  th e se  tw o b a s ic  crater-form ing  

m ech an ism s and to  improve understanding o f the P in acate c r a te r s , 

r ec o n n a issa n c e  gravity  and m agn etic  s u r v e y s , as  w e ll  as g e o lo g ic  

in v e s t ig a t io n s , w ere made a c ro ss  M acD ou ga l, a ty p ic a l crater; for 

com p arison , m agnetic  and g e o lo g ic  su rveys w ere carried out in other  

cra ters w ith  d ifferen t m o rp h o lo g ies.

Previous and Concurrent S tu d ies  

Although a r tifa c ts  o f the P in a ca ten o s p eo p le  in d ica te  a c o n 

tin u ou s o ccu p ation  of the P in acate  for nearly  2 ,0 0 0  years (H ayden , 1967), 

w h ite  men h ave gen era lly  avo id ed  th e se  v o lc a n o e s  and the in h o sp ita b le  

surrounding d e se r t . The fir s t  w ritten  d escr ip tio n s  o f the P in acate by the  

J esu it p r iest Padre Kino and h is  com pan ion . C aptain  M ateo M an je , in

1
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the early  18th century (B olton , 1919) w ere separated  by a h ia tu s o f 200 

years from the fir st s c ie n t if ic  r ec o n n a issa n c e  e x p ed itio n s  reported by 

Hornaday (1908) and Lumholtz (1 9 1 2 ). The h istor ian  and g e o lo g is t  Iv es  

backpacked  30 m iles  from the n ea rest town to the P in acate in 1931 to  

b eg in  h is  long a s so c ia t io n  w ith the reg io n . The r e su lts  o f I v e s 's  35 

y ea rs  o f exp loration  are sum m arized in h is  1964 m onograph.
/

Much o f the g e o lo g ic  inform ation reported here com es from a 

1959 paper by J ah n s, resu ltin g  from 28 d ays o f m apping. Shoem aker, 

reported in G albraith (1959), h as a ls o  v is ite d  the P in acate and offered  

an exp lan ation  of the orig in  o f the c r a te r s . E x ten siv e  g e o lo g ic a l and 

g e o p h y s ic a l s tu d ie s  o f the area are now being com p leted  by J. R. Sumner, 

M . F . D o n n e lly , and J. E. Gutman o f Stanford U n iv ersity . Sum ner's 

d isser ta tio n  and D o n n e lly 's  g e o lo g ic  map o f the P in acate h ave been  

made a v a ila b le  in advan ce o f p u b lica tio n .

Travel in the P inacate i s  s t i l l  d iff ic u lt  and p o ten tia lly  danger

o u s .  H ayden (1967 , p . 335) p ra ised  "the w ood cu tters who h a v e , w ith  

th eir d ilap id a ted  tr u c k s , w ith a barrel o f w ater, a sack  o f fr ijo le s ,  and 

an abid ing faith  in  G od, la id  down tracks w here no s e n s ib le  person  

w ould  have driven an army tan k ."  T hese tr a c k s , w hich  are frequently  

e ith er  d eep ly  rutted or in v is ib le ,  q u ick ly  becom e w h ee l-g ra b b in g  trea c le  

during ra in storm s. All n eed ed  w ater m ust be carried in to  the P in a ca te , 

for the trad ition a l natural w ater tan ks w ere dry in 1971 and h ave been  

p o llu ted  by c a t t le .  H eat norm ally prohib its travel from la te  April through 

O ctober; the m idday August tem perature is  a s  h igh a s  1 3 0 °F . The f ie ld  

work reported here started  in August 1970 and con tin u ed  in term ittently  

to January 197 2 .
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H isto r ica l N o tes

The P in acate v o lc a n ic  f ie ld  nearly  b elon ged  to the U nited  

S t a te s . O rig in a lly  the G adsden Purchase w as to in c lu d e  Baja C aliforn ia  

and parts o f Sonora as far south as G uaym as so  that the U nited S ta tes  

cou ld  have seap orts  on the G ulf o f C a liforn ia , but the U .S . S en a te , 

after h ea ted  d e b a te , refu sed  to appropriate the extra ten  m illion  d o llars  

n e c e s sa r y  to buy th is  lan d , and the p resen t boundary w a s  the com prom ise  

so lu tio n  (C orle , 1 9 5 1 ).

Although there h ave b een  few  s c ie n t if ic  ven tu res in to  the P ina

c a te  un til r e c e n t ly , H ayden (personal com m unication) recoun ted  s to r ie s  

o f U .S . T reasurey ag en ts  patrolling  the area trying to stop sm uggling  

in to  the p roh ib ition -dry U nited S ta te s . The Border Patrol today is  eq u a lly  

v ig ila n t about marijuana sm u gg lin g . In the 1 9 5 0 's , H ayden w a s stopp ed  

by p oachers armed w ith m achine g u n s . This may exp la in  the near e x t in c 

tion  o f the pronghorn a n telop e  so  common in H ornaday's accou n t o f 190 8 .

R ecently  the P in acate  h as b een  u sed  as g e o lo g y  training s i t e s  

for A pollo a s tr o n a u ts . And now the a n c ien t d esert pavem ent i s  being  

torn apart by the in flu x  o f w eek en d  cam pers in d u n eb u ggies and j e e p s .



SUMMARY GEOLOGY OF THE PINACATE REGION

Figure 1 sh ow s the d esert-su rrou n d ed  P in acate  as photographed  

from the Gem ini IV sp a cecra ft at a h e ig h t o f 110 m iles  above the e a r th 's  

s u r fa c e . The mouth o f the G ulf o f C aliforn ia  i s  in  the so u th w est corner  

o f the p ic tu re , and fa u lt-b lo ck  topography ty p ica l o f the B asin  and 

Range is  show n, e s p e c ia l ly  to the e a s t  (F ig . 2 ). Three o f the n orth - 

north w est-tren d in g  pre-T ertiary c r y s ta llin e  r a n g e s , S ierras H ornacay , 

E xtrana, and B lan ca , p roject up through the apparent e d g e s  o f the la v a  

f lo w s . B asin  and Range te c to n ic  fo rces  do not appear to h ave in flu en ced  

the alignm ent of the c r a te r s . H ow ever , the proxim ity of th e P in a ca te  to  

the Gulf o f C aliforn ia  and it s  s e r ie s  o f transform fa u lts  lin k in g  the East 

P a c ific  R ise to the San Andreas fracture zon e (Larson, M enard, and Sm ith, 

1968) h in ts  that the P in acate magma may have derived  from d e e p -s e a te d  

so u rces  a c tiv a ted  by o c e a n -f lo o r  sp read in g .

The P inacate sh ie ld  is  dom inated by the tw in p e a k s , P in aca te  

(4 ,2 3 5  feet) and C arnegie (4 ,1 8 0  f e e t ) , w h ich  are com p osed  o f in te r -  

fingered  lava flo w s and p y r o c la st ic  d e p o s its  (Iv e s , 1 9 6 5 ). H undreds o f  

cinder c o n e s ,  o ften  so u rces  of both ash  fa l ls  and la v a  f lo w s , co m p lete  

the la n d sc a p e , e s p e c ia l ly  in the northern h a lf of the f ie ld .  Sm all la v a  

tu b e s , h o rn ito s, and other minor fea tu res  o f la v a  flo w s o c cu r . The 

rough flo w s su g g e s t  T. E. L aw rence's (1926 , p . 191) d escr ip tio n  c : a 

v o lc a n ic  terrain in the Arabian d esert: " . . .  la v a - l ik e  scram bled e g g s  

gone ir o n -b lu e , and very w rong."

4



Figure 1. P inacate V olcanic F ield

Photographed from Gem ini IV sp acecra ft at a h eigh t of 110 
m iles above the earth 's su r fa c e . Photograph cou rtesy  of NASA.
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Figure 2 . Index Map o f Figure 1

Craters: B = B a d illo , C = C e la y a , CC = Cerro C o lo ra d o , 
D = D ia z , E = E le g a n te , H = H ayd en , K = Kino, M = M oon , Ma = 
M o lin a , M cD = M acD ou gal, S = S y k e s . M ountain ran ges (sierras):  
SB = S a . B lan ca , SE = S a . E xtrana, SH = S a . H ornaday.



Jahns (1959 , p . 27) d e scr ib e s  the b a s a lts  as:

fin e  to  medium g ra in ed , and many are both v e s ic u la r  and por- 
phyritic  in various d e g r e e s . The ch a ra c ter is tic  m in erals are 
p la g io c la s e  in the lab rad orite-b y tow n ite  ran ge, g r e e n ish -  
brown to brown m agnesium  o liv in e , m a g n etite , and hyp er- 
s th e n e . Sparse to very abundant p h en ocrysts  o f p la g io c la s e  
and o liv in e  com m only s e t  in a p ilo ta x it ic  or flu id a l ground- 
m ass .

M ost o f the v o lc a n ic  rock s are mapped by D on n elly  (1970) as  

Q uaternary w ith som e Tertiary flov;s v is ib le  around the m argins o f the  

f ie ld .

T h ic k n esse s  o f the three major u n i t s - - l a v a s , s ed im e n ts , and 

g ran itic  b a se m e n t--c a n  be e s t im a te d . The b a sa lts  are la tera lly  more 

e x te n s iv e  than p resen tly  r e v e a le d , being p artia lly  covered  by en croach 

ing d eser t san d s (Iv e s , p erson a l com m u nication), and are at le a s t  125 

fe e t  th ick  as far from the cen tra l p ea k s as M olina C rater. T h ick n ess  o f  

alluvium  in the region  surrounding the P in acate  la v a s  v a r ies  from zero  

to  3 m iles  w ith v a lu e s  o f 800 to 6 ,5 0 0  fe e t  m ost com m on, accordin g to  

m odeling o f aerom agnetic  and gravity  data by J. R. Sumner (1 9 7 1 ). The 

gran itic  b asem en t th ic k n e ss  is  approxim ately 30 km (18 m i le s ) , extrap

o la tin g  from the map o f  N ob le  (1970). This ag rees  w ith a cru sta l th ick 

n e s s  o f 3 3 .5  + 7 km (~ 2 1  m iles) c a lcu la te d  from W oollard 's  (1968) 

em p irica l re la tion  b etw een  th ic k n e ss  M and Bouguer gravity  an om alies  

A g:

M = -  (36 -  8 .0  A g) + 7 km .
4

H ow ever, the depth to th e m antle in the v ic in ity  o f  P in acate  may be  

much l e s s ,  inferred from th e proxim ity to G ulf o f C aliforn ia  spreading  

c e n t e r s . The b a s a lt ic  P in acate  la v a s  are an ex cep tio n  to the "general 

rule for Arizona" that b a sa lts  occu r in areas o f th ick  co n tin en ta l cru st



and s i l i c ic  v o lc a n ic s  in  areas o f  thin cru st (Sheridan, S t u c k le s s , and 

Fodor, 19 7 1 ). The San Bernardino lava  fie ld  in so u th ea s t Arizona is  an

other e x c e p tio n , in d ica tin g  the gen era l rule is  too great a s im p lifica tio n



GEOLOGIC RECONNAISSANCE 
OF PINACATE CRATERS

It i s  the craters that make P in acate  unique and provoked J. D . 

M ilton  of Tom bstone to e x c la im , " H ell b o iled  over at P inacate" (Iv e s ,  

1964 , p . 3 ).

From m orphological co n s id era tio n s  a lo n e , four ty p es  o f craters  

occu r in the P in a c a te . The m ost common typ e i s  ex em p lified  by E legan te , 

w ith  M acD ou gal, S y k e s , B a d illo , C e la y a , and Kino apparently sim ilar  

e x c e p t for the d egree o f e r o s io n . All of th e s e  craters are ch ara cter ized  

by large tu ff rims restin g  on top of c liff-fo rm in g  b a s a lt s .  M olina Crater 

i s  te n ta tiv e ly  co n sid ered  a seco n d  type b e c a u se  it  is  a com plex  of in ter

lo ck in g  craters apparently w ith m u ltip le eruptive c e n te r s . Cerro C olo 

rado is  the third typ e of c ra ter , unique in being con stru cted  en tire ly  of 

tu ff. The fin a l crater type is  rep resen ted  by Moon and p o s s ib ly  H ayden  

C ra ters . Moon h as a rim bu ilt up o f b a s a lt ic  bou lders w ith  no v is ib le  

rim tu ffs  and a cinder con e  cen tra l peak on the flo o r . R eco n n a issa n ce  

f ie ld  s tu d ie s  of a ll P inacate craters w ere made to provide a g e o lo g ic  

background for interpretation  of g e o p h y s ic a l d a ta . This chapter i s  b a sed  

on the author's f ie ld  o b serv a tio n s  and p u b lish ed  litera tu re . Crater d i

m en sion s are c o lle c te d  in  Table 1 . .

M acD ougal Crater

L ocated on the northw estern ed ge o f the P in acate  v o lc a n ic  

f ie ld ,  M acD ougal (F ig . 3) i s  the la r g es t o f the c ra ter s , being approxi

m ately  one m ile in d iam eter . Prominent b a sa lt ic  tu ff rim b ed s project

9



Table 1 . D im en sio n s o f P in aca te  C raters

Nam e
D iam eter

(feet)
D epth
(feet)

D ep th -
D iam eter

Ratio

Rim
H e ig h ta 

(feet)

Floor
E levation  °  

(feet)

Rim Bed 
T h ick n ess  

(feet) R eference

M acD ou gal
5 0 0 0 -5 7 0 0 430

1:13 50 50
6 5 -9 0

140

Iv es  (1964) 
Jahns (1959) 
th is  report

E legante 4800
4 3 0 0 -5 5 0 0 796

1 :6 .1 120 200
150

Iv es  (1964) 
Jahns (1959)

Syk es
3 2 0 0 -3 5 0 0

750
580

1 :5 .8 150
9 0 -1 2 5

Iv es  (1964) 
Jahns (1959)

C elaya 3000 290 1 :9 .7 100 700 5 0 -1 2 5 th is  report

Kino 2700 50 1:50 40 900 0 -3 5 th is  report

B adillo 2050 th is  report

M olina 2 0 0 0 , 950 145 , 200 
250

1 :7 , 1:5 75 th is  report 
Ives (1964)

Cerro
C olorado

2 8 0 0 -3 5 0 0 1:9 5 0 -3 5 0
350 c  50

5 0 -3 5 0 Jahns (1959) 
Iv es  (1965)

M oon 2000 85 1:25 90 270 ab sen t? th is  report

H ayden 1200 th is  report

a .  Above su rrou n d in gs.

b . Above s e a  l e v e l .

c .  Above o u ts id e  p lay  a ( I v e s , 195 6 ).
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Figure 3 . N orth-look ing Infrared Aerial View of M acD ougal
C ra te r

Hornaday M ountains appear beyond the crater. Photograph by 
W . K. Hartmann.
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about 50 fe e t  above 1 0 0 -fo o t v er tica l w a lls  o f layered  b a sa lt  (F ig. 4 ) , 

w hich  apparently exten d  out beneath  the surrounding p la in . The ex ten t  

o f the tuff apron o f M acD ougal and other craters can be judged from 

D o n n e lly 's  (1970) g e o lo g ic  map (F ig . 5 ). The y e llow -b row n  tu ff is  w e ll  

stra tified  into p la ty , co a rse  un its d ipping outward an average o f 10°  

(F ig . 6 ) . T h ese tuff b e d s , lik e  th o se  o f other P in acate c r a te r s , ex h ib it  

c r o s s  b ed d in g , rev erse  b ed d in g , and bedding s a g s .  Som ewhat rounded  

b a s a lt ic  boulders and gran itic  x e n o lith s  are common in the tu ff. Jahns 

(1959) a lso  n o tes  fragm ents o f v e s ic u la r  b a sa lt , c r y s ta ls  o f  p la g io c la s e  

and o l iv in e ,  and s c h is t ,  p h y llite , and v e in  q u artz . Lynch (private  

com m unication) h as c o lle c te d  o liv in e  n od u les on the rim o f M acD ou gal. 

Rounded, d e n s e , b a s a lt ic  b o u ld e rs , s p lit  open upon im p act, a lso  litter  

the rim .

The rim b ed s of the northern h a lf o f the crater are e s p e c ia l ly  

eroded b a ck , w ith a tu ff c l i f f  f a c e , rev ea lin g  a bench zon e o f b a s a lt ,  

the su rface o f the b a s a lt ic  c l i f f s .  N early  v e r tica l to  s lig h t ly  inward

dipping ring d ik es  (?) p en etrate  the bench surface and thin tuff (F ig. 7 ). 

Some o f th e s e  b a s a lt ic  d ik es  are s p lit  open along th eir c r e s ts  sim ilar to  

p ressu re  r id g es  w ith th in  extruded sp in e s  scarred w ith  s l i c k e n s id e s . 

A sso c ia te d  w ith  the d ik es  are subrounded p eb b les  o f g ra n ite , b a s a lt ,  

and quartz co a ted  w ith  red-brow n sp atter  rich w ith p la g io c la s e ,  m agne

t i t e ,  and hornblende c r y s ta ls .  On the w e s t  s id e  o f the rim , tw o mounds 

o f  red d ish  v e s ic u la r  b a sa lt  occu r in a s lig h t  trou gh . E x ceed in g ly  f in e ,  

m illim e te r -s c a le  flow  marks a t te s t  to a co n sid era b ly  more recen t em 

p lacem en t o f  th e se  mounds than any other b a sa lt  s e e n  in the c ra ter .
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Figure  4 .  Rim of M a c D o u g a l  C ra te r  with  H ornaday  M o u n ta in s  
in the  Background

Dark b a s a l t  c l i f f s  are  to p p ed  by l i g h t - h u e d ,  l a y e r e d ,  b a s a l t i c
t u f f s .



MocDougol t •

Badillo

Molina

Figure  5.  D i s t r i b u t io n  of Tuff a round  P i n a c a t e  C r a t e r s . 
M od i f ied  from D o n n e l ly  (1970)
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Figure  6.  Rim Tuff of M ac D o u g a l  C ra te r
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Figure  7. M a c D o u g a l  B a s a l t  Bench Pe rfo ra ted  by Inward
dipp ing  Ring D ik e s

*
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The b a s a lt ic  c l i f f s  are nearly v e r t ic a l, and the flow  u n its  w hich  

com p ose  the c l i f f s  are approxim ately h o r izo n ta l. This d iffers  from 

Jahn s's (1959) interpretation  that the b a s a lt ic  c l i f f s  o f E legante dip very  

g en tly  outw ard. A reentrant on the so u th ea stern  w a ll o f M acD ou gal is  

co n sid ered  by Jahns to be a product o f ero sio n  of lo c a lly  sh attered  and 

jo in ted  w a ll b a s a l t s , although it  h a s  the appearance of a se c t io n e d  

secon d ary  crater , a s  ob serv ed  in other P in acate  c r a te r s . R eddish-brow n  

cin d ers cem en ted  by str in gers o f f in e -g ra in ed  b a sa lt  su g g e s t  proxim ity  

to an old  v e n t. M orain elike m ounds o f ta lu s  and mudflow debris mark 

tw o sep arate  debris flo w s en larg in g  the reentrant. T alus ramparts ex ten d  

in  som e p la c e s  nearly  to the top o f the b a sa lt  u n its , in d ica tin g  a long  

period of e r o s io n . Alluvium and w indblow n sand provide a nearly  fla t  

floor w ith a cen tra l p laya  d e n se  w ith  sagu aro , p a lo  v e r d e , and a cen tra l 

reed lik e  th ic k e t . The th ic k n e ss  o f alluvium  and sand f i l l  can  be e s t i 

m ated by noting th at the d ep th -to -d ia m eter  ratio for M acD ougal is  1:13 

a s com pared w ith  1 :6 .1  for E legante and 1 :5 .8  for S yk es (Table 1 ), both 

of w hich  are fresh er and further from the sand du nes than M a cD o u g a l.

If 1:6 w ere an average ratio  for fr e sh , u n filled  c r a te r s , M acD ougal w ould  

h ave b een  o r ig in a lly  about 900 fe e t  d e e p . T h u s, approxim ately  500 fe e t  

of f il l in g  may h ave occu rred .

E legante and S y k es Craters

T h ese craters h ave b een  v is ite d  by the author but w ere not 

stu d ied  in d e ta il by h im . The fo llo w in g  p o in ts , perhaps h e lp fu l to  the  

interpretation  o f E leg a n te -ty p e  c ra ter s , are from th e literature and study  

of a eria l p h oto g ra p h s.
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E legante (F ig . 8) and S yk es (F ig . 9) are very sim ila r  in appear

a n c e , but E legante is  probably s lig h t ly  o ld er , judged  by som ew h at deeper  

gu lly in g  o f the outer rim b e d s . This id ea  i s  rein forced  by S y k e s 's  mar

g in a lly  sm aller  d ep th -to -d ia m eter  ratio (1 :5 .8  v s  1 :6 .1 ) and its  sharper, 

steep er  rim b e d s . Ives (1964) ch a ra cter ized  S yk es a s  a m ountain w ith  

a h o le  in the to p , and although there are no m ea su rem en ts, i t s  rim 

c r e s t  cer ta in ly  appears h igher above the surrounding terrain than d o es  

E le g a n te 's . The tu ff rim b ed s of S y k es dip outward as s te e p ly  as 3 8 ° ,  

and c lea r ly  a larger portion of the o r ig in a l con e  h as b een  p reserv ed  than  

at th e other craters (Jah n s, 1 9 5 9 ). Lynch (p ersonal com m unication) h a s  

found p is o lith s  in  E legan te tuff b e d s .

Jahns (1959) reports th e fo llo w in g . Rim b ed s of both S yk es and 

E legante r e s t  upon red d ish -b row n  c in d ers  from se c tio n e d  c in d er  c o n e s  

rev ea led  restin g  on the to p s o f b a sa lt  c l i f f s .  A lso  e x p o sed  in E legan te  

i s  a cinder co n e  lava  la k e  w ith  a feed er  d ike o f b a s a l t . A b a s a lt  un it 8 

to  45 fe e t  th ick  in  S y k es  appears to  h av e  its  origin  aw ay from th e crater  

b e c a u se  it  sy s te m a t ic a lly  d ip s g e n tly  to  the w e s t - s o u th w e s t  rather than  

ra d ia lly  aw ay from the c r a te r . Thick and th in  b a sa lt  la y ers  a ltern ate  w ith  

p y r o c la s t ic s  in the c l i f f  b a s a lts  o f both c r a te r s . E leg a n te 's  lo w e s t  b a sa lt  

un it h as no p y r o c la s t ic s  or n o t ic e a b le  v e n t s .

E legante c o n ta in s  d e lta ic  b ed s derived  from th e tu ff rim , traver

tin e  d e p o s it s ,  and a gastrop od  fa u n a , show ing c le a r ly  th e : a la k e  o c 

cu p ied  the crater floor  at one tim e (Iv e s , 1 9 6 4 ). Two sa m p le s  o f  

carb on ates from the d e lta ic  b ed s h a v e  b een  dated  at 1 2 ,9 7 0  + 560 and 

1 7 ,2 0 0  + 200 years ago (L ong, p erso n a l com m u n ication ). T his sh o w s  

that th e crater w a s formed at le a s t  before th e  la ter  part o f the W is c o n s in
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Figure  8.  Aerial  View of E legan te  C ra te r

Sheer  b a s a l t i c  c l i f f s  and  d e l t a i c  d e p o s i t s  a re  w e l l  shown in 
th i s  pho tograph  by S.  L a rson .
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Figure  9 .  Aeria l  View of Sykes  Cra te r

Compare  the  d e g re e  of gu l ly ing  on the  rims of Sykes  and 
E legan te  (Fig.  8) . O p p o s i t e  w a l l  of Sykes  i n c lu d e s  bur ied  and s e c 
t io n ed  c in d e r  c o n e . Photograph  by S.  L a r s o n .
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g la c ia t io n . It i s  p ecu liar  that no other crater sh ow s e v id e n c e  o f p o s s e s s 

ing a la k e . And it  is  surprising that E legante ever d id , for today E le 

g a n te 's  substructure is  so  porous that ev en  after sev e r e  ra ins flood  the  

floor 6 in c h e s  d e e p , the "lake" drains to ta lly  aw ay in on e day (Iv es , 

p erso n a l com m u n ication ). A large foundered m ass o f the tuff bed is  e x 

p o se d  in an eroded se c t io n  o f the d e lta ic  b e d s .

C e la y a , Kino, and B ad illo  Craters

T h ese craters are sm a ller , sh a llo w er  v ers io n s  of E legante and 

S y k e s . C elaya  (F ig s. 10 and 11) i s  a c tu a lly  two in ter lock in g  c r a te r s , 

th e southern being co n sid era b ly  sm aller  than the northern. The rounded  

tu ff rim is  sim ilar  to E le g a n te 's , and scarp s rev ea l a seq u en ce  o f rhyth

m ic b ed s w ith  b a s a lt ic  and gran itic  in c lu s io n s  (F ig . 1 2 ). A layer  o f h ig h 

ly  v e s ic u la te d  red s c o r ia , approxim ately 3 fe e t  th ic k , sep a ra tes  the tu ff 

from the m a ss iv e  b a sa lt ic  c l i f f s .  A sm all v e s ic u la te d  b a s a lt ic  ta b le la n d , 

sim ilar  to the b a s a lt ic  bench o f M acD ou gal, sh ow s s l ic k e n s id e s  and 

c lin k er  b lo c k s . M ost b a sa lt  b lo ck s  on th e rim o f C e la y a , as around m ost 

o f the other c r a te r s , are d e n se  and n o n v e s ic u la r . C e la y a  is  e a s i ly  

reach ed  by a good cinder road turning o ff M ex ico  H ighw ay 2 at Los 

Vidrios C a fe .

Kino i s  a broad, sh a llow  crater w ith  lo w , w here p r e se n t, rim 

b ed s (F ig . 13 ). On the so u th -so u th w e s t  rim a v en t h as b u ilt h ig h , 

scarp ed  c l i f f s  o f  tu ff and red sp atter in w h ich  ero s io n  h a s produced many 

c a v e s ,  and Thomson (p ersonal com m unication) reports find ing pottery  

shards in one c a v e . C om parison o f the h igh  tuff rim o f the second ary  

v en t to the very low  tu ff rim o f the main crater in d ic a te s  that a
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Figure 10 . A erial View o f C ela y a  Crater

N o tice  in terlock in g crater at upper le f t .  Photograph by S .
L arson.
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Figure  11.  Boulder s t r e w n  Rim of  C e l a y a  C ra te r
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Figure  12.  Varia tion  in Tuff Bedding in Rim of C e l a y a  C ra te r
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Figure 13 . Aerial View of Kino Crater

Secondary vent has bu ilt up high tuff rim on w e st  (left) s id e  
of cra ter , w hereas tuff rim on the e a s t  s id e  of the crater nearly eroded  
a w a y . Line of v eg eta tio n  in w ash on le ft  s id e  of crater marks fault 
w hich has c a u sed  double rim. Photograph by S . L arson.



s ig n if ic a n t period o f ero sio n  occurred before th e  r im -v en t e ru p tio n . A 

fau lt trending su b p ara lle l to the crater w a lls  h a s  crea ted  a dou ble south  

rim.

B adillo  is  another broad, sh a llo w  crater w ith  a rounded tu ff rim 

(F ig. 1 4 ). N o tic e  that a la rg e , b rea ch ed , red d ish  c in d er  co n e  h a s broken  

through B a d illo 's  south  w a ll; th is  co n e  w as formed after B a d illo . Three 

cinder c o n e s  rev ea led  in s e c t io n  a lon g  th e cra ter 's  w a ll are reported by 

Jahns (1 959).
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M olin a  Crater

M olina Crater is  a c lu s te r  o f c o a le s c in g  d e p r e ss io n s  (F ig . 15) . 

The w riter h a s found on ly  one sm all ex p o su re  o f tuff b e d s , th e  rim b ein g  

peppered w ith subangular b a sa lt  b lo c k s  on a d e ser t p a v em en tlik e  rocky  

rubble w ith y e llo w  d u st under the r u b b le . D o n n elly  (1970) m aps a broad 

tu ff apron around the crater , and Jahns (1959) com m ents on the c o a r s e 

n e s s  and lack  o f a sh y  m ateria ls com pared to rim beds o f th e other  

c r a te r s .

The northernm ost crater is  d e e p e s t  (200 fe e t  b e lo w  th e  rim 

crest) and h a s two sh eer  b a sa lt  c l i f f s ,  the low er one about 75 fe e t  h igh  

and the upper about 50 fe e t  h ig h , accord in g  to a ltim eter  m easu rem en ts  

made w ith  W . K. Hartmann o f The U n iv ersity  o f  A rizona. The top o f the  

low er b a sa lt  c l i f f s  is  at an a ltitu d e  o f 625 fe e t  com pared to  an a ltitu d e  

o f 635 fe e t  for the top of the M acD ougal b a s a lt ic  c l i f f s . W ith in  the  

probable errors o f m easurem ent, th e s e  two a lt itu d e s  are n ear ly  eq u al and  

p o s s ib ly  rep resen t a w id esp read  la v a  su rface p en etrated  by both M ac

D ougal and M olin a .
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Figure 14 . Aerial View o f B adillo w ith  M acD ougal Crater in  
the Background

A cinder con e has broken the le ft  rim of B ad illo .
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On right margin is  s h a llo w , s a n d - f i l le d , su sp ec ted  crater.
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Figure 16 sh ow s how slum ping and rubble fa l l s  tend to b u ild  up 

a ta lu s  ramp coverin g  the sh eer  b a sa lt  f a c e s . The southern  crater com 

p le x  h a s a ll o f its  low er b a s a lt ic  c l i f f s  h idden by ta lu s  and h en ce  is  

probably older than the northern cra ter . This h y p o th e s is  is  stren gth en ed  

by the greater depth o f th e north crater and the fa c t that it h a s  o b v io u s ly  

cu t into the rim of the southern c r a te r s .

M oon Crater

On the so u th -so u th w e s t  ed g e  o f the P in a ca te  l i e s  M oon Crater  

(F ig s . 17 and 18 ), w ith  d e ser t sa n d s  nearly  lapp ing  a g a in s t  its  w e s t  rim . 

Although G lenton G . S yk es i s  cred ited  w ith d isco v er in g  th is  crater in 

1956 ( I v e s , 1 9 6 4 ), H ayden (p ersonal com m unication) p o in ts  out that it 

h a s long been  known to lo c a l  M ex ica n s  as Vulcan d i C h ic h i. As th is  

crater h as on ly  b een  m entioned  but not y e t d escr ib ed  in the p u b lish ed  

litera tu re , sp a c e  is  taken  here to record its  u n u su a l fe a tu r e s , w hich  

w ere o b serv ed  by the author in 1 9 7 1 .

M oon Crater is  c o n sp ic u o u s ly  u n lik e  a ll  the other major P ina

c a te  craters in th at it  h as a large cen tra l m ountain (F ig . 1 9 ). In d eed , 

the peak is  40 fe e t  h igh er than the rim . Apparently s im p ly  a large c in d er  

c o n e  con stru cted  p r in c ip a lly  o f sco ra c io u s  red c in d e r s , the peak h a s  

som e dark , d e n se  b a sa lt  e x p o sed  in a partia l breach on the south s id e  

(F ig . 1 9 ). On th e  e a s t  s id e  o f the peak the red-brow n c in d ers  are o v e r -  

la in  by fresh -ap p earin g  dark c in d ers  from the la s t  eru p tive  p h a s e .

The crater rim is  not c ircu lar  but is  c u sp a te  n orth -n orth w est o f  

the cen tra l p e a k . A rem nant of a seco n d  cinder co n e  o ccu rs  at the c u s p . 

E xposed on the n orth -n orth w est w a ll o f th is  ven t are th e o n ly  d e te c te d
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Figure 16 . Rim View into M olina Crater

N ote the d ecrea se  in amount o f ta lu s  from far le ft to far right 
to center d e p r e s s io n s , presum ably reflec tin g  age d if fe r e n c e s .



Figure 17 . O blique Aerial View o f Moon Crater 

Photograph by S . L arson .
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Figure 18 . Plan Aerial View of Moon Crater

N ote vent at cu sp  and im m ediately to its  right a drainage ir
regu larity . Photograph by R. A. L a id ley .
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Figure 19 . Panorama of Moon Crater from Rim C rest 

Photograph by F . L. Herbert

CJ
GJ
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tu ff la y ers  a s s o c ia te d  w ith  the cra ter . Around th is  v e n t , d e n s e  b a s a lt  

bom bs and other sm oothed p r o je c tile s  w ere  a ls o  fou n d . About 150 fe e t  

north -n orth w est o f th is  r im -c r est  ven t are tw o low  r is e s  and a drainage  

irregularity  h in tin g  at a third eroded v e n t.

The rim o f  Moon Crater i s  u n lik e  th o se  o f other P in a ca te  craters  

in  that it p o s s e s s e s  no tu ff b e d s , other than th o se  a s s o c ia te d  w ith  the  

rim v e n t, although D on n elly  (1970) maps a tu ff apron around the c r a te r .

The rim is  covered  w ith  b lo c k s , l e s s  than 2 fe e t  in d iam eter , o f d e n s e ,  

poorly  v e s ic u la te d  b a s a l t .

The on ly  good exp osu re  o f in -p la c e  rim b a s a l t s , on the north

e a s t  interior o f th e  rim , r e v e a ls  another major d ifferen ce  betr.veen M oon  

Crater and other P in aca te  craters: the b a s a lt s  are not la y ered  but are 

m a s s iv e , d e n s e , and unstructured (F ig. 2D). N ote that the m a s s iv e  

b a sa lt  o f the rim p ro jects  ab ove the o u ts id e  terra in . Furtherm ore, the  

a llu v iu m -co v ered  floor o f M oon Crater is  m arg in a lly  h igh er than the sur

rounding p la in s , r e f lec tin g  e ith er  c o n s id e r a b le  in f i l l  or y e t another b a s ic  

d ifferen ce  in m orphology com pared to the other c r a te r s .

The outer rim o f M oon Crater app ears s l ig h t ly  l e s s  g u llie d  

than the other c r a te r s , supporting I v e s 's  [1964) su g g e s t io n  th at M oon  

Crater may be younger than th e other c r a te r s . Iv es  a ls o  p ro p o ses  that 

M oon Crater w as the sou rce  o f a v a s t  am ount o f  a sh  w h ich  form s ramps 

banked a g a in st th e  e a s t  fa c e  o f  a gran itic  fa u lt-b lo c k  m ountain  at P e l i 

can  Point on the G ulf o f C aliforn ia  (F ig. 2) 28 m ile s  south  o f  M oon C rater. 

The ash  ramps are truncated by sh o r e lin e s  e stim a ted  by Iv es  to h ave  

formed b etw een  1 0 ,0 0 0  and 2 0 ,0 0 0  B .C . , provid ing a low er lim it for the  

age  o f the eru p tion . H ow ever, it see m s  u n lik e ly  th at M oon Crater is  th e
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Figure 20 . Exposure o f Rim B asalt in Moon Crater

Compare w ith F ig s . 4 and 8 . Photograph by Patricia M a lch o w .
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sou rce o f the a s h . It w ould  be p ecu lia r  for a crater to d e p o s it  th ick  u n its  

of ash  28 m iles  aw ay but not on its  own rim .

H ayden Crater

Figure 21 sh ow s a crater v a g u e ly  s im ilar  to M oon Crater brought 

to  my a tten tion  by H ayden (p ersonal co m m u n ica tio n ). This feature h a s  

not b een  v is ite d  by m e, and the nature of th e rim and peak are not known  

in d e ta il ,  although D on n elly  (1970) m aps it  a s  a c in d er  c o n e . It i s ,  h ow 

ev er , a large (1 ,2 0 0  fe e t  in d ia m eter ), perhaps unique structure and is  

here d es ig n a ted  "Hayden" after Julian H ayd en , a T u cson ian  w e ll  known  

for h is  s tu d ie s  o f the h isto ry  and a rch eo lo g y  o f the P in a c a te . The crater  

H ayden is  lo c a te d  approxim ately  1 130 4 2 l E . , 3 1 ° 5 3 l N . ,  6 m ile s  so u th -  

so u th w est o f M acD ougal and 5 m ile s  north o f Sierra E xtrana.

Cerro C olorado

This v o lca n o  (F ig . 22) is  unique in th e P in a c a te . It is  com 

p o sed  en tire ly  o f tu ff b recc ia ; there are no b a sa lt  c l i f f s .  The floor is  

approxim ately 50 fe e t  above the surrounding p laya  (I v e s , 1 9 5 6 ), sh ow in g  

the co n stru ctio n a l nature o f the cra ter . Jahns (1959) r ec o g n iz e d  th ree  

tu ff u n its , ranging in co lo r  from pink to red d ish  brown to g r ey , w h ich  

form th e rim of Cerro C olorad o . T h ese  tu ff u n its  are e x p o sed  as scarp  

fa c e s  in s id e  the crater and the upper unit h a s  b een  g u ll ie d . A sm a lle r ,  

e le v a te d , seco n d  ven t on the n orth -n orth w est s id e  o f th e  crater w a s  the  

sou rce  o f a fourth tuff b recc ia  w hich  w a s  p la s te r ed  over th e p rev iou s  

cra ter . T hus, the high southern rim o f Cerro C o lo ra d o , dipping both into  

and out o f the cra ter , i s  the product o f a la ter  eruption  from th e



Figure 21 . Aerial View o f H ayden Crater

Is th is  a la r g e , p ecu liar  cinder con e or a sm all crater? Photo
graph by S . L arson .
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Figure  22.  Aerial  View of Cerro  C o l o r a d o .

The u n e v en  h e ig h t  of the  r i m , s c a r p e d  in te r io r  w a l l s , and 
e c c e n t r i c  s ec o n d a r y  v e n t  a re  w e l l  shown in the  pho to g rap h y  by D . 
Roddy, rep ro d u c ed  from G re e n  and  Short (1971).
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eccen tr ic  v e n t. This eruption did not build up a tu ff con e  but rather 

might h ave con stru cted  a tu ff ring if  the e je c ta  tra jec to r ie s  w ere uninter

rupted .

W aters and F ish er  (1970) have found both p is o lith s  (accretionary  

la p illi)  and sid erom elan e in Cerro Colorado t u f f s . The s id ero m ela n e , re 

su ltin g  from a d ra stic  co o lin g  of b a s a lt ic  magma a s  occu rs in subm arine 

eru p tio n s , im p lie s  that th e r isin g  magma had a c c e s s  to w a ter . In d eed , 

Ives (1964) h a s found e v id e n c e  of at le a s t  three a sh  eruptions into the  

p laya  south of Cerro C olorad o . The p is o lith s  resu lt from the aeria l m ove

ment of w ater drops through eruption c lo u d s . The poor sorting o f Cerro 

Colorado p is o lith s  cou ld  be due to form ation in w ater sprayed upward 

from the v e n t, rather than in ra in .

D ia z  C rater(?)

C ruikshank and Hartmann (private com m unication) su g g e ste d  

that a c ircu lar  patch o f lig h t-c o lo r e d  m aterial surrounded by a darker 

r in g , f ir st noted  in G em ini photograph (F ig . 1), in the e x te n s io n  o f P in a -  

c a te  la v a s  into the U nited S t a t e s , w a s another cra ter . They nam ed th is  

feature "Diaz" in honor o f M elch ior  D ia z , a Spanish  con q u istad or w ho  

p a sse d  near the P in acate  in 1539 (C orle , 1 9 5 1 ) . On D o n n e lly 's  map 

(1970) D iaz is  in d ica ted  a s  a tu ff ring f il le d  w ith  a llu v iu m , and J. R. 

Sumner (p ersonal com m unication) sta ted  it  is  a tuff m ound. Hartmann 

did o b serve  the structure from low  a ltitu d e  f lig h ts  and n oted  on ly  low  

n o n d ia g n o stic  r e lie f  in  a c ircu lar  pattern . The feature is  s u ff ic ie n t ly  

intriguing for the name D ia z  to be kept as a c o n v e n ie n c e  u n til its  true 

nature can be a s c e r ta in e d .



TERMINOLOGY AND MECHANISMS 
OF CRATER FORMATION

To interpret the g e o p h y s ic a l d a ta , it  i s  n e c e s s a r y  to h ave a 

m odel o f w hat the su b su rface  structure o f a ty p ic a l crater may be l ik e .  

S in ce  the P in acate craters are so  fresh  that e s s e n t ia l ly  the o r ig in a l sur

face  e x p r e ss io n s  are p r e se r v ed , it  is  n e c e s s a r y  to in v e s t ig a te  th e  m ech

anism  o f form ation o f o ld er , d is s e c t e d ,  and eroded s tr u c tu r e s . But f ir s t  

the fo llow in g  d is c u s s io n  o f crater forms and or ig in s  attem pts to sy n th e 

s iz e  a co n flic tin g  term inology in  lig h t o f r ecen t in v e s t ig a t io n s  and to  

d efin e  the term s u sed  h e r e .

C a ld era s

C ald eras are "large v o lc a n ic  d e p r e s s io n s , more or l e s s  c ircu lar  

or c irq u elik e  in form, the d iam eters o f  w h ich  are many tim es greater than  

th o se  o f the in clu d ed  ven t or v e n ts  no m atter w hat the s te e p n e s s  o f the  

w a lls  or form o f the floor" (W illiam , 1 9 4 1 , p . 2 4 2 ). T his d e fin itio n  is  

not en tire ly  sa tis fa c to r y  b e c a u se  (1) v e n ts  may a ls o  be lin ear  co n d u its  

or arcuate f is s u r e s ,  and (2) it  n e g le c t s  the word " co lla p se"  w h ich  is  the  

main p r o c ess  that prod u ces c a ld era s  (W illia m s , 1 9 4 1 ). The term " e x p lo 

s io n  caldera" i s  m aintained  by W illia m s and M cBirney (1968) ev en  though  

in th is  rare type o f crater the d e p r e ss io n  i s  formed by a co m p le te ly  d if

ferent p r o c ess  (steam  b la s t ) . S im ila r ly , " ero sio n  ca ld eras"  are not 

products o f v o lc a n ic  a c t iv ity .  T h ese  te r m s , lik e  W illia m s' (1941) 

" cryp tovo lcan ic  ca ld eras"  (now g en era lly  c o n s id ered  a s tr o b le m e s ) , are 

con fu sin g  and shou ld  not be u s e d .

40



41

W illia m s and M cB irney's (1968) c la s s i f i c a t io n  for ca ld era s  

(Table 2) is  b ased  on the b e l ie f  that o ften  a s in g le  p r o c e s s  d om in ates in  

ca ld era  c o l la p s e . H ow ever, Johnson (1969 , p . 4 0 9 -4 1 0 ) ta k es  a d if 

ferent v iew :

P r o c e s se s  that c a u se  cauldron su b s id e n c e — lik e  many- 
g e o lo g ic a l phenom ena— do not record th e m se lv e s  read ily  in  
the rock s and structures th ey  produce; and co u p led  w ith  the  
hin drances o f o b serv a tio n , th e problem  o f g e n e t ic  in terpreta
tion  b eco m es extrem ely  d if f ic u lt . . . . there are few  ca ld era s  
where one mode o f  origin  can d e fin ite ly  be sa id  to  e x c lu d e , or 
dom inate o v er , another, w h ile  there are many ca ld era s  in 
w hich a ltern ative  p r o c e s s e s  may be eq u a lly  a c c e p t a b le .

He prefers a flow  diagram (reproduced as F ig . 23) o f  p o s s ib le  se q u e n c e s

lead in g  to the form ation o f a ca ld era  rather than a c la s s i f ic a t io n  sch em e .

In k eep in g  w ith  th is  o p in io n , a more p e r m iss iv e  d e fin itio n  o f a 

ca ld era  is  that g iven  by G reen (Green and Short, 1971 . p , 463): A p o ly -  

g e n e t ic ,  more or l e s s  c ircu lar v o lc a n ic  d ep ress io n  over  1 km and l e s s  

than 250 km in d iam eter formed by su b s id e n c e  or engu lfm ent w ith  or 

w ithout varying d eg rees  o f e x p lo s iv ity  and lo c a liz e d  by c ircu lar  or 

p olygon a l fra ctu res ."

For the p u rp oses o f g e o p h y s ic a l m od elin g , th e major su b su rface  

structure o f a ca ld era  is  a magma reservo ir  at l e a s t  a s  large as the c a l 

dera i t s e l f .  D ependin g on the particu lar c a s e  h is to r y , the cham ber may be  

f i l le d  w ith  b r e c c ia , m olten  m agm a, c r y s ta ll iz e d  m agm a, or a m ixture o f  

a ll t h e s e .  There is  no g e o lo g ic  e v id e n c e  a s  to th e sh ap e  or depth o f the  

bottom o f a magma cham ber. It may tap er , b road en , or becom e s la b lik e .

D iatrem es

l

A diatrem e is  a p ip e lik e  ven t o f b recc ia ted  country rock and 

m agm atic m a ter ia ls , formed by a r is in g  flu id iz e d  m ixture o f g a s  and
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Table 2 . Summary of W illia m s' C aldera C la s s if ic a t io n *

Type o f  
Eruption

R eason for 
C o lla p se

V olcan ic
Products Vent

S il ic ic

Krakatoa volum inous
eruptions

pum ice fa l ls  
pum ice flo w s

p r e ex is tin g  sum m it, 
v e n t s , new  flank  
f is s u r e s

Katmai D rainage of 
v en ts  through  
ad ja cen t co n d u its

a sh  & pum ice  
flo w s

eru p tive  v en ts  in  
V alley  o f 1 0 ,0 0 0  
Sm okes

V alles volum inou s
eruptions

ash  & pum ice  
flo w s

new  arcu ate f is s u r e s

B a sa ltic

M asaya magma m igration b a sa lt  f lo w s cra ters  and c o n e s

H aw aiian drainage in to  
rift zon e

b a sa lt  f lo w s o c c a s io n a l flank  
eru p tion s

G alap agos in jec tio n  of 
s i l l s , eru ption s

b a sa lt  f lo w s circu m feren tia l 
n ear-su m m it fra c
tu r e s , low er rad ia l 
fractu res

M ixed

G len co e lo n g -co n tin u in g  
e ru p tio n s , grav i
ta tio n a l s e t t l in g

la v a  & pyro
c la s t ic  e je c ta

arcu ate f is s u r e s

Susw a magma w ith 
draw al and  
se t t lin g

la v a s , frag
m ental e je c ta  
(after c o lla p se )

ring fractu res

S il ic ic
V olcano-
te c to n ic
d e p r e ss io n s

c o lo s s a l  erup
tio n s

p y r o c la s t ic
flo w s

te n s io n  f is s u r e s

* In W illiam s and M cBirney (1 9 6 8 ).



chamber roof drawn 
down by receding 
magma ±  veaieulation 
due to pressure 
reduction

formation of 
cone sheet frariurn

erupt ions at  r *- " a l

withdrawal of magma 
to lower levels

(«»
gravitational 
foundering into static 
magma

eruptions at central 
vents or ring fractures, 
producing void

void leaving clumber 
roof ursuppm ted

( i i v
cruptiofli at central

( i v )
doming of d o m h er  
rnnf hy underlying 
magma

collapse along 
cone-shcet fracture*

formation nf vertical 
or outward dipping 
ring fractures

collapse along vertical 
or outward-dipping 
ring fractutes

(1969)
Figure 23 . P r o c e s s e s  o f C aldera F orm ation .— From Johnson
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s o l id s .  Spalling and slum ping o f country r o c k s , abrasion  and com m inu

tion  o f a ll r o c k s , su b s id e n c e  along ring fa u lt s , and in tru sion  of p lu g s  

and d ik es  are common (L orenz, M cB irney, and W illia m s , 197C ). If an 

erupting diatrem e p en etra tes  the s u r fa c e , i t  produ ces an e x p lo s io n  cra ter . 

As su g g e ste d  by P eterson  and Groh (1963), the term diatrem e sh ou ld  be  

restr ic ted  to eroded fea tu res w here o n ly  th e  p ipe or th e p ip e - f i l l in g  

b recc ia  rem a in s .

It is  d if f ic u lt  to understand how g a s -c h a r g e d  magma cou ld  r ise

through as much a s  th ou san d s o f fe e t  o f rock to the su rface  to  form a

maar. Lorenz e t a l .  (1970) show  th at p rev iou s argum ents co n cern in g

d e e p -s e a te d  g a s -c h a r g ed  magma boring through rock to the su r fa ce  are

u n ten ab le— in d eed  ev en  a n u clear  e x p lo s io n  is  in cap ab le  o f rupturing the

su rface if the fo cu s of the e x p lo s io n  is  at a depth greater than a few

hundred f e e t .  Lorenz e t a l .  (1970 , p . 28) su g g e s t  that

An e x p lo s iv e  eruption triggered  at the su rface by v a p o r iza tio n  
of h eated  groundw ater co u ld  be propagated downward as p r e s 
sure is  r e le a se d  on p r o g r e ss iv e ly  d eep er g a s -c h a r g e d  h o r iz o n s .
A d eco m p ressio n a l w ave  cou ld  th e o r e tic a lly  ex ten d  to g rea t  
depth and tap a sou rce  o f magma w hich  w ould r ise  into the  
pipe along w ith  fragm ents o f the w a lls  from th e en tire  v e r t ic a l  
s e c t io n . . . . Sa lt Lake C rater, near H on olu lu , O ahu, is  an 
e x c e lle n t  ex a m p le . The crater w a s o r ig in a lly  formed by a 
steam  eruption produced w hen magma ro se  into w a ter -sa tu ra ted  
beach  san d s and c o r a l , but a s  the eruption co n tin u ed , th e  
fo cu s  of the e x p lo s io n s  reach ed  d eep er and d eep er  l e v e l s  
bringing up fragm ents o f u ltram afic rock s and e c lo g ite s  from  
depths w e ll  beneath  the c r u s t .

F lu id iza tio n  a ls o  p la y s  a part in d iatrem e e v o lu tio n  a s  se e n  by 

the m ixing and rounding o f entrained  p a r tic le s  and the o ccu rren ce  of 

p a r tic le s  both ab ove and below  th eir or ig in a l stra tigrap h ic  l e v e l  (C lo o s ,  

1941).
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And f in a lly , there is  e x te n s iv e  e v id e n c e  from a lm ost a ll  d ia -  

trem es in v e s tig a te d  that su b s id e n c e  a long ring fa u lts  b egan  at the end  

o f eruptive a c tiv ity  w hen g a s  p ressu re  w a s  red u ced  and th e w e ig h t o f  

the con e and ven t f il l in g  w a s  g r e a te s t . The v en t m ateria l o f  the Rodern 

structure o f so u th w est Germany su b sid ed  1 ,6 0 0  to 1 ,8 0 0  fe e t  b elow  its  

orig in a l p o s it io n  (Lorenz, 1 9 7 0 ). S u b sid en ce  o f  4 ,2 4 0  fe e t  h as b een  

docum ented by Hearn (1968) for th e Black Butte diatrem e in M ontan a.

D iatrem es e x p o sed  at variou s depths or m ined (for ex a m p le , 

th e Kimberly pipe) o ften  are not s im p le  v e r t ica l p ip es  but are m ild ly  

s in u ou s con d u its  becom ing d ik e lik e  at d ep th . Other v e n ts  can  be traced  

to  s i l l s  intruded at sh a llo w  d e p th s .

It i s  com m only b e lie v e d  th at v o lc a n ic  n e c k s  are co lum n s o f  

b a sa lt; th is  i s  a m isc o n c e p tio n . Shiprock i s  w e ld ed  tu ff (S h elton ,

1 9 6 8 ), a s is  C a stle  Rock near Pena B lan ca , A rizona (N e lso n , 1 9 6 3 ). 

Hearn (1968), F rancis (1 9 7 1 ), and Shoem aker e t  a l .  (1962) reported  

b ed d ed -tu ff and b recc ia  d iatrem es w hich  w ere intruded by ig n eo u s  rock s  

p referen tia lly  at the cen ter  and a long ring f a u l t s . The co res  o f many 

N avajo -H op i n eck s  are ig n eo u s  rock s surrounded by an ig n eo u s  m atrix  

con ta in in g  fin e ly  b recc ia ted  w a ll rock s (M cB irney, 1 9 5 9 ). T hus, d ia 

trem es are com p lex  stru c tu res .

E xp losion  Craters

The uneroded su rface  e x p r e ss io n  o f  a diatrem e is  an e x p lo s io n  

crater . M aar, g a s  maar, u b eh eb e , tu ff c o n e , and tu ff ring h ave  b een  

u sed  to refer to th e se  g en era lly  sa u c e r -sh a p e d  e x p lo s io n  c r a te r s . The 

variety  o f terms e x is t s  b e c a u se  e x p lo s io n  cra ters  h a v e  a w id e  range o f
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ch a r a c ter is tic s;  som e are d e e p , la k e - f i l le d ,  s m a ll , c ir c u la r , f la t -  

flo o red , and h ave e je c ta  rims o f p y r o c la s t ic s , and som e e x p lo s io n  cra 

ters have none or ev en  the o p p o site  o f th e s e  c h a r a c te r is t ic s  (O llier ,

1967).

W aters and F ish er  (1970) exam ined  more than 40 maars and tu ff 

rings in w estern  North Am erica and found sid erom elan e  or its  d eco m p o si

tio n  product, p a la g o n ite , in the e je c ta  of e a c h . T h is , and th e lo c a t io n s  

of the maars and tuff r ings in b a s in s  form erly o ccu p ied  by la k e s ,  near  

s h o r e lin e s , or other w ater b o d ie s , is  strong e v id e n c e  th at th e s e  maars 

and tu ff rings resu lted  from p h reatic  or phreatom agm atic eru ption s w here  

r isin g  b a s a lt ic  magma cam e in c o n ta c t w ith  ground w ater near th e sur

fa c e .  M aars and d iatrem es not formed in areas o f abundant ground w ater  

are often  a s s o c ia te d  w ith  "the r ise  o f  a lk a lin e  u ltram afic (k im berlitic) 

and carb onatite  m agm as rich in ju v e n ile  g a s e s ,  n otab ly  HgO and C O 2" 

(Lorenz e t a l . ,  1970, p . 2 3 ).

All fea tu res  d escr ib ed  as e x p lo s io n  craters h av e  s im ilar  o r ig in s  

w ith var ia tion s c a u se d  as seco n d  order or m odifying e f f e c t s .  T hus, it is  

not u n reason ab le for tu ff ring and maar to be u sed  in terch a n g ea b ly  (Peter

son  and Groh, 1963) or for maar to be u sed  for any e x p lo s io n  crater  

(Shoem aker, 1 9 6 2 ). N o n e th e le s s ,  D iam ond H ea d , H a w a ii, is  never  

la b e lle d  a maar, and M t. G am bler, A u stra lia , co u ld  not be co n s id ered  a 

tuff ring b e c a u se  it  h a s  no tu ff ring (O llier , 1 9 6 7 ). T h u s, there is  a 

spectrum  o f m orphologic forms a ll  due to the sam e b a s ic  p r o c e s s . The 

various terms for e x p lo s io n  craters can  be arranged in a seq u e n c e  rep re

sen tin g  a d ecrea sin g  volum e o f tu ff com pared to th e volum e o f the crater: 

tu ff c o n e , tu ff r in g , m aar, u b eh eb e , g a s  m aar.



If an e x p lo s iv e  eruption o ccu rs at d ep th , e je c ta  are erupted  

nearly v e r t ic a lly , fa llin g  back to form a tuff c o n e . E x p lo sio n s nearer  

the surface r esu lt  in a w ider d isp e r sa l o f e je c ta  producing a tu ff ring  

(H eiken , 1 9 7 1 ). Lorenz e t  a l .  (1970) note that the volum e o f a tu ff-c o n e  

crater is  sm all com pared to the volum e o f th e co n e  i t s e l f  and that the  

volum e of a tu ff-rin g  crater is  large com pared to the volum e o f the rim . 

H eiken (1971) found that the h e ig h t-to -w id th  ( = rim b a se  diam eter) ratio  

for O regon tuff c o n e s  to average 1 :1 0 , w h ereas tuff r ings vary from 1:10  

to 1 :3 0 . As tuff c o n e s  and rings r e su lt  from th e sam e m ech an ism , it is  

proposed that a h e ig h t-to -w id th  ratio  o f 1:10 be the arbitrary d iv is io n  

b etw een  the tw o . Diam ond H ead Crater in H aw aii is  the m ost fam ous 

exam ple o f a tu ff ring .

Tuff c o n e s  are e ith er  uncommon or u n sp ecta cu la r  for th ey  are 

in frequently  m entioned in th e  literatu re; th e on ly  exam p les known to the  

w riter are in H aw aii and O regon . Tuff r ings and c o n e s  are c o n stru c tio n a l  

fe a tu re s , h en ce  th eir  craters l ie  ab ove the p re-eru ption  su r fa c e , although  

Lorenz e t a l .  (1970) g iv e  ex a m p les  o f tu ff rings d eep en ed  by c o l la p s e .

Maar o r ig in a lly  referred to la k e - f i l le d  v o lc a n ic  craters in the  

E ifel region  o f G erm any. The term s dry maar and u b eh eb e w ere  introduced  

by Cotton (1969) to d escr ib e  la k e -fr e e  m aars. They are u n n e c e ssa r y  for 

the term maar h a s b een  ex ten d ed  by common u sa g e  to in c lu d e  sim ilar  v o l

c a n ic  craters w ithout la k e s .  Lorenz e t  a l .  (1970, p . 6) s l ig h t ly  m od ified  

N o ll's  (1967) d e fin itio n  o f maars as:

V olcan ic  craters cu t into the "genera l ground" (pre
em p tion  surface) and having a sh ap e in term ed iate  b etw een  
that of a funnel and a sh a llo w  d is h . They are surrounded by 
a b lan ket o f p y r o c la st ic  deb ris o f very var iab le  t h ic k n e s s ,  
in som e c a s e s  reach in g the h e ig h t o f a tu ff r in g . The cra ters
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orig in ated  m ainly by abrasion  and slum ping or by c o lla p s e  
along ring fa u lt s .  L a te -s ta g e  eruptions may form a cen tra l 
tephra con e or even  a la v a  la k e .

This d efin itio n  p rovid es two m eans o f d is tin g u ish in g  maars from tuff 

rings: (1) tuff rings h ave h igher rims than ty p ica l maars (compare D ia 

mond H ead , H a w a ii, w ith  H o le -in -th e -G ro u n d , O regon), and (2) maars 

penetrate the p re-eru ption  su rface w h ile  ty p ic a l tu ff r in g s , w hich  are 

co n stru ctio n a l fe a tu re s , h ave floors e le v a te d  above or le v e l  w ith  the pre

em p tion  su r fa c e .

A ga sm a a r  i s  a m aar-lik e  d e p r e ss io n  w ith  no apparent e je c ta  

(O llier , 1 9 6 7 ). Rittmann (1962) u s e s  the term diatrem e for a r im le ss  

maar; h ow ever, it is  b e s t  to p reserv e  the word diatrem e to d e scr ib e  the  

condu it that r e su lts  in an e x p lo s io n  crater at the su r fa ce .

E xplosion  craters are g en era lly  b e lie v e d  to be co n sid era b ly  

larger than th e  actu a l vent; th u s , a s im p le  m odel o f the su b su rfa ce  stru c

ture o f a maar or tuff ring i s  a sm aller  v er tica l cy lin d er  f i l le d  w ith  a var i

ab le  mixture o f b recc ia ted  tu ff, country rock , and b a s a lt ic  in tru sive  r o c k s .

48



GEOPHYSICAL SURVEY TECHNIQUES

M acD ougal w a s  s e le c te d  a s  a ty p ica l E leg a n te -ty p e  crater that 

is  la rg e , r e la t iv e ly  a c c e s s ib le ,  and not d an gerou sly  d if f ic u lt  to carry  

equipm ent into and out o f . The m eth odology reported here w a s fo llo w ed  

at other craters for com parison  p u rp oses .

M acD ou gal G ravity Survey

In August 1 9 7 0 , J. R. Sumner o f Stanford U n iversity  and the  

writer carried out r ec o n n a issa n c e  grav ity  and m agnetic  su rv ey s on the  

floor of M acD ougal C rater. T w en ty -s ix  gravity  o b serv a tio n s  w ere made 

by J. R. Sumner w ith  a L aC oste and Romberg gravim eter, havin g a s c a le  

co n sta n t o f 1 .0 4 9 5 0  m illig a ls  per d iv is io n . The error o f a s in g le  d eter

m ination w a s e stim a ted  to be + 0 . 0 4  m illig a ls  b a sed  on rep eated  o b se r 

v a tio n s at s e le c te d  s ta t io n s . D iff icu lty  in transporting equipm ent in to  

and out of the 4 00 -fo o t -d e e p  crater prohib ited  determ ining e le v a t io n  by 

alid ade and p lan e tab le; in s te a d  a Brunton co m p ass w a s  u sed  as a 

c lin o m eter . All e le v a t io n s  w ere m easured r e la t iv e  to Jah n s's ( s e e  below ) 

va lu e  o f 371 fe e t  ab ove s e a  le v e l  for the cen ter  o f the flo o r . S ta tio n s  

w ere lo ca ted  by p acin g  and referen ce  to c a c t i  and p a lo  verde tr e e s  id en 

tif ied  on a er ia l p h o to g ra p h s. The e stim a ted  maximum error in p o s it io n  is  

about 10 fe e t  and in s ta tio n  e le v a t io n  about 1 .5  f e e t .  The resu ltin g  error 

in m illig a ls  is  zero and 0 . 1 ,  r e s p e c t iv e ly . The grav ity  o b serv a tio n s  are 

tied  in to  the w orldw ide grav ity  n et through com parison  to s ta tio n  NQ83 

along M ex ico  H ighw ay 2 on the northern ed g e  o f the P in aca te  f ie ld .  The
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a b so lu te  va lu e  o f gravity  for NC 83 is  9 7 9 5 0 0 . 6 9  m i l l ig a ls .  D e ta ils  on  

th is  and other gravity  s ta tio n s  in  th e P in aca te  reg ion  are reported by 

J. R. Sumner (1971) .

The sim ple Bouguer anom aly o f ea ch  s ta tio n  w a s  c a lc u la te d  u s 

ing a d e n s ity  of 2 . 6 7  g m /c c ,  a v a lu e  com m only a ssu m ed  as an avera g e  

d en sity  o f cru sta l r o c k s . The d e n s ity  o f  underlying gran ite r o c k s , 

sam pled as x e n o lith s  in M a cD cu g a l tu ff is  2 . 6 0  g m / c c . H o w ev er , the  

gravity  s ta tio n s  are lo c a te d  at v a r iou s but c lo s e  d is ta n c e s  from tow ering  

crater w a lls  so  that a terrain co rrectio n  is  n e c e s s a r y . U n fortu n ately , 

the only  topographic inform ation  is  a s e r ie s  o f sp ot e le v a t io n s  m ade 

a v a ila b le  through the c o u r te sy  o f  D r. R. Jahns of Stanford U n iv e r s ity . 

Terrain correction s w ere determ ined  w ith  a Hammer g ra ticu le  (D obrin ,

1960) for (1) the crater c en te r , (2) an in term ed iate  p o in t, and (3) a flo o r -  

ed g e  p o in t, ex trap o la tin g  e le v a t io n s  from the sp o t m easu res on Jah n s's  

map.  This provided three terra in  c o r r e c t io n s , w h ich  w ere p lo tted  a g a in st  

radial d is ta n ce  from the crater c en te r . C orrection s for the rem aining 23 

s ta tio n s  w ere in terp olated  from the g rap h . The maximum co rrectio n  w a s  

1 . 2 6  m il l ig a ls .  The resu ltin g  Houguer an om alies  are p lo tted  on Figure 2 4 .

M a cD o u ca l M agn etic  Survey

A erom agnetic su rv ey s from e le v a t io n s  o f 4 , 0 0 0  and 2 , 0 0 0  f e e t ,  

plu s a ground su rv ey , h ave b e e n  made for M acD ougaT C rater. Survey  

tech n iq u es and data red u ction  are reported here; in terp retation  is  c o n 

sid ered  in the fo llo w in g  c h a p te r .

A se c t io n  o f J. R. Sum ner's (1971) aerom agn etic  su rvey  flow n  

at a barom etric a ltitu d e  o f 4 , CCD fe e t  ( 3 , 6 3 0  fe e t  ab ove the floor  o f
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Figure 24 . Bouguer Anomaly P ro files  for the Floor of M acD ouaal

Open c ir c le s  are grav ity  s ta t io n s  on an e a s t - v /e s t  lin e ; f i l le d  
c ir c le s  a north -sou th  l in e .



M acD ougal C rater), sh o w s that n e ith er  M acD ou gal nor any o f the other  

craters d istort the m agn etic  f ie ld  (F ig . 25) .  It is  in te r e s t in g , th o u g h , 

that c in d er c o n e s  produce large a n o m a lie s .

Through the co u r te sy  o f J. S . Sumner and J. R. Sum ner, an 

aerom agnetic  su rvey  o f M acD ou gal Crater and en v iron s w a s  flow n in 

A ugust 1971 ,  u sin g  a G eoM etr ics  M odel G -8 0 6  portable proton m agn e

tom eter . F ligh t l in e s  sp a ced  approxim ately  2 , 0 0 0  fe e t  apart w ere  flow n  

along a n orth -n orth east tren d , a long w ith  a s o u th -so u th e a s t  t ie  l in e  at 

a barom etric a ltitu d e  o f 2 , 0 0 0  f e e t .  The d ig it iz e d  output of the m agne

tom eter w a s correla ted  by c lo ck  to an autom atic cam era w hich  took one  

photograph every  f iv e  m agnetom eter r e a d in g s . F ollow ing p roced u res o u t

lin ed  in Reford and-Sumner (1964) ,  the in d iv id u a l cam era fram es w ere  

lo c a te d  and m o sa ick ed  onto an en larged  photograph o f M acD ou gal C rater. 

The to ta l m agn etic  f ie ld  m ea su rem en ts , p lo tted  and contoured on an a c e 

ta te  ov erla y  on the p h otograph , r ev e a le d  sharp herringbone pattern s  

p oin tin g  in the f lig h t d ir e c t io n s . This e f fe c t  cou ld  h a v e  b een  produced  

i f  th e p lan e flew  n o se  t ilted  s lig h tly  u p , a llo w in g  the cam era to p h oto

graph an area s ig n if ic a n tly  ahead  of the area sam pled  by the tra iled  bird 

carrying the m agn etic  s e n so r . Or, the e f fe c t  cou ld  be th e r e su lt  o f a 

p lo ttin g  error due to a m isa lign m en t o f  the photographic and m agn etic  

d a ta . Two co rrectio n s su g g e s te d  by J. S . Sumner w ere made to  bring th e  

n orth -n orth east l in e s  in to  co rresp on d en ce  w ith the s o u th -so u th e a s t  t ie  

lin e : each  n orth -n orth east lin e  w a s  sh ifted  north or south  a maximum o f  

350 fe e t  to  acco u n t for the fa c t that ea ch  m agnetom eter read ing in tegrated  

over approxim ately tw o se c o n d s  o f fly in g  tim e and the air sp e ed  w a s  150 

mph. After th a t, a co n sta n t v a lu e  w a s  a lg e b r a ic a lly  added to each
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II3030' 113*15'

Figure 2 5 . A S ec tio n  of J . R. Sum ner's (1971) Total Force  
A erom agnetic Map over the Northern Part o f P in aca te

Same ab b rev ia tio n s as Figure 2 w ith  e x c e p t io n s  o f CAC = 
cin d er a g g lu tin a te  c o n e , and M = M olina C rater. Contour in terv a l 
i s  20 gam m as; f lig h t e le v a t io n  4 , 0 0 0  fe e t  barom etric .



54

m easurem ent in ea ch  n orth -n orth east lin e  to bring in to  c o in c id e n c e  the  

t ie  lin e  and the sh ifted  n orth -n orth east l in e s .  The resu lt in g  aerom agn etic  

map is  show n in Figure 2 6 . The subdued herringbone e f f e c t  s u g g e s ts  

ca u tio n  in  in terp reta tion . The t ie  lin e  m agn etic  p ro file  o f M acD ou gal 

(F ig . 27) sh ow s that the crater rim prod u ces an anom aly a s  large a s  

+ 60 gam m as, but a co n sid era b ly  sm aller  anom aly e x is t s  over the cen ter  

o f the crater . D iurnal ch a n g es  in the ea rth 's  m a gn etic  f ie ld  sh ou ld  l i t t le  

a ffe c t  the a n om alies  m easured in a s in g le  flig h t l i n e , a s  the p lan e  

covered  the cra ter 's  d iam eter in approxim ately  25 s e c o n d s .

A short s e r ie s  o f m agn etic  m easurem ents w ere  m ade on the floor  

of M acD ou gal Crater in A ugust 1 9 7 0 , u sin g  a Jalander v e r t ic a l f ie ld  m agne

tom eter . This rev ea led  a strong cen tra l anom aly , and a more thorough  

mapping of th e crater floor w a s undertaken in April 19 71 w ith  an A skania  

v e r t ica l f ie ld  m agnetom eter w ith  a s c a le  c o n sta n t o f 2 4 3 .6  g a m m a s/d e 

g r e e . R epeated  m easurem ent at a s e le c te d  s ta t io n  in d ica ted  the average  

error o f a s in g le  ob serv a tio n  w a s  0 .0 3 6  d e g r e e , corresp on d in g  to about 

8 gam m as. This error is  in s ig n if ic a n t  com pared to  the m easured anom aly  

of nearly  1 ,0 0 0  gam m as. D iurnal variation  in th e  m agn etic  f ie ld  w a s  cor

rected  by reoccu p yin g  a b a se  s ta tio n  at in terv a ls  a lw a y s  l e s s  than one  

hour. At no tim e w a s the d ifferen ce  in read in gs greater  than the avera g e  

error o f a s in g le  o b se rv a tio n . It is  u n lik e ly  th at field , v a r ia tio n s la s t in g  

o n ly  a few  m inutes or sec o n d s  a ffec ted  the r e a d in g s , b e c a u se  the anom 

a ly  is  sm ooth and reg u la r . As for a ll su rface  m a g n etic  su rv ey s  in P in a -  

c a te  c ra ter s , s ta tio n  lo c a tio n s  w ere determ ined w ith  r e sp e c t  to c a c t i  and 

p alo  verde trees  id e n tif ie d  on aer ia l p h otograp h s. Figure 28 sh o w s the  

m easured m agn etic  f ie ld .
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Aeromoqnetic contours by C A Wood, 8 /7 0  
Contour Interval 12 1/2 y

Mopped by R H Johns
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EXPLANATI ON

Sir.he v.na dip of beds[ PS_J Ployo sediments 
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R t - of in n e r  cliff
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Figure 2 6 . Total Force A erom agnetic Map o f M acD ou gal Crater

Contour in terva l 1 2 .5  gam m as; flig h t e le v a t io n  2 ,0 0 0  fe e t  baro
m etric . It is  not c le a r  how much of the cen tra l irregularity  is  anom aly  
and how much is  an artifact o f su rvey  m ethods and red u c tio n s . G e o lo g ic  
map by Jahns (1959) .
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Figure 2 7 . Total Force A erom agnetic T ie - lin e  Profile and Computed M agn etic  Terrain E ffect, 
M acD ou gal Crater

A. O bserved  t ie - l in e  p r o file . B. Com puted m agn etic  terrain e f fe c t  at 2 0 0 0 -fo o t  barom etric  
a lt i tu d e .
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‘ WocDoogol Mognetom«t#f Survey 
Surface

Magnetometer survey by C A Wood, 9 /7 0  
Contour Interval 100 y

M o p p e d  b y  R H  J o h n s  
4 /5 1 . 2 / 5?

Explanation

Strike •mo dip of beds
I ™ ]  lo lu sPloyo sediments

M u d f l o *  d e b r  s R "- of inner cliff

f  b Bosoit ,  m port scorioceous; 
includes some breccia

A l l u v i u m  onrt dune sond
M o m  r i m  & c r a t e r

Figure 28 . Surface V ertical F ield  M agn etic  Map of M acD ougal
Crater

Contour in terva l 100 gam m as. The lin e  W -E marks the p o s itio n  
o f the c r o ss  s e c t io n  show n in Figure 3 1 . G e o lo g ic  map by Jahns (19 5 9 ).



GEOPHYSICAL INTERPRETATION

V alid ity  of M agn etic  Surveys on Crater F loors  

M alah off and W oollard (1966) report a su r fa ce  m agn etic  su rvey  

a c r o ss  K ilauea Ik i, a sm all s id e  crater in terco n n ec ted  w ith  K ilauea  

Crater in H a w a ii. They found a d ifferen ce  o f 5 ,1 0 0  gam m as b e tw een  the  

crater rim and flo o r , y e t an aerom agn etic  survey in d ica ted  an anom aly o f  

on ly  60 gam m as w ith in  the cra ter . A lso , it w a s n o ted  in the su rface  sur

v ey  that ra isin g  th e m agnetom eter head  from 4 fe e t  ab ove the ground to  

5 fe e t  produced a d ifferen ce  of 300 gam m as. They con c lu d ed  th at su rfa ce  

m agn etic  su rveys should  not be u sed  to interpret su b su rfa ce  g e o lo g ic  

stru ctu res of c r a te r s . H ow ever, th e floor o f K ilau ea Iki is  p ah oeh oe  lava  

la k e  s la b s  rem aining from the eruption o f 1 9 5 9 . In other v /o r d s , M alah off 

and W oollard  con d u cted  th eir  ground m agn etic  su rvey  im m ed iately  on top  

o f irregular, h igh ly  m agn etic  b a s a lt ic  r o c k s . The pronounced var ia tion  of 

f ie ld  in te n s ity  depending upon the d is ta n ce  b e tw een  m agnetom eter and 

ground is  not su rp r is in g . The floors o f the craters in v e s t ig a te d  in the  

P in a ca te  are not frozen la v a  la k e s  but rather sm ooth su r fa ces  o f inb low n  

sa n d , a llu v iu m , and p lay  a se d im e n ts . S u sc e p tib il ity  m easurem ents of  

th is  floor m aterial g a v e  0 .0 0 0 5 8  c g s ,  an order o f m agnitude l e s s  than  

d e n se  b a s a lt ic  r o c k s . T h u s, it d o es  not appear th at spurious high  

m agn etic  in te n s it ie s  are introduced  in the ground su rv ey s  a c r o ss  a l lu 

v iu m -fil le d  crater f lo o r s . In fa c t , it appears that the m agnetom eter m ight 

be a m eans to r ev e a l h idden lo c a l co n cen tra tio n s of b a s a lt ic  la v a  buried  

not too  far beneath  the a llu v iu m .
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M agn etic  Terrain E ffects for C raters

M arsh (1971) and other w orkers h ave show n that a m agn etic  

r esp o n se  is  produced b etw een  an irregularity  in th e su rface  o f a hom o

g e n e o u s  lith o lo g y  and the a tm o sp h ere . This m agn etic  terrain e f fe c t  can  

contribu te s ig n if ic a n tly  to an o b serv ed  anom aly and lea d  to in correct  

in terp re ta tio n . The nature o f terrain e f fe c t s  due to a crater w a s  in v e s t i

g a te d , u sin g  a tw o -d im en sio n a l m odeling program d erived  from that of 

Taiw an! and H eirtz ler  (1 9 6 4 ). M odeling  o f the m agn etic  f ie ld  due to a 

particu lar su rface feature ta k es  advan tage o f  the zero  f ie ld  produced by 

any in fin ite  s la b . T h u s, the terrain correction  for a crater u s e s  a m odel 

ex ten d in g  both la tera lly  and in depth toward in fin ity  to e lim in a te  ed ge  

e f f e c t s .

C om pensation  for m agn etic  terrain e f fe c t s  h as b een  c o n sid ered  

for large  v o lc a n ic  m ountain m a s s e s , such a s  the is la n d  o f H aw aii 

(M a la h o ff, 1969 ), but not for in d iv id u a l c r a te r s . As a gu id e to  the  

nature and m agnitude of terrain e f fe c t s  due to c r a te r s . Figure 29 sh o w s  

the topography and resu lta n t m agn etic  terrain e f f e c t s  (su rface  survey  

and 2 ,0 0 0 - f o o t  f lig h t e lev a tio n ) for two d ifferen t c r a te r s . The sh ap e  o f  

the e f fe c t  is  d epend en t on the top ograp h y, but the in te n s ity  o f the m ag

n e t ic  an om aly , on ce  the sh ap e is  e s ta b lis h e d , v a r ie s  d irec tly  w ith  s u s 

c e p t ib i l i ty . The terrain e f fe c t s  in Figure 29 w ere c a lc u la te d  u sin g  a 

s u s c e p t ib il ity  o f 0 .0 0 1  c g s ;  for any other s u s c e p t ib il i ty  the in te n s it ie s  

show n m ust be m u ltip lied  by that s u s c e p t ib il i ty . N ote  that a crater  

formed o f on ly  tu ff (n eg lig ib le  su sc e p tib ility )  p rod u ces no terrain e f f e c t .
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Figure  29.  M a g n e t i c  Terra in  E f f e c t s  Due  to  C r a t e r s

Ver t ica l  m a g n e t i c  r e s p o n s e  (A) 4  f e e t  a b o v e  g ro u n d  due  to  c r a t e r  
w i th  c e n t r a l  p e a k  (B) . Total  m a g n e t i c  f i e ld  (C) a t  a p p r o x im a te ly  1 , 6 0 0  
f e e t  a b o v e  s u r f a c e  and v e r t i c a l  m a g n e t i c  f ie ld  (D) a t  4 f e e t  a b o v e  g round  
for a s im p le  c r a t e r  (E) . A ssu m ed  s u s c e p t i b i l i t y  = 0 . 0 0 1  c g s .
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M acD ou gal M agn etic  Interpretation  

The s te e p n e s s  and am plitude o f the ground m a gn etic  survey  

anom aly at M acD ou gal Crater in d ica te  a h igh  m a g n etiza tio n  c lo s e  to the  

s u r fa c e . To c a lc u la te  particu lar g eo m etr ies  w h ich  can  produce th is  

anom aly req u ires k n ow led ge of the m a g n etiza tio n  o f the r o c k s . M agne

t iz a t io n  J is  the sum of the s u s c e p t ib il ity  m a g n etiza tio n  KH0 induced  

by the g eo m a g n etic  f ie ld  and the natural rem anent m a g n etiza tio n  Jn; 

th u s ,

J = KH0 + Jn

w here K is  s u s c e p t ib il ity  and H0 is  the in te n s ity  o f the g eo m a g n etic  

f ie ld  (N agata , 1 9 6 9 ). V alues o f K l is t e d  in Table 3 w ere m easured  w ith  

Bruce M arsh o f The U n iversity  o f A rizon a , u sin g  a B ison S u sc e p tib ility  

B ridge. P o s s ib le  errors in volum e co rrectio n s and v a r ia b ility  among 

sa m p les  in d ica te  errors may be as large as a factor of 2 . The low  s u s 

c e p t ib i l i t ie s  o f tu ffs  com pared to b a s a lts  (perhaps derived  from the sam e  

parent magma) r e f le c t  the fa c t  that b a s a lt s  retain  m a g n e t ite , w h erea s  

m agn etite  in b a s a lt ic  tu ffs  (the e x p lo s iv e  r esu lt  of c o n ta c t of magma 

w ith  abundant water) is  o x id iz e d  to  the w ea k ly  m agn etic  m ineral hem a

t i t e . The s u s c e p t ib i l i t ie s  show  that b a s a lts  are an order c :  m agnitude  

more m agn etic  than any o f th e other r o c k s , and therefore th e  m agn etic  

contou rs w ill  show  the gen era l d istr ib u tion  o f th is  r o c k .

M easu rem en ts o f rem anent m a g n etiza tio n  and s u s c e p t ib il i ty  

m agn etiza tion  for tw o P in acate  b a sa lts  show  th at Jn “rC  4KK0 (Sumner, 

1 9 7 1 ). For com p arison , Jn ^  5KH0 for H aw aiian  b a s a lts  (M alahoff and 

W oollard , 1 9 6 6 ). T h u s, w ith  K = 0 .0 0 5 2  (from Table 3 ) , J = 0 .0 1 6  for 

P in a ca te  b a s a l t s . Sumner a ls o  found th at d ir e c tio n s  o f rem anent
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Table 3 . W et D e n s it ie s  and S u s c e p t ib il it ie s

N o . of 
Sam ples

Range o f
M easured  D e n s it ie s  

(gm /cc)

A verage
D e n s ity
(gm /cc)

S u sc e p 
t ib i l i t ie s

(cgs)

M acD ou gal b a sa lts 3 2 .7 3  -  2 .9 8 2 .9 0 0 .0 0 5 2 0

M acD ou gal tu ffs 2 2 .1 2  -  2 .3 3 2 .2 3 .0 0 0 9 3

M acD ou gal gran itic  
x e n o lith s 3 2 .5 7  -  2 .6 3 2 .6 0 .0 0 0 0 4

Hornaday M ts . 
(granitic  and 
g n e is s ic ) 2 2 .6 2  -  2 .6 8 2 .6 3

Cerro C olorado tuff 3 2 .1 8  -  2 .3 1 2 .2 4 .0 0 0 1 8

M oon Crater d en se  
b a s a lts 3 2 .8 7  -  2 .9 4 2 .9 1 .0 0 4 0 0

M oon Crater cen tra l 
peak red c in d ers 3 1 .3 7  -  1 .7 5 1 .6 9 .0 0 0 6 2

Alluvium  and su rface  
d e p o s its  (J. R. 
Sum ner, 1971) 3 2 .0 2  -  2 .3 1 2 .1 3 .0 0 0 5 3



m a g n etiza tion  are w ith in  30 d eg rees  o f p resen t v a lu e s ,  in d ica tin g  th at 

P in acate  b a s a lts  are not r ev e r se ly  m a g n e tiz e d . This c o n c lu s io n  is  

stren gth en ed  by the ob serv a tio n  that the an om alies  are p o s it iv e  m axim a.

N ettle to n  (1942) p u b lish ed  a s e r ie s  o f  form ulas for c a lc u la tin g  

the m agn etic  and g ra v ita tion a l a n om alies  produced by g e n e ra lize d  g e o 

m etric s o l i d s , a ssu m in g  that the m agn etic  p o la r iza tio n  i s  normal to the  

su r fa c e . J. S . Sumner (personal com m unication) s u g g e s ts  that th is  a s 

sum ption le a d s  to l e s s  than 15 p ercen t error in curve f i t t in g , and th ere 

fore i s  appropriate for fir st order a p p rox im ation s. M odeling w ith  th e s e  

eq u a tio n s d em on strates that a sp h er ica l body, rep resen tin g  a magma 

cham ber, cou ld  not produce the o b serv ed  anom aly. The b e s t  f it  to the  

o b serv ed  data is  a v ertica l cy lin d er  o f radius 440 fe e t  and a depth o f  

burial of 525 fe e t  (F ig . 3 0 ), u sin g  a m agn etiza tion  o f 0 .0 1 6  c g s  and a 

v a lu e  o f 4 3 ,7 0 0  gam m as for the v e r t ica l com ponent o f the ea rth 's  f ie ld .  

The lack  o f a n eg a tiv e  portion o f th e anom aly is  due to the e s s e n t ia l ly  

in fin ite  depth assu m ed  to the low er surface; the m agn etic  e f fe c t  o f the  

p o le  at th e bottom of the body is  n e g lig ib le  in th is  in s ta n c e . N ote  a ls o  

that the anom aly is  en tire ly  on the floor of the crater and is  probably not 

g rea tly  a ffec te d  by terra in -in d u ced  a n o m a lie s . The depth of 525 fe e t  to  

the top o f the b a sa lt ic  cy lin d er  is  approxim ately  eq u a l to the depth to  

the p re -sa n d  f i l l  floor of the cra ter , im plying that the cy lin d er  is  an in 

tru siv e  plug rather than a buried cen tra l p e a k .

C ontinuing to u se  the th ree -d im en sio n a l m odeling  eq u a tio n s o f  

N e ttle to n  and the geom etry for the b a s a lt ic  cy lin d er  d ed u ced  from the  

ground m agn etic  su rv ey , the th eo r e tic a l m agn etic  f ie ld s  at 2 ,0 0 0  and 

4 ,0 0 0  fe e t  f lig h t e le v a t io n s  w ere c a lc u la te d . At 4 ,0 0 0  fe e t  an anom aly
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Figure  30 .  V er t ica l  M a g n e t i c  F ie ld  C r o s s  S e c t io n  on th e  Floor 
o f  M a c D o u g a l  C ra te r

A = to p ography ;  B = m a g n e t i c  t e r r a i n  e f f e c t s ;  C = t h e o r e t i c a l  
anom aly ;  D = o b s e r v e d  a n o m a l y .
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of 35 gam m as should  h ave  b een  o b se rv e d , but Figure 2 5 , contoured  at 

20-gam m a in te r v a ls , r e v e a ls  no break in the reg io n a l f ie ld  over M a c-  

dou gal C rater. H ow ever, J. R. Sum ner's (1971) su rvey  w a s  flow n w ith  

a f l ig h t - l in e  sp a c in g  of about 3 m iles  s in c e  h e  w a s  in v e s t ig a t in g  b a s e 

m ent s tru c tu re , and the n ea rest f lig h t lin e  w a s  more than one m ile from 

the cen ter  of the crater . As reported by Dobrin (1 9 6 0 ), the probab ility  

o f d e tec tin g  a m eaningful anom aly in c r e a se s  as the sp a c in g  is  d e c r e a s e d . 

In g e n e r a l , a q u arter-m ile  sp a c in g  i s  n e c e s s a r y  for e stim a tin g  the s iz e  

of a body w ith  rea so n a b le  p r e c is io n . T hus, th e 4 ,0 0 0 - f o o t  aerom agn etic  

data do not con trad ict the ab ove in terp reta tion .

The th eo re tica l anom aly at a 2 ,0 0 0 - f o o t  e le v a t io n  is  120 gam 

m as for the 8 8 0 -fo o t-w id e  cy lin d er  w h o se  top i s  525 fe e t  b elow  the  

crater flo o r . But Figure 27 sh ow s that th e o b serv ed  an o m a lies  are about 

o n e -h a lf  the th eo re tica l anom aly and are cen tered  on the crater rim rather  

than the flo o r . This d iscrep a n cy  can n ot be ex p la in ed  by f l ig h t - l in e  

sp a c in g  (the sp a c in g  w a s  approxim ately  1 ,5 0 0  fe e t ,  and the l in e s  w ere  

cen tered  on M acD ougal) or u n cer ta in tie s  in data red u c tio n . The rem ain

ing p o s s ib i l i ty  is  th at the m odel b a se d  on the su rface  m agn etic  survey  

i s  in co rrec t. If the m agn etiza tion  of the b a s a lt ic  cy lin d er  w ere 0 .0 0 6  

in s te a d  o f 0 .0 1 6  c g s , the cy lin d er  w ould  h ave  to be w ider and w ith in  

50 fe e t  o f the su rface  to s a t is fy  the su rface su r v ey . The anom aly at 

2 ,0 0 0  fe e t  resu ltin g  from th is  body w ould  be o f much larger am plitude  

and a d ifferen t sh ap e than the anom aly a c tu a lly  o b se r v e d . A lso  for th is  

m odel the c lo s e n e s s  o f the cy lin d er  to the su r fa ce  i s  more d if f ic u lt  to  

ex p la in  than a burial depth o f 525 f e e t ,  and a s ig n if ic a n t  p o s it iv e  grav ity  

anom aly w ould be e x p e c te d . The o r ig in a l m od el appears g e o lo g ic a lly



more rea so n a b le  and in better agreem ent w ith  th e grav ity  data than the  

m odel b a sed  on low er m a g n etiza tio n .

J. R. Sumner (1971) d is c u s s e d  the major anom aly patterns  

show n on h is  aerom agnetic  map but did not interpret the sm all circu lar  

an om alies  occurring over the P in acate  la v a  f ie ld .  C orrelation  o f the  

aerom agnetic  map and a eria l photographs sh ow s that th e se  more c o n c en 

trated an om alies  are a s so c ia te d  w ith  major cinder con e  m a sse s ;  for 

ex a m p le , the featu re la b e lle d  " C .A .C ."  on Figure 25 is  a 100-gam m a  

anom aly spread over a d is ta n ce  o f about 2 m ile s .  This i s  a m a ss iv e  

c in d er -a g g lu tin a te  con e  of b a sa l d iam eter of approxim ately 4 ,0 0 0  f e e t .

A c a lcu la tio n  u sin g  N e tt le to n 's  (1942) form ulas sh ow s a maximum anom 

a ly  o f 100 gamm as w ould  be e x p e c ted  at 4 ,0 0 0 - fo o t  barom etric a lt itu d e ,  

i f  the core and feed er  ven t o f the co n e  are rep resen ted  as a cy lin d er  of 

rad ius 500 fe e t  and m a g n etiza tio n  0 .0 1 6 ,  ex ten d in g  to the Curie d e p th . 

T hus, cinder c o n e s  in the P in a ca te  appear to be m a ss iv e  p lu gs o f b a s a lt ,  

a s i s  the feed er  ven t e x p o sed  in the w a ll of E le g a n te .

M acD ouqal G ravity Interpretation

The Bouguer gravity  p ro file s  o f Figure 24 apparently show  no 

s ig n if ic a n t ir r e g u la r it ie s . The sm ooth in c r ea se  in th e gra v ita tio n a l f ie ld  

from so u th e a s t  to north w est r e f le c ts  e ith er  the reg io n a l trend or la r g e -  

s c a le  fea tu res  o f th e b asem en t rather than stru ctu res re la ted  to M a c-  

D ou gal C rater. This la ck  o f a gravim etric anom aly appears to  con trad ict  

the in terpretation  d edu ced  from the ground m agn etic  d a ta . H ow ever, the  

gra v ita tio n a l e f fe c t  G o f a b a s a lt ic  cy lin d er  880 fe e t  w id e  ex ten d in g  

from 525 fe e t  b elow  the su rface  to the Curie depth can  be c a lc u la te d
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G — 2 .0 3  (Jyot

w here is  the d e n s ity  c o n tra st, t the th ic k n e ss  o f  the c y lin d er , and 

the so lid  an gle  subtended  at the p o in t o f o b serv a tio n  by th e cy lin d er  

(N ettle to n , 1 9 4 2 ). W ith the rea so n a b le  assu m p tion  that the f ie ld  la v a  

at M acD ou gal is  l e s s  than 525 fe e t  th ic k , the b a s a lt ic  cy lin d er  is  sur

rounded by b asem en t g ra n ites  and y° = 0 .3 0  g m /c c  (Table 3 ) . Under 

th e s e  c o n d it io n s , the maximum v a lu e  o f G is  0 .2 4  m gal. Such a sm all 

anom aly w ould  not be ex p ec ted  to be d e te c ta b le  w ith  th e p r e c is io n  ob 

ta in ed  on the grav ity  su r v e y , but, perhaps c o in c id e n ta lly , an irregularity  

of the correct m agnitude d o es  app ear. T hus, the m agn etic  and g ra v i

m etric data a g ree .

G e o p h y s ic a l In terpretations for Other C raters

M olina Crater

Figure 31 p resen ts  the d istr ib u tion  of m agnetom eter s ta t io n s  

and the resu ltin g  m agn etic  f ie ld  at M olina  C rater. A large  cen tered  

m agn etic  anom aly, such as o b serv ed  at M acD ou gal C rater, is  m iss in g ;  

the g e n tle  in c r ea se  in f ie ld  strength from south to north m im ics the trend  

show n on the 4 ,0 0 0 - f o o t  aerom agn etic  map o f J. R. Sumner (F ig . 24) . 

Figure 3 3 , the m easured m agn etic  f ie ld  p lo tted  a g a in s t  a ltim eter  s ta tio n  

e le v a t io n s  sh o w s a c le a r  a ltitu d e  d ep en d en ce  o f  the f ie ld  s tr e n g th . The 

large v a r ia b ility  at 740 fe e t  i s  s im p ly  the reg io n a l spread  from south  to  

n orth . Presum ably a m agn etic  e le v a t io n  co rrectio n  term w ould  e lim in a te  

the e le v a t io n  d e p en d en ce .
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Figure 3 1 . V ertical M agnetic  F ie ld , M olina Crater

Contour in terval 2 .5  gam m as. Surface su rv ey . The d ots mark 
m agnetom eter s ta t io n s . The north arrow is  w ithin a su sp e c te d  crater.
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Figure  32 .  M a g n e t i c  E l e v a t io n  ElfeuL tor M o l in a  Cra te r
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The lack  o f an om alies  on the floor o f M olina Crater im p les the  

a b se n c e  o f a b a s a lt ic  plug feed in g  ea ch  v e n t.

Cerro C olorado

A m agnetom eter survey over m ost o f  the floor o f Cerro C olorado  

rev ea led  no an o m a lies  but rather a sem i-sm o o th  in c r e a se  in f ie ld  strength  

from south  to north (F ig. 3 3 ). The con cen tra tion  o f contour l in e s  along  

the w e s t  w a ll o f the crater floor in d ic a te s  that the b a sa lt  flow  ex p o sed  

there probably co n tin u es north under the rim . Only a very s lig h t  e le v a 

tio n  e f fe c t  is  d e te c ted  a s s o c ia te d  w ith  the north w est v e n t, confirm ing  

that terrain correctio n s for craters co n stru cted  en tire ly  o f tuff are not 

im portant.

The lack  o f a strong anom aly im p lies  that the ven t o f Cerro 

C olorado is  a tuff p ip e w ith  few  s ig n if ic a n t b a s a lt ic  in c lu s io n s . A 

gravity  su rvey  o f Cerro C olorado by J. R. Sumner (personal com m unica

tion) show ed a sm all n e g a tiv e  anom aly due to the lo w -m a ss  p laya  s e d i

m ents and crater f i l l .  The grav ity  data do not a llow  the e x is t e n c e  o f a 

b a s a lt ic  p lu g , w hich  is  in agreem ent w ith the m agn etic  f in d in g s .

Diam ond H ead C rater, O ahu, H aw aii

The m orphology and tephra lith o lo g y  o f Cerro C olorado led  

Shoem aker (G albraith , 1959) and Jahns (1959) to  c o n s id e r  it  a d iatrem e, 

although in the term inology u sed  here the crater w ould  be co n sid ered  a 

maar or tuff r in g . D iam ond H ead Crater (F ig . 34) is  the b e s t  known 

exam ple o f  a tu ff r in g , a crater formed by hydrom agm atic e x p lo s io n s .

The w ater w hich c a u se d  the steam  eruptions w a s  probably con cen tra ted  

in p erm eab le, sa turated  lim e s to n e s  and w a s q u ick ly  superheated  by
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C ontour  in te rv a l  25 g a m m a s . Surface  s u r v e y .
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Figure 3 4 . Aerial View of Diamond Head C rater, O ahu, H aw aii 

Photograph by H aw aii Army N ation al G uard.



r isin g  magma un til in crea s in g  p ressu re  b la ste d  a v en t (Sterns and 

V aksvik , 1 9 3 5 ).

As the orig in  and substructure o f Diam ond H ead are b etter  known  

than th ey  are for Cerro C o lorad o , a r e c o n n a issa n c e  m agn etic  su rvey  w a s  

made a cro ss  Diam ond H ead for com p arison . On July 5 , 1 9 7 1 , D r. D . P . 

C ruikshank of The U n iversity  o f H aw aii and the author made 45 m ea su re

m ents in n orth -sou th  and e a s t - w e s t  l in e s  w ith  a Jalander m agn etom eter. 

M ilitary  b u ild in g s prohib ited  m easurem ents in the northern o n e-th ird  of 

the cra ter . The o b serv ed  m agn etic  f ie ld  is  so  rem arkably uniform over  

th e crater that no m agn etic  map is  n e c e s s a r y . No anom aly w a s  d e te c te d  

a s s o c ia te d  w ith  the floor or rim . A large  p ie c e  o f the rim tuff c a u se d  no 

d e fle c t io n  w hen h e ld  d irectly  b elow  the m agnetom eter, show ing th e  n e g 

l ig ib le  m agn etic  s u s c e p t ib il ity  of the tu ff . T herefore, it appears th at the  

en tire  crater , lik e  Cerro C o lorad o , i s  com p osed  o f tu ff and that th e ven t  

f i l le d  rather than con ta in in g  b a s a lt .

A c r o s s  s e c t io n  o f Diam ond H ead (F ig . 35) b a sed  upon an ad

ja cen t w e ll  lo g , and in c lu s io n s  o f abundant ree f lim esto n e  and fragm ents  

of b asem en t b a sa lt  in the tu ff show  that the fo cu s  o f the e x p lo s io n  w a s  

in the b a s a lt ,  at le a s t  1 ,1 7 8  fe e t  below  the su rface  (Sterns and V ak sv ik , 

1 9 3 5 ).

M oon Crater

Approxim ate n orth -sou th  and e a s t - w e s t  m agnetom eter and a l

tim eter  tr a v e rses  w ere made a cro ss  M oon Crater in April 1971 (F ig . 3 6 ) . 

The terra in -in d u ced  f ie ld  com puted for a s u s c e p t ib il ity  o f 0 .0 0 1  c g s  is  

approxim ately  o n e - f if t ie th  o f the maximum m agn etic  f ie ld  o b serv ed  on
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Figure  35 .  G e o lo g ic  C r o s s  S e c t i o n  o f  D iam ond H e a d  C r a t e r . - -  
From S te rn s  and Vaksvik  (1935)
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Figure  36. '  V er t ica l  M a g n e t i c  F ie ld  C r o s s  S e c t io n  of Moon C ra te r

a - to p o g rap h y ;  b te r ra in  e f f e c t ;  c a s s u m e d  r e g i o n a l  trend; d -  o b s e r v e d  anom aly ;  
e = t e r r a i n  e f f e c t  a d j u s t e d  to  r e g io n a l  t rend ;  f = r e s i d u a l  a n o m a l y .
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the cra ter 's  cen tra l p e a k . Although the o b served  m agn etic  f ie ld  a s s o c i 

ated  w ith the peak is  sim ilar  to a terrain anom aly s ig n a tu re , a s u s c e p t i 

b il ity  o f about 0 .0 5  c g s  w ould be required to acco u n t to ta lly  for the  

o b served  anom aly . This s u s c e p t ib il ity  is  greater by a factor  o f 12 than  

any m easured sa m p le . To make a proper terrain correction  for th e cen tra l 

peak req u ires k n ow led ge o f its  s u s c e p t ib il i ty , but sp atter  c o l le c te d  on 

the peak is  on ly  w ea k ly  m agn etic  (0 .0 0 0 6  cg s) w h ereas d e n se  b a sa lt  

e x p o sed  w here the peak i s  breach ed  is  sim ilar to rim b a s a lts  (0 .0 0 4  

cg s) . U sing a com prom ise v a lu e  o f 0 .0 0 2 5  c g s ,  a terrain anom aly w as  

c a lc u la te d  and then subtracted  from the ob served  anom aly to ob ta in  the 

r es id u a l anom aly (F ig . 3 6 ). The res id u a l anom aly o f the cen tra l peak is  

4 ,7 6 0  gam m as, w ith  a secon d ary  h igh  o f 3 ,9 5 0  gam m as im m ed ia te ly  

south  o f the peak on the fla t o f the cra ter 's  flo o r . M odeling  o f  a b a s a lt ic  

p lu g , o f w h ich  the cen tra l peak is  the to p , lim ited  in w idth by th e  diam 

eter  o f the peak crater requires an u n r e a lis t ic a lly  high m a g n etiza tio n  o f

0 .0 3  c g s  to produce a 4 ,7 6 0 -g a m m a  maximum.

D if f ic u lt ie s  in interpreting m agn etic  data for M oon and other  

craters su g g e s t  that perhaps th e su sc e p t ib il ity  of the su b su rfa ce  rocks  

r e sp o n s ib le  for the anom aly is  greater than the s u s c e p t ib il ity  o f c o l 

le c te d  sa m p le s . S to n e , Amna, and Trible (1971) reach ed  th is  c o n c lu s io n  

after fa ilin g  to ex p la in  m easured an om alies  in the V alley  o f 1 0 ,0 0 0  Sm okes  

u sin g  known th ic k n e s s e s  and s u s c e p t ib i l i t ie s .  This co u ld  p o s s ib ly  occu r  

i f  a m a g n etite -r ich  magma cam e in con tact-w ith  w a ter , o x id iz in g  the  

r is in g  m agm a, w ith  the e s c a p e  o f hydrogen preventing eq u ilib riu m , and 

alterin g  m agn etite  to  h em atite  ( S i l l , p erson a l com m u n ication ). M alah off 

(1969) sp e c u la te s  that H aw aiian  in tru siv e  rock s h ave a greater



77

m agn etiza tion  than su rface  b a s a lts  due to h igh er d e n s ity , greater p h y s i

c a l s ta b ili ty , and a s lo w er  rate o f c o o lin g . W eathering can  a ls o  reduce  

s u s c e p t ib i l i t ie s .  Taylor and Reno (1948) found th at un w eath ered  gran ite  

and quartz m on zon ite  h ave s u s c e p t ib i l i t ie s  20 tim es greater  than w e a th 

ered ex am p les o f th e sam e r o c k s . E q uivocal o b se rv a tio n s  su ch  a s  th e s e  

rein force  the sta tem en t o f Sterns and V aksvik (1 9 3 5 , p . 137) that " v o l

c a n o e s  h ave many h a b its  not su b jec t to m athem atica l a n a ly s is ."



ORIGIN OF PINACATE CRATERS

Summary o f O b servation s

The fo llo w in g  o b serv a tio n s  are co n sid ered  re lev a n t to the origin  

o f the craters o f the P in acate:

1 . The depth o f the cru st near the P in acate  is  about 18 m ile s .

2 . U ltram afic n o d u les  h ave b een  found on M a cD ou ga l's  rim.

3 . Large p la g io c la s e  c r y s ta ls  are common in the la v a s .

4 . E xcept for M oon C rater, the b a sa lt  c l i f f s  e x p o sed  in crater  

w a lls  are below  the le v e l  o f  the surrounding d e s e r t .

5 . C liff  b a s a lts  are approxim ately fla t ly in g  and apparently c o n 

tin u ou s around the crater w a l l s .

6 . If M acD ougal Crater w a s  o r ig in a lly  a fla t-to p p ed  tu ff m ound, 

the volum e o f th e crater i s  about 48 tim es greater than the  

volum e o f  rim d e p o s it s .

7 . S y k e s , E le g a n te , M a cD o u g a l, C e la y a , and B adillo  h ave c in d er  

c o n e s  e x p o sed  on th eir  rims in c ro ss  s e c t io n  on top o f c l i f f 

forming b a s a l t s .

8 . C e la y a  and M olina Craters are com p osed  o f  at l e a s t  two c o 

a le sc in g  d e p r e s s io n s .

9 .  M oon Crater h as on e or more rem nants o f c in d er c o n e s  on it s  

rim . A c in d er co n e  breaks the rim o f B a d illo .

1 0 . Cerro C olorado and M olina had major o ff -c e n te r  v en t eruptions  

s ig n if ic a n tly  after the in it ia l crater-form ing a c t iv ity .
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1 1 . N e a r -v e r tic a l d ik es  ex ten d  through M acD ou gal b a s a lts  and tu ff 

b e d s .

12 . V ertical fa u lts  are e x p o sed  su b p ara lle l to the w a lls  o f Kino. 

M olina h a s  h ig h , v e r t ic a l , sca rp lik e  w a l l s .

1 3 . A b lock  o f E legante tuff b ed s h as foundered in to  th e c ra ter . 

C o lla p se  o f s e c t io n s  o f the inner w a ll o f Cerro C olorado h as  

in c r ea se d  the crater d iam eter over the la s t  40 y e a r s .

1 4 . Rim b ed s are apparently b a s a lt ic  t u f f s . Cerro C olorado i s  com 

p o sed  o f s id erom elan e and p a lo g o n ite .

1 5 . S even  P in acate  craters are on a w e s t  to north w est-tren d in g  arc 

approxim ately  20 m ile s  lo n g .

1 6 . The la r g e , s t e e p , m agn etic  anom aly at M acD ou gal Crater is  

b e s t  m od elled  by a su b su rfa ce  cy lin d er  o f b a s a lt .  The la ck  o f  

a gravity  anom aly i s  e x p e c ted  from the b a s a lt ic  p lu g 's  depth  

and sm all s i z e .

1 7 . M oon C rater's cen tra l peak" is  a strong m agn etic  anom aly . 

M agn etic  and m orphologic e v id e n c e  in d ic a te s  other v e n ts  in a 

n orth -sou th  l in e .

1 8 . C inder c o n e s  are so u rces  o f a very large  m agn etic  a n o m a lie s .

1 9 . M olina  and Cerro C olorado (and, for com p arison , Diam ond  

H ead in H aw aii) h ave  no m agn etic  e x p r e s s io n s .

O rigin o f Cerro C olorado

The fo llo w in g  reco n stru ctio n  o f Cerro C olorad o 's d evelop m en t  

a ccord s w ith  Shoem aker's (Shoem aker, Roach, and B yers, 1 9 6 2 , and in  

G alb raith , 1959) d e scr ip tio n  o f  maar form ation . The fir s t  eru p tive  s ta g e



80

in  the d evelop m en t of Cerro C olorado w a s probably sim ilar  to the ven t  

o p en in g , v io le n t , g a s e o u s  d isc h a r g es  o f N ilah u e  (M uller and V ey l,

1 9 5 7 ). This g a s  p h a se  may h av e  derived  from b a s a lt ic  m agm as rich  in 

w ater and other v o la t i le s  (as at H opi B u tte s ) , or, a s  w il l  be s e e n  b e lo w , 

may h ave resu lted  from r isin g  magma or i t s  harbin ger, h ea t "fla sh in g"  

ground w ater in to  s tea m , as occurred at Diam ond H ead . At both N ilah u e  

(M liller and V eyl, 1957) and S u rtsey  (T horarinsson , 1967) th e  eru ption s  

w ere s ta c ca to ; one to three m inutes of p ressu re  in c r e a se  w ould  fin a lly  

r e su lt  in  an e x p lo s iv e  e x p u ls io n  o f steam  and c lo u d s  b lack  w ith  tep h ra . 

A d eco m p ress io n  w ave  propagated downward w hen the su rfa ce  w a s  

b rea ch ed . R ising g a s  bubbles expand ed  and c o a le s c e d ,  en tra in in g  frag

m ents of d e g a s se d  magma and creatin g  a flu id iz e d  sy stem  in w hich  

sp a lle d  w a ll fragm ents and magma p a r tic le s  ro se  or s a n k , depend ing  on 

the d e n s ity  and v e lo c ity  o f the s y s te m . A b rasion , s p a l l in g , and slum p

ing en larged  the v e n t. U ltr a -v e s ic u la te d  magma w a s  e je c te d  to great  

h e ig h ts  w ith  the h ea v ier  p a r tic le s  fa llin g  around the v e n t, co n stru c tin g  

an ash  rim . Rounded b a s a lt ic  b lo c k s  em bedded in the rim a t te s t  to  e x 

te n s iv e  flu id iz a tio n  (F ig . 1 2 ). Both b a se -su r g e  and a ir - fa ll  d e p o s it io n  

o f a sh  occu rred , bu ild in g a sid erom elan e  rim dipping inward and ou t

ward (F ig . 22; and W aters and F ish er , 1 9 7 0 ). Presum ably ea ch  o f the  

s ta c c a to  eruptions d e p o s ite d  a s in g le ,  th in tu ff la y er  on the rim .

W hether Cerro C olorado w a s a tuff co n e  or tu ff ring at the end  

o f th is  s ta g e  o f a c t iv ity  is  not k n ow n , but c o lla p s e  o ccu rred , truncating  

th e inw ard-d ipp ing tu ffs and crea tin g  the sh ear c l i f f s  s t i l l  e x p o se d  on 

the n orth east inner w a ll o f the c r a te r . This in terpretation  d iffers  from 

Shoem aker's sta tem en t in G albraith  (1959) that su b s id e n c e  did not occu r
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after the e x p lo s iv e  a c t iv ity . The c o lla p s e  probably resu lted  from the  

ev a cu a tio n  o f the magma cham ber as the tuff w a s  eru pted , thus rem oving  

support from below  the c o n e . But c o lla p s e  did not occur s im u lta n eo u sly  

w ith  the eruption for th e se  early  tu ffs  do not drape the c o lla p s e  sc a r p s .

Erosion g u llie d  the crater rim and p erco la tin g  rainw ater began  

to a lter  s id erom elan e to p a la g o n ite  , a s  in v e s tig a te d  by Hay and lijim a  

(1970) in H a w a ii. Then, northw est o f Cerro C olorad o's cen ter  a new  

ven t resum ed the eru p tion , spraying out more tu ff b r e c c ia s , perhaps as  

a b a se  su rg e , w hich  p la stered  the w a lls  and ta lu s  o f the c o lla p se d  

crater , bu ild ing up the h igh  south s id e  o f the rim and b la stin g  low er the  

cra ter 's  north w a l l . At Cerro C olorado, a s  at Diamond H e a d , a s in g le  

w ind d irection  dom inated during the w e ek s  or m onths of interm ittent 

eru p tio n , resu ltin g  in a high rim to the south (F ig s . 22 and 3 4 ). Again 

c o l la p s e  occurred at Cerro C olorado, and much of the tu ff ven eer  slum ped  

aw ay from the ea rlier  c o lla p s e  c l i f f s .  The new ven t did not su b s id e , but 

the approxim ately 2 0 -fo o t-h ig h  scarp betw een  it and the main floor sh ow s  

th at the main crater floor did and perhaps s t i l l  i s .  G ully ing  resum ed and 

c o n t in u e s , and slum ping of the m a ss iv e  south w a ll h a s  p rogressed  n o t ic e 

ab ly  s in c e  I v e s 's  fir st v i s i t  to Cerro C olorado in 1931 (I v e s , p erson a l 

com m u n ica tion ).

The lack  o f a m agn etic  anom aly im p lies  that a ll  o f  the a v a ila b le  

magma v e s ic u la te d , ev en  that in the feed er  p ip e , w hich  is  therefore tuff 

f i l le d .  The grav ity  low  is  a lso  ex p la in ed  by the alluvium  and tuff b recc ia  

f il l in g  of the crater floor (J. R. Sumner, p erson a l com m u nication).

Jahns (1959) term ed Cerro C olorado a "m iniature caldera" b e 

c a u se  o f the c o lla p s e  w hich o ccu rred . W aters and F ish er  (1970) co n sid er
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the v a lco n o  a maar due to  th e bedding c h a r a c te r is t ic s . Shoem aker (in 

G alb raith , 1959) c a lle d  Cerro C olorado a d iatrem e. In v iew  o f the pri

m arily co n stru c tio n a l nature of Cerro C olorado— the floor i s  nearly  50 

fe e t  above the surrounding p la y a — and the fa c t that sim ilar  fea tu res in 

O regon and Icelan d  h ave su ffered  c o l la p s e , I su g g e s t  that the p resen t  

v o lca n o  is  a tuff r in g .

Iv es  (1935) reported that " v io len t eruptions" w ere aud ib le  to  

the p eo p le  o f S on oyta , Sonora, in early  January 1935 , fo llow in g  a s e r ie s  

of se v e r e  earthquakes cen tered  in the G ulf of C aliforn ia  on D ecem ber 3 1 ,

1 9 3 4 . This is  the b a s is  for s ta te m e n ts , such as th o se  o f Lorenz e t a l .  

(1 9 7 0 ), that eruptions h ave rec e n tly  occurred in the P in a c a te . H ow ever, 

Iv es  (p erson al com m unication) com m ented that he and G lenton  G . S yk es  

found sm a ll, fresh  fau lt scarp s in alluvium  that w ere o b v io u s ly  new but 

no s ig n s  o f recen t v o lc a n ic  a c t iv ity  on a P inacate trip made soon  after  

the 1934 ea rth q u a k es . Plum es of sm oke near the P in a c a te , reported ly  

s e e n  in Sonoyta at the tim e of the earth q u ak es, presum ably w ere c lo u d s  

of d u st thrown into  the air by th e  sudden fa u ltin g . H ayden (personal 

com m unication) recou n ts a d ifferen t origin  for the "sm oke" reported in

1 9 3 5 . Don A lberto C e la y a , a resp e c ted  resid en t of S on oyta , told  H ayden  

that h is  (C e la y a 1 s) father and som e other p eo p le  w ere exp lorin g  a P ina

c a te  la v a  tube in the 1 8 7 0 's .  A young boy dropped h is  torch ign itin g  the  

f lo o r -co v er in g  guano w h ich  burned for more than a year and sen t up a 

colum n o f b lack  sm oke w hich  th e p eo p le  o f Sonoyta s t i l l  ta lk ed  about in 

1 9 3 5 .

The seq u e n c e  o f e x p lo s iv e  eruption , con e  b u ild in g , and c o l 

la p s e  that Jahns (1959) d i s c u s s e s  for P in acate  craters f it s  a ll a v a ila b le
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Cerro C olorado.
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Origin of E leg a n te-ty p e  Craters 

E leg a n te -ty p e  craters can be regarded as maars en larged  by 

c o l la p s e . The m ost important ob serv a tio n  concern in g M a cD o u g a l, the  

E leg a n te -ty p e  crater exam ined in th is  stu d y , and P in aca te  craters w ith  

sim ilar m orph olog ies i s  that the b a sa lts  e x p o sed  in the w a lls  are appar

en tly  f la t ly in g  and co n tin u o u s . This d isa g r e e s  w ith  I v e s 's  (1964) su g 

g e s t io n  that each  vent w as the sou rce of e ffu s iv e  la v a  f lo w s . The 

c liff-fo rm in g  b a sa lts  are not derived  from the crater-form ing p r o c ess  but 

rather are p enetrated  by f ie ld  b a s a lt s .  Cerro C olorad o , by co n tra st, w as  

apparently formed at the ed g e  o f th e lava  fie ld  f lo w s , and b a sa lt  is  e x 

p o sed  on ly  along the w estern  inner w a ll .

A common feature o f M acD ou gal and m ost other P in acate craters  

i s  a b ou ld er-strew n  rim (F ig s . 11 , 1 6 , and 1 9 ). It w ould be d iff ic u lt  to  

ex p la in  how  th e se  b a sa lt  bou lders cou ld  have b een  e je c te d  after the for

m ation o f the tu ff. H ow ever, F igures 6 and 12 ex p la in  th eir  p r e s e n c e . 

Boulders e je c te d  from the ven t at the sam e tim e the tuff w a s e x p e lle d  

w ere em bedded in the tu ff la y e r s . As ero sio n  p r o c e e d s , the tu ff is  

broken down into  d u st w hich  is  carried away by the w in d , w h ile  the  

b a sa lt  b ou lders accu m u late  on the current rim.

It i s  u n lik e ly  that the in it ia l e x p lo s iv e  v en ts  w ere a s  large a s  

the p resen t craters; K rakatoa's or ig in a l e x p lo s io n s  com e from a 1 0 0 -fo o t  

o r ific e  w hich  w a s  en larged  by engulfm ent and su b s id e n c e  to 4 m iles  

(Bullard, 1 9 6 2 ). B eca u se  o f M a cD o u g a l1 s boulder-strew n rim, one
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in terpretation  is  th at a resu rg en ce  o f e x p lo s iv e  eru p tiv ity  en larged  M a c-  

D o u g a l's  o r ig in a l v e n t, producing the o n e -m ile -d ia m e te r  cra ter . This 

sp e cu la tio n  w a s  in sp ired  by the large quantity and s iz e  o f b lock y  e je c ta  

blow n out o f H alem aum au, H a w a ii, by the 1924 s te a m -b la s t  eru ption . 

H ow ever, 99 p ercen t o f the in c r ea se  in the diam eter o f Halemaumau re

su lted  not from the eruption but from sim u ltan eou s c o lla p s e  triggered  by  

the rem oval o f  m agm atic support a s  magma m igrated into the rift zon e  

(M acD onald and Abbott, 1 9 7 0 ).

N e a r -v e r tic a l b a s a lt ic  c l i f f s ,  K ino's co n cen tr ic  fa u lt , foundered  

tu ff in  E leg a n te , and the d e f ic ie n c y  o f rim tu ffs  as com pared to M a c-  

D o u g a l's  crater volum e in d ica te  c o lla p s e  a lso  occurred in the P in acate  

c ra ter s . Jahns (1959) and Iv es  (1964) co n sid er  E leg a n te -ty p e  craters  

ty p ic a l c o lla p s e  ca ld era s in accord an ce  to W illia m s' (1941) theory o f  

c o l la p s e .  This im p lie s  that the c o l la p s e s  occurred into la c c o l i th - l ik e  

magma cham b ers, a s  illu stra ted  in Figure 37A. D ia z  i s  e s p e c ia l ly  in 

tr igu in g , b e c a u se  it  may be a tu ff mound w hich  n ever c o l la p s e d . But 

Kuno e t a l .  (1971 , p . 23) co n c lu d e  from d rillin g  co res  and ro a d -cu t c r o ss  

s e c t io n s  that H ak on e, a Jap an ese  ca ld era  o f the Krakatoa ty p e , su b sid ed

. . . a long a co m p lica ted  sy stem  o f co n cen tr ic  fa u lts  com bined  
w ith  t ilt in g  o f in d iv id u a l fau lt b lo ck s  toward the m iddle o f  the  
c a ld e r a . The magma reservo ir  into w hich  the fau lt b lo ck s  sank  
probably had a sh ap e o f  a cu p ola  w ith  a diam eter com parable  
to or a l i t t le  sm aller  than the diam eter o f th e c a ld e r a .

(See Figure 37B .) This i s  not u n lik e  the type o f  su b s id e n c e  a lon g  ring

fractures (or w ith ou t them) d e te c ted  in many m aars (F ran cis , 1 9 7 1 ).

T herefore, c o l la p s e  a lo n e  d o es  not d ifferen tia te  b etw een  ca ld era s  and

m a a rs.
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Figure 3 7 . M od els of C aldera C o lla p se

A: c o lla p s e  into la c c o l i th - l ik e  cham ber as en v is io n e d  by 
W illiam s (1941). B: c o lla p s e  along ring fau lts  into cu p o la lik e  magma 
chamber (Kuno e t a l . , 1971) .
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The g e o p h y s ic a l  surveys provide information concerning the su b 

surface  o f  P inacate  craters and perhaps in d ica te  w hether th ey  are maars 

or c a ld e r a s .  Table 4 p resen ts  gravity and m agn etic  anom alies  of c a l 

d e r a s ,  m aars, and a meteor crater for com parison w ith P inacate  cra ter s .

Three com m ents by W illiam s and McBirney (1968) should be  

s t r e s s e d  concerning th e s e  anom alies:

1 . N e g a tiv e  gravity  an om alies  in Krakatoan ca ld era s  resu lt  from 

su p er f ic ia l  f i l l in g  of ca ldera  floors with b recc ia  rather than 

from major m ass  d e f ic ie n c ie s  in the subsurface  structure.

Crater Lake and Apoyo w hich  do not h ave  gravity low s have  

only  a thin layer  of s e d im e n ts .

2 . Gravity and m agnetic  anom alies  a s s o c ia te d  with H aw aiian  

ca ld era s  arc primarily due to the v o lc a n ic  s h ie ld s  rather than 

to  the ca ld eras  th e m s e lv e s .

3 .  S m all, sharp m agnetic  an om alies  not a s s o c ia te d  w ith  gravity  

h ig h s  e x i s t  in som e Japan ese  ca ld eras; they  are interpreted  

a s  grav im etr ica lly  in s ig n if ic a n t  buried c o n e s  or in tr u s io n s .

An add ition al comment by the author is  that the large m agn etic  f ie ld  of 

the Linhorka diatreme i s  due to a b a s a lt ic  intrusion into the b recc ia  

p ip e .  P resen ce  or a b s e n c e  o f  such intrusions may a ls o  ex p la in  the  

M acD ou gal m agn etic  high and the lack of m agnetic  anom alies  (and pre

sumably intrusions) in Cerro Colorado, M olin a , and Diamond H ead .  

Furthermore, M acD ou gal or any other crater c o n c e iv a b ly  could  have  a 

la v a  lake  floor (s im ilar to  Halemaumau) covered  with s ed im e n ts ,  but 

such a contin uous s la b  cou ld  not be d e te c ted  g e o p h y s ic a l ly .  Such lava  

la k e s  o c c a s io n a l ly  occur in ca ld era s  and maars (O llier , 1967).
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Table 4 .  Gravity and M agn etic  Anom alies o f  Craters

N am e, Location
S iz e
(km)

Gravity
Anomaly

(mgal)

M agn etic
Anomaly
(gamma)

Crater
Type Reference a

Tow ad a ,  Japan 8 x 9 -1 0 b 1000 Krakatoan 1 ,2

H a k o n e , Japan 10 -1 0 b 1000 Krakatoan 1 ,2

Akan, Japan 1 3 x 2 4 -2 5 1

Kuttyaro, Japan 20 x  7 -1 6 Krakatoan 1

Toya, Japan 10 -1 4 Krakatoan 1

A so , Japan 1 6 x 2 3 -2 0 Krakatoan 1

Aira, Japan 20 -3 0 Krakatoan 1

S k ik o tsu , Japan 15 -2 0 Krakatoan 1

Crater Lake, Oregon 8 x 1 5 0 to - 5 Krakatoan 1

M o go llon  P la teau ,  
N ew  M ex ico

125 -6 0 V olcano-
te c to n ic
com plex

3

Ambrym, N ew  
H ebrides

13 - 1 2 b 600 G le n c o e 4

Apoyo, N icaragua 5 x 6 + 30 1

O -S im a , Japan 3 x 4 +  9 strong Krakatoan 1 ,5

M a s a y a , N icaragua 1 1 x 6 + 25 <■-'0 M asayan 1

Mauna Loa, H aw aii 4 x 3 + 100 H aw aiian 1

K ilau ea , H aw aii 4 x 3 + 60 H aw aiian 1

Lania, H aw aii 3 x 4 +40 H aw aiian 1

Kauai, H aw aii 1 6 x 2 0 +90 H aw aiian 1

Linhorka, 0 .2 6 1 o to cn 1200 Diatreme 6
C z e c h o s lo v a k ia
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Table 4 .  — (Continued)

N a m e , Location

Gravity  
S iz e  Anomaly 
(km) (mgal)

M agnetic
Anomaly
(gamma)

Crater
Type R e fe r e n c e a

N ova Trubka, 
C z e c h o s lo v a k ia

0 .1 1 30 Diatreme 6

Granatoryurch, 
C z e c h o s lo v a k ia

0 .2 9  - 0 . 3 120 Diatreme 6

D reiser  W e ih e r , 
Germany

1 . 4 x 1 . 2 190 Maar 6

M a cD o u g a l,
M ex ico

1 .7  0 1000 Maar 7

M olin a , M ex ico 0 . 6 , 0 . 3 /V  0 Maar 7

M oon, M ex ico 0 .6 4760 Ring d ik e(? ) 7

Cerro C olorado, 
M ex ico

1 .0 - 0 Tuff ring 7

Diamond H ead  
H aw aii

1 .1 -v 0 Tuff ring 7

M eteor  Crater, 
Arizona

1 .2  - 0 . 7 5 30 M eteor
crater

8

a . R eferences: 1— W illiam s and McBirney (1968); 2— M alahoff  
(1969); 3— Elston (1971); 4 — M cC a ll  e t a l .  (1971); 5— Kuno (1962);
6— Lorenz e t  a l .  (1970); 7— th is  paper; 8— Van Lopik and G eyer (1963).

b .  D e n o te s  aerom agnetic  data; a l l  others surface  m easu re
ments .
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Some o f  the d iatrem es l i s te d  have  gravity  and m agnetic  anoma

l i e s  s im ilar to the P inacate  c r a t e r s . This ob servat ion  s u g g e s t s  the maar 

d e s ig n a t io n .  The vert ica l  ring d ik es  (?) ob served  around M acD ougal may 

w e l l  be c o l la p s e  fractures f i l le d  w ith  m agm a. Additional c ircu m stan tia l  

e v id e n c e  in d ic a te s  the P in acate  craters are maars rather than c a ld e r a s .  

Figure 3 8 ,  from Pike (1971), p lo ts  the re la t ion sh ip  b etw een  rim 

h e ig h t /c r a te r  depth and crater diam eter for terrestria l and lunar c ra ter s .

I h ave  added to th is  diagram M acD ougal and M oon, both o f  w hich  fa ll  

into the maar f i e ld ,  co n s id era b ly  sep arated  from the ca ldera  f ie ld .  And 

f in a l ly ,  con s id er in g  that large maars and sm all ca ld eras  overlap in the  

diam eter range 1 to 3 km and that su b s id e n c e  occu rs  in both , I concur  

with Francis (1971) that the main b a s i s  for the c la s s i f i c a t io n  o f  maars 

and c a ld e ra s  should  be magm atic a s s o c ia t io n — i . e .  b a s ic  and acid  

r e s p e c t iv e ly .

Origin of M olina Crater

M olina i s  sim ilar to E leg a n te -ty p e  c r a te r s , e x c e p t  that there 

i s  no m agn etic  anom aly a s s o c ia t e d  with its  f loor . M olina may be an end  

member o f  the s eq u e n c e  M a cD o u g a l , S y k e s ,  E legante (all w ith  previous  

c inder  con e  v e n ts  e x p o se d  in their w a l l s ) , C e laya  (com posed of two d i s 

t in ct  c o a le s c in g  c r a t e r s ) , and M olina  (com posed of m ultiple  c o a le s c in g  

c o l la p s e s  and a more recen t overlapping c o l la p s e ) .  M oon, B ad illo , and 

Cerro Colorado erec ted  c inder  c o n e s  and v en ts  after the main crater for

mation period e n d e d .  Fresh lava  mounds on the  w e s t  rim of M acD ougal  

and lo o s e l y  c o n so l id a te d  c inder  d e p o s it s  on E leg a n te 's  so u th ea s t  rim
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D iag ram  from P ike  (1971) w ith  M a c D o u g a l  ( ^  ) and  Moon 
C r a t e r s  (•?-'£) p l o t t e d  a lo n g  w i th  c a l d e r a s  ( o  ) ,  m a a r s  ( 4- ) , c i n d e r  
c o n e s  ( o ) ,  no rm a l  lu n a r  c r a t e r s  ( * ) ,  f lo o d e d  lu n a r  c r a t e r s  ( V ) , lu n a r  
dome p i t s  ( 0  ) ,  e x p e r i m e n t a l  e x p l o s i o n  c r a t e r s  ( o ) ,  and  m e te o r i t e  
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91

Evidence for at l e a s t  two p h a se s  o f  c o l la p s e  a c t iv ity  in M olina  

Crater h as  been p resen ted . The fact that a ll  o f  the low er b a s a l t ic  c l i f f s  

o f the southern com plex  are ta lu sed  over and m ost o f the northern crater's  

c l i f f s  are not im p lies  that the c o l la p s e  o f  the two s e c t io n s  of the crater  

w a s  sep arated  by a su b sta n tia l  amount of t im e . S im ilarly , the sou th 

w estern  c l i f f s  o f the southern c o l la p s e  have  l e s s  ta lu s  b lanketing  than  

the north east s id e  and thus th e s e  two e lo n g a te  crater forms probably o c 

curred at d ifferent t im e s .  Indeed , the northeast structure apparently w a s  

two ind iv idual c o l la p s e s  for the stump o f  the m iss in g  common w a ll  i s  

s e e n  as  an irregularity along the north east w a ll  (Fig. 3 1 ) .

C o a le s c e n t  craters are common among maars and tuff rings  

( e . g . ,  Salt Lake Crater, H aw a ii ,  and Katwe e x p lo s io n  c r a te r s , Uganda) 

and the "com posite"  crater o f  Ale Bagu, Ethiopia d escr ib ed  by Barberi 

and Varet (1970) is  very s im ilar to E leg a n te -ty p e  c r a t e r s .

D o e s  the lack  of m agn etic  anom alies  on the floor of M olina  

imply it i s  fundam entally  d ifferent from M acD ou gal?  N ot n e c e s s a r i ly  

for, a s  Francis  (1971) h a s  s h o w n , c lu s tered  S co tt ish  d ia trem es , pre

sum ably produced under sim ilar  c o n d it io n s ,  may or may not h ave  centra l  

ig n eo u s  in t r u s io n s . If a l l  of the magma in the chamber a s s o c ia t e d  with  

M olina w ere  e x p e l le d ,  none would remain to  be intruded. A lso ,  it  i s  not 

y et  known if  other E leg a n te -ty p e  craters have large m agnetic  an om alies;  

perhaps M acD ou gal i s  unique in th is  r e s p e c t .

There i s  an approxim ately  1 0 0 0 -fo o t-d ia m eter  d e p r e ss io n  near  

the north s id e  o f  M olina  Crater (Fig. 3 1 ,  w hite  patch under north arrow). 

This h a s  a low  rim made up of the sam e material as  the b lanket around
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M o lin a . This may be an older c o l la p s e ,  a lm ost f i l le d  in by d eser t  sand  

and a lluv ium .

In summary, it  appears that E legan te , Cerro C o lorad o , and 

M olina type craters h a v e  sim ilar m echanism s o f  formation but have  mor

p h o lo g ica l  d if feren ces  due to variation  in numbers o f  v e n ts  and c o l la p s e  

cen ters  and degree  of ero s io n  and c o l la p s e .

Origin of Moon Crater

Unique among P in acate  cra ter s ,  Moon has d e n s e ,  unstructured  

rim b a s a l t s  projecting above the surrounding terrain , a large c in d er -co n e  

cen tra l p ea k , and no ex p o sed  rim t u f f s . The b a sa lt  rim cannot be p en e 

trated f ie ld  b a s a l t s ,  and its  m a s s iv e  coherency  argues a g a in s t  it  being  

an e je c ta  p ile  from a central v e n t .  The lack  of rim tuffs and the p resen ce  

of d e n s e ,  v e s i c l e - f r e e  la v a s  and bombs in d icate  Moon Crater w a s  not a 

s i te  o f g a s -c h a r g e d  eruptions nor did the r ising magma apparently inter

act with the w ater tab le  e x c e p t  perhaps during the r im -vent eruption  

w hen tuff w a s  p rod u ced . As the crater's  floor i s  s l ig h t ly  h igher than the  

surrounding d eser t  and there are no b a s a lt ic  c l i f f s ,  c o l la p s e  apparently  

did not o c cu r .  The cinder co n e  is  only one o f  a s e r ie s  o f four v en ts  

a lign ed  approxim ately  para lle l  to  Basin  and Range fra c tu res .  Moon 

Crater should  not be  co n s id ered  a maar b e c a u se  the rim d o e s  not appear  

to  have  been  produced by eruption from a central vent nor d o es  the crater  

cut into the pre-eruption  s u r fa c e . P r o v is io n a lly ,  Moon Crater is  c o n 

s id ered  a ring dike w ith a c in d e r -c o n e  central peak (F ig . 3 9 ) .



RING DIKE MODEL OF MOON CRATER

Figure  39 .  R in g -d ik e  M o d e l  for Moon C ra te r

The c e n t r a l  p eak  is  a c i n d e r  co n e  b u i l t  up of p y r o c l a s t i c  e j e c t a .  
The v e n t  to  th e  l e f t  d id  no t  r e a c h  th e  s u r f a c e .  D ik e s  f eed ing  th e  rim did  
not r e s u l t  in a l in e  of c in d e r  c o n e s  b u t  b u i l t  up m a s s i v e  b a s a l t  w a l l s ,  
h e r e  show n  c o v e r e d  w i th  w in d b lo w n  s a n d  and a s h  from th e  c e n t r a l  p e a k .
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T ecton ic  Control of P inacate  Volcanism

Although there is  d isagreem en t whether v en ts  in the P inacate  

are a lign ed  with trends o f  Basin  and Range fracturing (J. R. Sumner,

1971; Green and Short, 1971). Ives  (1935) pointed  out that the s ev e n  

northern craters defin e  a w e st-n o r th w est -tren d in g  arc approxim ately 20 

m ile s  long (Fig. 2 ) .  Ives  (personal com munication) su g g e s te d  that the  

Sonoyta  River had two prev ious c o u r s e s . O rig inally  it  flow ed w estw ard  

through the area of the p resen t cen ter  o f the P inacate  m assif;  then it 

w a s  d is p la c e d  northward by eruption of the great th ic k n e s s  o f la v a  f i l l 

ing in the or ig ina l stream v a l le y  to a chann el marked by the p resen t  

string of c r a t e r s . After the northern crater-forming eru p tio n s ,  it  w a s  

d e f le c te d  southward to its  p resen t c o u r s e . Although it is  d if f icu lt  to 

confirm the earlier  paths of the Sonoyta in d e ta i l ,  I v e s ' s  s u g g e s t io n  is  

supported by two o b se r v a t io n s .  The northern sh ore lin e  o f  the Bahia de 

Aduar (Fig. 1) i s  broken by an abandoned estuary in approximate a l ig n 

ment w ith  the w est- tren d in g  portion o f  the Sonoyta and the P inacate  

crater arc. S e c o n d ly ,  a w e l l  dug at a ranch ju s t  beyond the ed ge  of the  

su r fa ce  l a v a s ,  a long the track from M ex ico  2 to M a cD o u g a l,  penetrated  

40 f e e t  o f  s i l t  and s e d im e n t s , 40 fe e t  o f  b a s a l t ,  and 490 fe e t  o f river  

v a l le y  alluvium  and a sm all amount o f  c in d ers  (H ayden, p erson a l com 

munication) . This alluvium  apparently marks a p rev ious co u rse  o f  the  

Sonoyta  River.

A ccep ta n ce  o f  I v e s ' s  theory im p lie s  that the northern P inacate  

craters  resu lted  from phreatom agm atic eru p tion s , as  did nearly  a l l  maars 

and tuff r ings in the w estern  United S ta te s  (Waters and F ish er ,  1970) 

and H aw aii (Sterns and V aksvik , 1935). This theory ex p la in s  that
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eruptions occurring after the crater-forming one produced cinder c o n e s ,  

su ch  as  the one breaking B ad illo 's  rim, b e c a u s e  the w ater tab le  had  

b een  lo c a l ly  d e p le te d ,  but it  d oes  not exp la in  why p rev ious eruptions  

in the area of each  crater produced on ly  cinder c o n e s .  Nor d o es  it e x 

p la in  the origin of tu ffs  e x p o sed  on P inacate  Peak ( Iv e s ,  1964), the rim 

vent at M oon , nor the rim of E legan te , a ll  south of the proposed former 

ch an n el o f  the S on oyta . As b a s a l t ic  tuffs (siderom elane) are on ly  pro

duced by phreatom agmatic eru p tion s , the vents  r e sp o n s ib le  for th e s e  

tuffs must h a v e  in ter sec ted  the w ater tab le  or the magmas w ere  rich in 

w ater . N either  of th e s e  a ltern a tiv es  exp la in  why v en ts  near the craters  

fa i led  to produce tu f fs ,  and add ition a l e v id e n c e  is  not a v a i la b le .

The lo c a t io n  of the entire P inacate  v o lc a n ic  f ie ld  is  s u g g e s 

t iv e ly  c l o s e  to the Gulf of C alifornia  and its  spreading r i s e s  and trans

form fa u l t s .  Recent e v id e n c e  in d ic a te s  that a subduction  zon e  dipped  

under w estern  America, g iv in g  r is e  to low er and middle C e n o z o ic  an

d e s i t i c  v o lca n ism  and la te  C e n o z o ic  b a s a lt ic  v o lca n ism  (Lipman,

Prostka, and C h r is t ia n se n ,  1971); the Sierra del P in acate  appears to be 

part of th is  b a s a l t ic  s e q u e n c e .  A variation  on the p late  t e c to n ic s  theory  

i s  the su g g e s t io n  of H ey and Morgan (1971) that the P inacate  lava  f ie ld  

i s  p resen tly  over a stationary mantle hot spot w h ich  p rev io u s ly  produced  

v o lca n ism  at the San Juan Seamount and at the Southern C alifornia  C on

tin en ta l Borderland Province as the North American p la te  m oved w estw a rd .  

H ow ever , such sp ecu la t io n  i s  more e x o t ic  than required , s in c e  J. R. 

Sumner (1971) h a s  shown that the P inacate  f ie ld  is  lo c a ted  at the inter

s e c t io n  o f  the north w est-trend ing  Basin and Range fau lts  and an e a s t -  

north east m agn etic  structure a lign ed  with  sm all  graben near Bahia de l



Aduar. Therefore, p la te  a c t iv ity  may be the sou rce  o f  the magma, and 

fractures o f  d iv er se  origin r e sp o n s ib le  for providing a path to the sur

fa c e  for the m agm a.
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