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VIKING ROCKE T  PHOT OGRAPH OF ARIZ ONA, 
C ALIFORNIA AND NORTHERN MEXIC O WEST OF TUC SON, ARIZONA 

Thoma s W .  Mitcham 
Unive r sity of Arizona 

GENERAL 

The photog raph shown in figure 1 i s  an expo sure ac ro s s  s outhwe stern Arizona 
from a point ove r the W hite Sands area of N ew Mexic o  at 142. 3 mil e s  above s ea level. 
A modified K - 2 5  c am e r a  with a focal length of 1 6 3 mm. was u se d. The area c ove r e d  
by figure 1 i s  s omewhat le s s  than that o f  the o riginal negative.  

GE OGRAPHY 

The g eog raphy of the s e c to r  of the earth shown on the photog raph i s  outline d  on 
figure lA and a few prominent feature s are labele d  to help orient the r eade r .  Other 
feature s c an be  r eadily r e c og ni z e d. For example ,  the snow-cappe d  San Jac into, 
San B e rnardino, and San Gab riel Mountains ,  no rthwe st of the Salton Sea, a r e  e a s ily 
i dentified and the Sie rra Nevada can be s e en immediately east  of the San Joaquin 
Valley on the right - hand border of the photog raph. 

The larg e farming area of the Gila, Santa C ruz,  and Salt Rive r Valley s .i s  identi
fied by it s di stinctive mo saic patte rn. Thi s wide belt extends from Tuc s on north and 
we st to beyond Pho enix. Small- s c ale featu r e s  as detailed as the mill tailing s ponds 
at Aj o,  Hayden, and in the Glob e - Miami di strict can be identifie d. 

A few s catte r e d  clouds are s e en in the r ight-hand fo reg round and many a r e  in 
the di s tanc e ove r the Pac ific Ocean. Lo s Ang el e s  appear s to be hidden in smog . 
T he haz e  zone above the hor izon mak e s  a rathe r s ha rp c ontact with the clear ( blac k) 
area  above it. Thi s  c ontact i s  e stimate d to be  approximately 1 0  mil e s  above the 
horizon and i s  probably the tropopaus e,  i. e . , the ba s e  of the strato sphe r e ,  a layer  
wher e  dus t  c ontent drops  off sha rply. 

GEOMORPHOLOGY 

In the part of the Sono r an de s e rt which lie s  within southwe s te rn Arizona, the r e  
are n o  ba�in s  of interior  drainag e and the plains between bajadas a r e  flood plains o r  
adobe flats r ather than playa s .  The b road, c one-like bajada s slope from adjac ent 
m ountains to inte r s ec t  and form a patte rn of arcuate inte r s e c tions ,  locally marked 
c onspicuously by dark areas  or line s of veg etation. The arcuate inte r s e ctions form 
almo st perfect  c ir cl e s  and ellip s e  s around individual rang e s  o r  cluste r s  of rang e s .  
T heir  individual shap e s  and s ize s show the extent o f  depo s ition c oming from indivi
dual rang e s  and sugg e st the influenc e of diffe r enc e s  in r elief of adj ac ent rang e s  and, 
po s sibly, the i r  r elative ag e s .  Whe r e  the inte r s ection fo rms a straight line, it 
sugg e st s  that the inte r s ecting bajada c one s are expanding laterally at about the s ame 
rate. W he r e  one bajada front i s  c oncave toward o r  appea r s  to  be taking a bite out 
of anothe r ,  it repre s ents the dominant sour c e  of debri s .  

The main elements o f  s outhwe stern Arizonal s drainag e system a r e  shown on 
figure lAo Most  of the wate r supply c ome s from a mountainou s  borde r b elt betwe en 
the B a s in and Rang e p rovinc e and the C olorado Plateau provinc e .  The Gila, Salt, 
Agua F ria, Has sayampa, Verde,  and B ig Sandy Rive r s ,  as well a s  mo st of their  
important tributari e s ,  o riginate in  thi s belt and drain into the C olorado Rive r .  Part 
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of thi s belt, which trends northwe s t  ac r o s s Arizona and ave rag e s  about 7 5  mil e s  in 
width, i s  expo s ed in the lowe r r ight-hand c o rne r of the photog raph. The drainag e 
from Arizona into the Sonoyta Rive r system in Mexico i s  clearly s e en in the lowe r 
l eft- hand c o rne r below the Sie rra del P inacate. 

T EC T ONIC FEATU RE S  

The g eneral tr ends of  Arizona mountain rang e s  a r e  shown strikingly o n  figure l .  
A p rominent trend o f  N 3 50 W  i s  well di splayed i n  the extreme s outhwe st c o rne r of 
Arizona and in no rthwe stern Sonora. The majo r  San Andre s fault zone has a s imi
lar trend, and its influenc e on faulting in the southwe st  c o rner of Arizona is  indic ated.  
T he larg e volcanic field c omp ris ing the Sie r ra del P inacate mantle s the northwe st 
structural trend and app ea r s  to be  young e r  than that period of o rog eny whic h  fo rme d  
m o s t  of the surrounding rang e s .  T h e  sharply contrasting tr end o f  the Harcuvar and 
Harquahala mountains and the lowe r Gila Rive r channel i s  notewo rthy. 

A p e r s i stent no rthe rly structural g rain in a broad zone b etwe en Tuc son and 
Sup e rio r i s  r evealed by the photog raph. Thi s  trend and othe r s ,  varying from no rth
east to due east, are additional to the northwe st s truc tural trend in this a rea. 

Mayo ( 1 9 58)  ha s pointe d  to the lack of basic data which make s our unde r standing 
and analys i s  of lineament tectonic s difficult. High altitude photographs will help 
supply the mi s sing info rmation. T hi s  write r i s  c onvinc e d  that s ingle photog r aphs 
c ove r ing large r eg ion s will dir e c tly di splay s ome of the maj o r  structural zone s of 
the c ontinental framewo rk, which mus t  now be de r ived, or pre sumed, from inade quate 
data. 

C ONC LUSIONS 

Ae rial photog raphs display many feature s in infinitely mor e  detail than do the 
be st  of map s  of c omparable s c al e s ,  and g eolog ists  are awar e  of the advantag e s  of 
u sing both larg e - s c ale map s of local a r e a s  and small- s c ale r eg ional map s .  Likewi s e ,  
the advantag e s  o f  both low-altitude and high- altitude ae rial photog raphs are r e c og 
niz e d. 

The few ob s e rvations di scus s ed he r e  and plotted on figure lA are only a small 
p e rc entag e of the featur e s  displayed on thi s high- oblique rocket photog raph. W ith 
each g ain of man' s ability to obtain photog raphs from higher p o s ition s above the earth, 
will c om e  new opportunitie s for man to inc r ea s e  hi s unde r standing of the earth. 
E ventually, it is hop ed, a full fac e of the earth c an be  expo s e d  on a s ingle photo
g raphic negative, i .  e. , with the ho r izon expo s e d  a s  a c omplete c i rcle.  

The measure of man' s g ain in unde r standing his hom e planet with di stant spac e 
photog r aphs of the earth will r e st s qua rely upon the shoulde r s  of the memb e r s  of our 
p rofe s sion. We mus t  be  p r epare d  to meet the challeng e of the s e  opportunitie s  which 
a r e  p r actically upon us.  Full - fa c e  earth photog raphs may b e c ome a reality within 
the next two year s .  Such photog raphy c ould b e  acc ompli shed on 9 x 9 - inch film with 
s tandar d  a e r ial came r a s  of 6 - inch foc al leng th at a distanc e of 2, 8 0 0  mil e s  from the 
earth. At one -tenth that distanc e,  all of Arizona c ould be expo s e d  on such a single 
photog r aph. 

Although photog raphs from o rbiting satellite s ,  c on s ide r ing p r e s ent limitations 
of equipment and film, would lack the definition nec e s s ary fo r military in spection 
( Whitm o r e ,  1 9 58 ) ,  such photographs will have g r eat potential value in the study of 
the s tructure of the earth, our c ontinent, and Arizona. 

xix 
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INTRODUC T ION 

L. A. Heindl 

Arizona include s parts  of the B a s in and Rang e and C olorado Plateaus provinc e s  
( fig . 1 0 ) .  The contra st  in the phy s iog raphy of the two p rovinc e s  i s  ba s e d  principally 
on diffe renc e s  in structural complexity ( Wil s on and Moo r e ,  1 8 ) - - rocks of the C olo
rado Plateau s  p r ovinc e a r e  only mode rately defo rmed;  therocks of  the B a sin and 
Rang e p r ovince,  and particularly tho s e  olde r than late T e rtiary, a r e  intens ely folded, 
faulte d, and intruded. Although the B a s in and Rang e provinc e is topo g r aphically lowe r 
than the C olorado Plateaus p rovinc e ,  it i s  structurally highe r ,  and the boundary b e 
twe en the two p rovinc e s  i s  the structurally highe st part o f  the State . The boundary 
form s a c omparatively nar row zone of mountainous ter rain, along which P r ecambrian 
rocks stand up to seve r al thousand feet above P r e c ambr ian rocks on eithe r side - - a  
zone that lie s like a welt ac r o s s  the fac e of Arizona. Southe rn Arizona i s  g ene rally 
limited to that part of the State that lie s within the B a sin and Rang e p rovinc e s outh 
and we s t  of the boundary, and the di stribution and hi story of the rocks of thi s r eg ion 
o.r e  outline d broadly in thi s introduction. 

Rock Sequenc e s  and Their Distribution 

The rocks expo s e d  in s outhe rn Arizona a r e  he r e  g roupe d  into s even s e quenc e s :  
( 1 ) Older P re c ambrian g ranite and s c hi st ;  ( 2) young e r  P r e c ambrian s e dimentary 
rock s ;  ( 3) Paleozoic s edimentary rock s ;  (4 )  Me s o zoic - early T e rtiary s edimentary 
and igneous rocks ; ( 5) Me so zoic - early T e rtiary c ry s talline rocks ; ( 6) T e rtiary vol 
c anic and s edimentary r o ck s ;  and ( 7 )  T e rtiary-Quate rnary c ontinental dep o s it s .  The 
patt e rn of outc r op di stribution is p r imarily the r e sult of struc tural deformation that 
localized a r e a s  of intrus ion, e r o s ion, and depo s ition and mo s t  of the rock s equenc e s  
a r e  di stributed in broad, i r regular,  ove rlapping belts roughly parallel to the bound
ary betwe en the p rovinc e s  ( fig . 2 ) . The beltlike pattern is developed bette r in the 
southea ste rn part than in the we stern part of the State . 

Older  P r e c ambrian rock s .  - - Olde r P r e c ambrian g ranite and s c hi st lie in a belt 
along the C olorado Plateaus p r ovinc e north of a g ene ral arc from the Huachuca Moun
tains to nor the rn Y uma C ounty . W ithin thi s belt, the olde r P r ecamb r ian ag e of the s e  
rocks i s  c onfirmed by stratig raphic r elation ship s o r  g eochemical dating . South of 
and we s t  of thi s belt, much of the s chi st, gnei s s ,  and g ranite p r eviously a s sig ne d a 
P recambrian ag e on the bas i s  of lithology may be c ompo s e d  princ ipally of rocks of 
several diffe r ent periods  of intru s ion and metamo rphi sm young e r  than the P r e c am
brian. 

Y oung e r  P r e c ambrian rocks .  - - The young e r  P re c ambrian rocks c on s i st  p r e domi
nantly of cla stic s edimentary rocks and are r e stricted to s outh- c entr al Arizona, fo rm
ing a wedg e  that thickens to the we st .  The thicke st  s ections in the State a r e  expo s ed 
in the Slate and Vekol Mountain s ( Mc Clymonds ,  1 6) .  No expo sure s of young e r  P r e 
c ambr ian rocks a r e  known we s t  o f  the Vekol s ,  although g ranitic r ocks  of p r e sumed 
P r e cambrian ag e locally c rop out below T e rtiary and C retac eou s ( ? )  rock s .  

P aleozoic rocks .  - - Paleo zoic rocks a r e  c ompo s e d mainly of  limy mar ine depo s 
its and a r e  exp o s e d  exten sively only in s outhea s te rn Arizona. P aleo zoic r ocks 
occur in small, widely spac e d  outc r op s  in the south- c entral and northwe st  parts of 
s outhern Arizona, and the s e  rocks a r e  e s s entially unknown west  of the Sie r r ita s ex
c ept in the vic initie s of the G r owle r  and Harquahala Mountains .  C onglome rate s of 
post- Paleozoic ag e,  howeve r ,  c ontaining frequent boul de r s  of Paleozoic rocks c r op 
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out a s far we st as C alifornia and Paleozoic rocks Inust c e rtainly have extende d ac ro s s  
the s outhwe ste rn part of the State . 

M e s o zoic - early T e rtiary rock s .  - - Rocks of known Me s o zoic and early T e rtiary 
ag e in s outheaste rn Arizona are liInited to C retac eous Inarine and nea r - sho r e  Inarine 
depo s it s  and Mioc ene continental beds . Rocks of p r e suIne d M e s ozoic - early T e r 
tiary age include thick s e quenc e s  of near - sho r e  and c ontinental depo s its  and volc anic 
r o c k s  which a r e  expo s e d  in a c OInparatively narrow west-no rthwe st-trending belt 
ac r o s s s outhwe st Arizona. W e st of Tuc s on, the s e  rocks include at lea st two units 
each of s e diInentary, volcanic , and intrus ive rock s .  Part of the c OInplexity of thi s 
s uc c e s s ion Inay be  the r e s ult of intertonguing of Ino r e  o r  le s s  equivalent units froIn 
adj ac ent area s .  AlIno s t  eve rywhere  the top units are c OInpo s e d  of cobble to boulde r 
c ongloInerate a s s o c iate d  with fine - g r ained volc anic and intru sive rock s .  In the s outh
eastern part of the State,  M e s ozoic - early T ertiary rocks are c OInInonly unInetaIn o r 
pho s ed although locally they have been alte r e d  t o  phyllite and schi s t. Within the b elt 
in s outhwe st Arizona, at least  the low e r  unit s are InetaIno rpho s e d  alInost  everywhe r e .  

Me sozoic - early T e rtiary c rystalline roc k s .  - -C rystalline rocks c rop out i n  a 
wedg e  that extends we st froIn the B aboquivari Mountains and s outh of the Quijotoa 
Mountains to we st of YUIna. The s e  rocks  include intrus ive bodie s rang ing in COInpO 
s ition froIn dio rite to g ranite and InetaInorpho s e d  rocks rang ing froIn phyllite and 
ho rnfel s to s chist  and gnei s s .  F o rIne rly they we r e  c on side r e d  to be of probable P r e 
c aInbr ian ag e .  Howeve r ,  seve ral o f  the InetaIno rpho s e d  units have been trac e d  into 
s e diInentary and volcanic rocks  litholog ically siInilar to tho s e  of pre suIne d Me s o zoic 
early T e rtiary ag e and pr edoIninantly the s e  rocks are of probable M e s o zoic - early 
T e rtiary age.  Locally, the s e c ry stalline rocks Inay include r eInnant s ,  o r  InetaInor 
pho s e d  equivalents ,  o f  P r e c aInbr ian rock s .  

T e rtiary volc anic and s e diInentary rock s .  - - The T e rtiary volcanic rocks are 
c OInpo s ed of a  suc c e s s ion of ande sitic ,  rhyolitic , and basaltic rocks with S OIne inte r 
b edded c ontinental depo sit s .  The s e  rocks c rop out widely throughout southe rn Ari 
zona and do not appear to be r e stricted to a beltlike zone within thi s area.  The T e r 
tiary rocks included in thi s  s e quenc e are characte rized b y  being broadly warped o r  
tilted.  Although Ino s t  o f  the volc anic rocks were derived froIn local s our c e s ,  the 
s uc c e s s ions of extru s ive rocks appear to be s iInilar in Inany area s .  

T e rtiary-Quate rnary c ontinental depo s it s .  - - The c ontinental depo s its  included 
in thi s g roup,  and the volcanic rocks a s soc iated with theIn, we re depo s ited fo r the 
Ino s t  part in the long , narrow s tructural bas in s  that cut ac r o s s the beltlike pattern 
of Inost  of the olde r rock s .  T he trends of the s e  basin s  and their  c o r r elative rang e s  are 
r eflected in the p r e s ent ba s in - and- rang e topography. The continental depo s it s  c on
s ist  of alluvial , fluvial, flood-plain, adob e - flat, and lake bed depo s it s ,  and their  
expo s e d  portions a r e  of  Plioc ene and Quate rnary ag e s .  T he uppe r  depo s it s  in  Inany 
adj o ining ba s ins have coal e s c ed in part to fo rIn the nearly c ontinuou s c over of c on
tinental depo s it s  that blankets Ino re than half of southern Arizona. 

Geolog ic Hi s to ry 

During olde r P r e c aInbrian tiIne,  cla stic and volc anic depo s it s  we r e  laid down 
in deep troughs and sub s e quently intruded and InetaIno rpho s e d. This cycle wa s p rob 
ably r epeated Ino r e  than onc e befo re the r e sulting uplifte d areas  we re r e du c e d  to a 
r eInarkably even surfa c e .  Y oung e r  PrecaInbr ian nea r - sho r e  and Inarine depo s its  
were laid down in a wedg e that thickened to the we st o r  northwe st.  B efo r e  Middl e  
C aInb rian tiIne,  the s e  r o c k s  had been b roadly uplifted and al s o  e ro ded to a plain sur -
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fac e .  

During Pal e o zoic time,  southe rn Arizona wa s c ove r e d  almo st c ontinuou sly by 
s ea s  which g ene rally shallowe d to the we s t. The r e sulting marine depo s it s  have suf
ficient lithologic and stratig raphic c ontinuity to give a fairly firm s equenc e of g eologic 
events ( Pye , 3) . F ollowing the Paleo zoic , exc ept fo r C r etac eou s  time in southea st
e rnmo s t  Arizona, the s equenc e of g eolog ic event s is  g enerally ob scured by ( I ) a lack 
of datable fo s s il s  and key beds , ( 2) c omplex deformation, ( 3) wide sp r ead and r epeated 
local intrusions , and (4) insufficient detaile d  studie s .  Neve rthele s s ,  enough work 
ha s b e en done to war rant a tentative summary of po st- Pal eo zoic event s .  

The T ria s sic and Jura s sic pe riods in s outhe rn Arizona we r e  time s o f  uplift and 
e ro s ion. Locally, the r e  we r e  p r e -C retac eous  intrusion s and e ruptions of volcanic 
rock s ,  but, in general, the uplift wa s epeirog enic . The high area may have been l o 
c ate d g ene rally s outh o f  and parallel t o  the C r etac eou s Sono ran geo syncline . In So
no ra, Mexico,  marine depo s its  of T r ia s s ic and Jur a s sic ag e were depo s ited and 
no rthern Arizona r e c eived s edim ent from a high located in s outhe rn Arizona . T he 
ab s enc e of Pal eo zoic s e diments s outh of an arc drawn through the G rowl e r ,  Vekol , 
and Sie r rita Mountains may in part be  explained by e r o s ion from thi s high during 
T ria s sic and Jura s s ic time ; in part the ab s enc e may r e sult from post-C retac eou s 
e r o s ion o r  engulfment by po st- Paleozoic intru s ion s .  

During late M e s o zoic and C retac eou s time,  the development of the northeast
tr ending Sono ran g eo syncline wa s ac c ompanied by o rog eny, intru s ion, e ruption, and 
c ontinental s edimentation a s  well as typic al marine s edimentation. The de struction 
of the Sonoran g e o syncline in late C retac e ou s - early T e rtiary time wa s apparently 
c onc omitant with the development of the structural high along the zone between the 
B a s in and Rang e and C olo rado Plateaus provinc e s .  The p r e s ence of c rystalline rocks 
of M e s o zoic - early T e rtiary ag e sugg e st s ,  howeve r ,  that a c ons iderable overburden 
r emained through at least  C retac eous tim e .  The structural high continued to r i s e  
and supply deb r i s  until, no rthwest  o f  Sup e rior,  much o f  the Paleozoic strata wa s 
r emoved. The Sonoran g eo s yncline wa s defo rme d  into local mountains and ba s in s  
up t o  Mioc ene time and extens ive volcanic and continental dep o s its  accumulated.  In. 
s outhea stern Arizona, the se  ba s ins were de s troye d by the princ ipal pe riods of po s t 
C re tac eou s defo rmation, which occurred i n  po st- early Mioc ene and p r e -middle Pli
oc ene time.  

P o s t- Mioc ene,  p r e - Plioc ene thru s t  faulting and a s s o c iated uplift a r e  the domi 
nant structural feature s  within the p r e s ent mountain rang e s .  Although individual 
faults appear to be local in extent, thi s late thrusting wa s wide spr ead and appea r s  
to b e  r elated unqu e s tionably to the struc tural trends develope d  in Me s o zoic and po s 
s ibly P r ecambrian tim e .  The areas  of known thrusts are limited to the belts of P r e 
c ambrian, Paleozoic ,  and C retac eou s - T e rtiary rock s .  Their abs enc e s outh and 
we s t  of the s e  belts may r e s ult from structural diffe renc e s  betwe en the s e  belts o r  
the evidenc e fo r thei r  exi stenc e may have b e e n  ob scured b y  e ro s ion. Thru sting wa s 
in part c ontemp o r aneous with and in part followed by the intrusion and extrusion of 
s equ enc e s  of igneou s mate rial rang ing in compo sition from rhyolite to ande site and 
by the depo s ition of s e dimentary ro c k s .  Much o f  the mineralization i n  thi s region 
i s  a s  s o c iated with the M e s o zoic - T ertiary defo rmation and intru s ion. 

The last stag e of late Te rtiary volc anism older than the T e rtiary- Quate rnary 
valley fill s included the extru s ion from local sourc e s  of extens ive ande s itic and ba
s altic flows,  a s s o c iate d with some rhyolitic depo s it s .  The di stribution of the s e  late 
T e rtiary volc anic rocks sug g e st s  that they we re depo s ited in large valley s .  Thi s  
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surfac e and the volcanic rocks depo s ited on it we r e  warp ed into b road c renulate d  
folds .  Mor e  o r  les  s c onteITlporaneously, the high- angle faulting that characte rize s 
the p r e s ent basin-and - r ang e structure  and topog raphy wa s supe rpo s ed roughly pa r 
allel, o r  at acute angle s ,  to the trends of the warping . 

The depo s ition of ITluch of the c ontinental ITlate rial that i s  called valley fill p r ob 
ably began with the initiation of warping and faulting . Depo s ition wa s c OITlplicated by 
c onteITlporaneou s local deforITlation and volcani sITl .  Thi s depo s ition is known to have 
c ontinu e d  until early Plei stoc ene tiITle  and to have fill ed the ba sins a few tens to a 
few hundr eds of fe et above the p r e s ent surfac e .  Sub sequent e r o s ion, loc ally in two 
o r  ITlo r e  stag e s ,  r e duc ed the area to its g eneral pr e s ent c onfiguration. InforITlation 
i s  not yet ade quate to c o r r elate the Ple i stoc ene depo s it s  and surfac e s  with the glac ial r chronology in the Middle We st. ( 

The unraveling of the ITlany thr eads of evidenc e regarding the hi story of the area 
befo r e  and afte r Paleozoic tiITle will dep end on detailed stratig raphic wo rk suppleITl en
ted by g eocheITlic al, paleontological,  and cliITlatolog ical s tudi e s .  The Geochr onology 
Laborato rie s of the Univer s ity of Arizona are inve stig ating the p robleITl s of dating 
the rocks by s eve ral ITletho d s ,  including dendrochronology, palynology, paleontology 
( SITliley, 1 9 58)  and geocheITli stry ( DaITlon, 1 9 58 ,  5) . The surfac e and sub surfa c e  
stratig r aphy o f  the continental depo s it s  within the bas in s  i s  be ing studie d  b y  the 
U .  S. G eolog ical Survey and the Unive r sity of Arizona. The g eology of the c on s ol 
idated rocks below the valley fill s i s  being inve s tigated by drilling and g e ophysical 
ITlethod s  by ITlining and oil c OITlpanie s ,  the U .  S .  Geolog ical Survey, and the Uni
ve r sity of Arizona. Gene ral g e ological studie s ,  of cour s e ,  are continuing by all 
g roup s .  
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