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ABSTRACT

S in ce  1935 m ineral p rodu ction  h as b een  a c tiv e  in  th e  El A rco- 

C a lm a lli m ining d is tr ic t  lo c a te d  in  th e  cen ter  o f  th e  Baja C a liforn ia  p en ­

in su la  . B ased  o n  th e  g e o lo g ic  fa v o ra b ility  o f th e  a r e a , In d u str ia l M inera  

M e x ic o , S . A . ,  form erly A sarco M e x ic a n a , S . A . , h as r e c e n tly  carried  out 

g e o lo g ic a l ,  g e o p h y s ic a l ,  and d r illin g  programs to  e v a lu a te  th e  a r e a . Re­

s u lts  o f  th e  su rv ey s  are p r e se n te d , a ls o  a v a ila b le  g e o lo g ic a l  and g e o ­

p h y s ic a l  in form ation  ga th ered  from other s o u r c e s .

G e o lo g ic  m apping sh o w s th a t th e  d is tr ic t  is  u n d erla in  b y  a 

v o lc a n ic la s t ic  co m p lex  c o rre la tiv e  w ith  th e  A lis ito s  Form ation o f  m iddle  

C reta ceo u s  a g e . A granodiorite  porphyry in tru sio n  i s  r e sp o n s ib le  for th e  

copper m in era liza tio n  w ith in  th e  a r e a . M afic  and u ltram afic  rock s seem  

to  be th e o ld e s t  rock s o f th e  r e g io n , w h ile  younger v o lc a n ic s  are a ls o  

com m on.

An in d u c e d -p o la r iz a tio n  su rv ey  w as very  u s e fu l  for d e lin ea tin g  

d issem in a te d  m in era liza tio n  and lo c a tin g  the f ir s t  d r ill h o le s  in  th e  El 

Arco porphyry cop p er d e p o s it .  Turam e lec tro m a g n etic  su rv ey s w ere run 

to  lo c a te  and d e lin e a te  th e  v o lc a n o g e n ic  m a ss iv e  m in era liza tio n  at C a l-  

m a lli. G e o lo g ic  m od els in terp reted  from r e s is t iv i t y  and grav ity  su rv ey s  

w ere u s e fu l  for w ater ex p lo r a tio n . Aero m agn etic  and ground m agn etic  

su rv ey s  were a ls o  u s e f u l .  In terp reta tion  o f  th e  g e o p h y s ic a l a n o m a lie s  

and th e  g e o lo g ic  work done g iv e  a c lea rer  p ictu re  o f th e  d is tr ic t  for fur­

th er  ex p lo ra tio n  and d ev e lo p m en t.
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INTRODUCTION

The El A rco -C a lm a lli d is tr ic t  i s  lo ca ted  a t th e  m idpoint o f  th e  

boundary b e tw e en  th e  s ta te s  o f  Baja C a lifo r n ia . The d is tr ic t  l i e s  b e ­

tw e e n  the geom orp h olog ic  p ro v in ces  o f  D e s ie r to  V izca in o  and San  B orja . 

The v i l la g e  o f  El A rco, w ith  a p o p u la tio n  o f 200 p e o p le  i s  lo c a te d  w ith in  

th e  d is tr ic t  at about la t  28o 02' N . , lon g  1 1 3 °3 0 ' W . (F ig . 1 ).

The e le v a t io n  o f  th e  v i l la g e  o f  El Arco i s  abou t 300 m. The 

lo c a l  drainage i s  so u th w e st  in to  th e  V izca in o  D e s e r t .  E lev a tio n  in ­

c r e a s e s  to  th e  north, reach in g  more th an  600 m in  th e  n orth w estern  por­

t io n  o f  th e  d is t r ic t .

The c lim a te  is  dry , w ith  an  a v era g e  y ea r ly  r a in fa ll o f  120 mm. 

Tem peratures range from 3°C  to  4 2 ° C . D uring th e  w inter s e a s o n  fo g g y  

w eath er com ing from th e P a c if ic  O cea n  is  com m on m ost o f th e  t im e .  

Surface w ater is  not a v a i la b le ,  but th e  w ater ta b le  i s  c lo s e  to  th e  su r­

fa c e  in  s e v e r a l lo c a l i t ie s  w ith in  th e  d is tr ic t  and a large natural r e se r ­

vo ir  o f  w ater e x is t s  sou th  o f  El Arco in  th e  Guerrero N egro b a s in .  

V eg eta tio n  in c lu d e s  s e v e r a l ty p e s  o f c a c t i  and th e  u n u su a l boojum  

(Idira co lu m n aris) .

A p av ed  40-k m  road c o n n e c ts  th e  v i l la g e  o f El Arco w ith  th e  

tra n sp en in su la r  h ig h w a y . There i s  a c c e s s  from m ainland M ex ic o  by w ay  

o f  a ferryboat to  Santa R o sa lia , w h ich  l i e s  130 km d is ta n t , or by s c h e d ­

u led  a ir lin e  s e r v ic e  to  Guerrero N eg ro , a 4 0 -m in u te  drive from El A rco. 

In  a d d ition  th ere  are a ir f ie ld s  lo c a te d  in  the north w est and so u th w e st

1
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corners o f  th e  d is t r ic t .  The a irstrip  w ith in  the v i l la g e  o f  El Arco w ill  not 

b e u se d  anym ore b e c a u se  o f  th e  grow ing p op u la tio n  in  th e  a r e a .

Production H istory

P roduction  in  the El A rco-C  alm a Hi d is tr ic t  b eg a n  in  1883 w hen  

g o ld  p la c e rs  w ere d is c o v e r e d . D uring th e  f ir s t  ha If o f  th e  p r esen t c e n ­

tury s e v e r a l sm a ll m in es in  th e  n orth w estern  portion  o f  th e  d is tr ic t ,  su ch  

a s  th e  C a lm a lli and D on  C arlos m in e s , w ere d e v e lo p e d  and w orked for 

go ld  and copper and w ere s t i l l  op eratin g  at the b eg in n in g  o f  th e  1 9 3 0 ' s .

El Arco w as a ls o  a n  im portant m ine w orked for go ld  and copper b e tw e en  

1930 and 1940 .  O ther sm a ll m in es o f  l e s s e r  im portance w ith in  th e  d i s ­

tr ic t are th e  O t i l ia ,  N o g a le s ,  El T ig re , and El A g u ila , but not a l l  o f  

th e s e  p ro sp ec ts  w ere form ally  w ork ed . A large am ount o f  p la c e r  a c t iv ity  

a ls o  e x is t e d  near th e  stream s o f  P ozo  Alem an at th e  cen ter  o f  th e  d is tr ic t .

The El A rco -C a lm a lli d is tr ic t  becam e im portant in  1968 w hen  

In d u str ia l M inera M e x ic o , S . A . ,  form erly A sarco M e x ic a n a , S . A . , b e ­

gan  a g e o lo g ic a l  and g e o p h y s ic a l r e c o n n a issa n c e  o f th e  d is tr ic t  fo llo w e d  

by a d r illin g  program . T his ex p lo ra tio n  led  to th e  d isc o v e r y  o f  th e  El 

Arco porphyry copper d e p o s it .

Purpose o f  Work

S in c e  th e  d is c o v e r y  o f  th e  El Arco d e p o s it ,  th e  d is tr ic t  h as b e e n  

th e  su b je c t  o f in te n se  g e o lo g ic a l  and g e o p h y s ic a l  e x p lo ra tio n . The pur­

p o se  o f  th is  t h e s is  i s  to  r ev ie w  th e  g e o lo g ic a l  se t t in g  o f  th e  d is tr ic t  and  

to  g a th er , p r e se n t , and in terpret the g e o lo g ic a l  and g e o p h y s ic a l inform a­

tio n  a v a ila b le  from d ifferen t m ining com p an ies and in s t i tu t io n s ,  su c h  a s  

P etro leo s  M e x ic a n o s , I fe x  In tern a tio n a l, San D ieg o  S ta te  C o l le g e ,  and



4

o th e r s . The g e o lo g ic a l  work p resen ted  here w as done by th e ex p lo ra tio n  

team  o f  In d u str ia l M inera M e x ic o , S . A . ,  H e r m o s illo , S on ora . N ew  c o n ­

c e p ts  h a v e  b e e n  add ed  b y  th e  w riter , who h as b e e n  r e sp o n s ib le  for th e  

ex p lo ra tio n  g e o p h y s ic a l work done for m in erals and w ater in  th e  El A rco- 

C a lm a lli d is tr ic t .

It i s  hoped  th a t th is  t h e s i s  on  th e  El A rco -C a lm a lli d is tr ic t  w ill  

be o f  h elp  to  g e o lo g is t s  in  future ex p lo ra tio n  o f  th is  area and o f  sim ilar  

d is tr ic ts  north o f  th e  El Arco area w here id e n t ic a l g e o lo g ic a l  co n d it io n s  

are e x p e c te d  to  e x i s t .



REGIONAL GEOLOGY

The m ost recen t and co m p le te  g e o lo g ic a l  stu d y  o f  th e northern  

h a lf o f th e Baja C a liforn ia  p en in su la  h as b e e n  p u b lish ed  by G a s t i l ,  

P h il l ip s , and A lliso n  (1 9 7 5 ), who d iv id e  th e  g e o lo g ic a l  h is to ry  o f th e  

p en in su la  in to  th ree s ta g e s :  p r e b a th o lith ic , b a th o lith ic , and p o s tb a th o -  

l i t h ic .  R ocks o f  a l l  three s ta g e s  ca n  be r eco g n ized  w ith in  th e  El A rco- 

C alma Hi d is tr ic t .

P reb ath o lith ic  Rocks

O utcrops o f p reb a th o lith ic  terra in  w ith in  th e  d is tr ic t  sh o w  tw o  

d ifferen t ty p e s  o f  ro ck s: m afic  to  ultra m afic rock s and a b e lt  o f v o lc a n i-  

c la s t ic  and other sed im en tary  r o c k s .

M afic  and ultra m afic  rock s crop out in  an  area o f abou t 10 

square k ilom eters in  the n orth w estern  part o f the d is tr ic t .  G abbros , 

p e r id o t ite s ,  p y r o x e n ite s , and a m p h ib o lites  are com m on. They sh ow  an  

a d v a n ced  d egree  o f  s e r p e n tin iz a tio n . M a g n e s it e , a lth ou gh  l e s s  com ­

m on, i s  found in  v e in s  and fracture f i l l in g s .  The u ltram afic  rock s a p ­

pear to  h ave o c e a n ic  c h a r a c te r is t ic s  and u n d erlie  th e  v o lc a n ic la s t ic  

s e q u e n c e .

The v o lc a n ic la s t ic  s e q u e n c e , w hich  in c lu d e s  sed im en tary  

r o c k s , crop s out from th e  28th p a r a lle l through th e  northern h a lf  o f th e  

p en in su la  and c r o s s  th e  U . S .  border to  th e  Santa Ana M ountains in  

C aliforn ia  (G a stil e t  a l . , 1975) .  The rock s o f  th is  b e lt  w ere d e p o s ite d

5



in  an  o c e a n ic  trench  (E rn est, 1965) in  Late J u ra ssic  and Early C r e ta c e ­

ou s t im e . At El Arco th e y  s e r v e  a s  h o s t  for the porphyry cop p er m in eral­

iz a t io n .

The m ost abundant rock s w ith in  th e  d is tr ic t  (F ig . 2) in c lu d e  

a n d e s it ic -d a c i t ic  f lo w s , v o lc a n ic  b r e c c ia s ,  a g g lo m e r a te s , t u f f s , lim e ­

s to n e s  , s h a l e s , and g r a y w a c k e s . T h ese  rock s underw ent a p eriod  o f  

r eg io n a l m eta  m orphism , and th ere  i s  a g r e e n s c h is t  fa c ie s  w ith  a w e l l -  

d e v e lo p e d  fo l ia t io n . O saria (1971) d iv id e s  th e s e  m etam orphic rock s in ­

to  w e ll  fo l ia te d , m od erate ly  fo l ia te d , and m a s s iv e .  The fo lia t io n  h a s  

tw o m ain d ir e c t io n s , N . 3 0 ° W .  and N .  6 5 ° W .  and d ip s 75o - 8 0 ° N .  The 

N .  6 5 ° W .  i s  th e  dom inant d ir e c tio n  in  th e  d is tr ic t .  The area surround­

ing th e  porphyry cop p er d e p o s it  a t El Arco h as N . 1 0 ° -  and N . 4 5 ° W . -  

trending fo l ia t io n s ,  su g g e s t in g  d ifferen t s t r e s s e s  in  th is  a r e a , probably  

produced b y  th e  in tru sio n  o f th e  g ra n o d io r ite . Rocks w ith  l e s s  fo lia t io n  

are found at th e  El Arco d e p o s it ,  and a s  a r u le , fo lia t io n  in  th e  d is tr ic t  

in c r e a s e s  to  th e  north .

S ev era l o ccu rren ces  o f  lim e sto n e  are found w ith in  th e  v o lc a n i-  

c la s t ic  s e q u e n c e . The la r g e s t  outcrop o f ca rb o n a ceo u s lim esto n e  i s  

found 4 km n orth w est o f P ozo  Alem an (F ig . 2 ). The co n ten t o f carbon­

a c e o u s  m ateria l in  th is  lim esto n e  ran ges b e tw e e n  40 and 50 p ercen t and 

i s  r e sp o n s ib le  for th e  h igh  background le v e l  found in  th e  IP r e sp o n se  o f  

th is  a r e a . Other sm a ll le n s e s  o f lim esto n e  in terbedd ed  w ith  a n d e s it ic  

a g g lo m era tes  a ls o  occu r north o f El Arco and so u th  o f  P ozo  A lem an.

G rayw ack es are com m on in  th e  P on tes area n orth east o f P ozo  

A lem an. M a s s iv e  v o lc a n ic  rock w ith  g r e e n s c h is t  fa c ie s  and w ithout 

fo lia t io n  are found from El Arco to  th e  so u th .



Figure 2 .  G e o lo g ic  map o f  th e  El A rco -C a lm a lli d is tr ic t
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In g e n e r a l, i t  c a n  be sa id  th a t the p reb a th o lith ic  v o lc a n ic la s t ic  

form ation in  the El A rco -C a lm a lli d is tr ic t  i s  com p osed  o f th ree d ifferen t  

m em bers w h ich  o v e r lie  a se q u e n c e  o f  a n d e s it ic  flo w s  and p illo w  la v a s  

outcropping near th e  C a lm a lli m in e .

The low er member i s  co m p o sed  o f  fo ld ed  m etased im en tary  rock s  

w ith a h igh  d egree  o f fo l ia t io n . T h ese  rock s are e x p o se d  in  a 3 , 0 0 0 - m -  

th ick  b e l t ,  w h ich  tren d s N . 6 5 ° W .  throughout the d is t r ic t .  V o lca n ic  

a g g lo m e r a te s , g r a y w a c k e s , l im e s to n e s ,  d ia b a se  d ik e s ,  and a n d e s it ic  

f lo w s  are th e  m ost com m on r o c k s . The P on tes area is  lo c a te d  w ith in  

th is  b e lt .

The se c o n d  member i s  a s h a ly  form ation w ith  a v ery  f i n e , w e l l -  

d e v e lo p e d  fo l ia t io n . This member i s  fo ld ed  and e x p o se d  in  a b e lt  more 

th an  1 , 0 0 0  m th ick  at Pozo A lem an.

W hat see m s  to  be th e  upper part o f  th e  form ation is  com p osed  

o f m a ss iv e  v o lc a n ic  rock w ith  a g r e e n s c h is t  fa c ie s  and a sm a ll d egree  o f  

fo l ia t io n . T h ese  rock s are lo c a te d  in  the sou th ern  part o f  th e  d is tr ic t  

and serv e  a s  h o st to  th e  m in era liza tio n  at El A rco .

No f o s s i l s  have b e e n  found to  a id  in d eterm in in g th e  a g e  o f  

th e  p reb a th o lith ic  rock s in  th e  El A rco -C a lm a lli d is t r ic t .  H o w ev er , the  

v o lc a n ic la s t ic  s eq u e n c e  c a n  be corre la ted  w ith  th e San T elm o, San Fer­

nando and A lis ito s  Form ations o f Early C reta ceo u s  a g e .  S ilv e r , A llen , 

and S te h li (1969) h ave  d a ted  a v o lc a n ic  bed  from th e  A lis ito s  Form ation  

at 127 + 5 m . y .
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B a th o lith lc  Rocks

B a th o lith ic  rock s o f  g ra n itic  co m p o sitio n  found in  th e  northern  

part o f  th e  d is tr ic t  are probably th e  sou th ern  p ortion  o f  th e  p en in su la  

range b a th o lith  w h o se  m ain outcrop term in ates about 20 km north o f El 

A rco. T h ese  rock s are r e la ted  in  tim e to  th e  em p lacem en t o f large b a th ­

o lith  s and p lu to n s a lo n g  th e w estern  c o a s t  of North Am erica from A laska  

to  Baja C aliforn ia  and S in a loa  in  Early and m iddle C reta ceo u s  t im e .

The m in era liza tio n  in  the El A rco -C a lm a lli d is tr ic t  is  a phenom enon d i­

r e c tly  re la ted  to  th is  s ta g e .

In the sou th ern  part o f  th e  d is tr ic t  and c lo s e  to  El Arco are 

s e v e r a l sm a ll ou tcrop s o f in tru siv e  r o c k s , w h ich  range in  co m p o sitio n  

from m onzonite in  th e  El Tambor area to  granodiorite  porphyry a t El 

A rco. The m in era lized  gran od iorite  porphyry at El Arco h as b e e n  dated  

from w h ole rock a n a ly s e s  a t 9 3 . 4  + 2 . 1  m . y .  (S h afiq u llah , 1974) .  

Barthelm y (1974) h as d ated  th e  sam e rock s at 107 + 2 .5  m . y .  by u s in g  u n ­

a ltered  p h en o cry sts  o f  o r th o c la s e . Probably b e c a u se  o f  a lte r a tio n  in  th e  

granodiorite  porph yry, th e  age  g iv e n  by S h afiq u llah  is  younger th an  th at  

g iv e n  by B arthelm y. The In s t itu te  d e l P etro leo  (1974) ga v e  an a g e  o f  

127 + 7 .0  m . y .  for th e  m in era lized  in tru sio n . This age  seem s to o  o ld  

w hen com pared w ith  th e  age  o f th e  intruded r o c k s . A l i s t  o f  rock a g e s  

for th e d is tr ic t  i s  g iv e n  in  Table 1 .

P o s tb a th o lith ic  R ocks

The em p lacem en t o f  p lu to n s a lon g  the Baja C a liforn ia  p e n in su la ,  

com p leted  about 85 m . y .  ago  (Larson and P itm an, 1972) ,  w as fo llo w e d  

by a period  o f  u p lif t ,  c o o l in g , and e r o s io n  (G a stil e t  a l . , 1975) .
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Table 1 . A ges o f  rock s in  th e  El A rco -C a lm a lli d is tr ic t

Sam ple Age ( m . y . ) M inera l Rock and L o ca lity

UAKA 7 4 -3 9 3 . 4  + 2 . 1 W h ole rock G ranodiorite porphyry from El 
Arco in tru sion ; fe ld sp a r  p h en o -  
c r y s ts  rem oved (S h a fiq u lla h , 
1974)

UAKA 7 4 - 2 9 6 . 5  +  2 . 1 W h ole  rock D io r ite  porphyry from th e  El 
Arco area (S h a fiq u lla h , 1974)

UAKA 7 4 -1 1 0 3 . 9  +  2 . 3 W h ole  rock H ost rock for UAKA 7 4 - 3 ,  El 
Arco area (S h a fiq u lla h , 1974)

1 173-K -A 107 + 2 . 5 O rth o c la se G ranodiorite porphyry from El 
Arco in tru sio n , la t 2 8 ° 0 1 l l l "  
N ., lon g  1 1 3 ° 2 5 ,09" W .  
(Barthelm y, 1974)

R G C -21-73 127 + 7 . 0 F e ld sp ar R hyolite  porphyry from El Arco 
in tru sio n  (In stitu te  d e l  
P etro leo , 1974)

518 1 9 . 8  + 0 . 5 B io tite R hyolite  tu f f ,  b a s a l  v o lc a n ic  
u n it , M i s i o n S t a .  G ertrudis 
(G a stil e t  a l . , 1975)

UA ? a 5 8 . 6  +  1 . 3 ? G ranodiorite from La Reforma 
m in e, C h o ix , S in a loa  
(P. E . D am on, w ritten  c o m . , 
1975)

UA ? 9 5 5 . 8  +  1 . 2 ? G ranodiorite p h a se  o f  th e C h o ix , 
S in a lo a , b a th o lith  (P. E . 
D am on, w ritten  c o m . , 1975)

a .  T h ese  d a te s  w ere ob ta in ed  a s  part o f  a co o p era tiv e  r e sea rch  
p roject b e tw e e n  th e  C o n se jo  d e  R ecu rsos N atu ra les no R en o v a b les  and  
th e  Laboratory o f  I so to p e  G eo ch em istry  at th e  U n iv e r s ity  o f  A rizon a .
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L ith o lo g ic  rem nants from th is  p eriod  in  th e El A rco -C a lm a lli d is tr ic t  are 

M io cen e  sa n d s to n e s  and v o lc a n ic  t u f f s , w h ich  crop out in  th e  northern  

and south ern  p ortion s o f  th e  m apped area (F ig . 2 ) . V o lca n ic  rock s o f  

b a s a lt ic  and r h y o lit ic  co m p o sitio n  co v er  som e o f  th e  M io cen e  sed im en ­

tary r o c k s .

S ev era l p o s tb a th o lith ic  rock u n its  are a s s o c ia te d  w ith  v o l­

c a n o e s .  T h ese  u n its  in c lu d e  la v a  flo w s  and a sh  b ed s lo c a te d  in  th e  

northern h a lf  of th e  d is t r ic t .  The age  o f th e  p o s tb a th o lith ic  v o lc a n ic  

rock s in  the area i s  not e x a c t ly  k n o w n . O saria  (1971) g iv e s  a P lio c e n e  

age for th e s e  r o c k s , and G a s t il  e t  a l .  (1975) report an  age  o f  1 9 . 8  +

0 . 5  m . y .  for a r h y o lit ic  tu ff  e x p o sed  near Santa G ertru d is , ap p roxim ately  

40 km e a s t  o f El A rco. The y o u n g es t rock  w ith in  the d is tr ic t  is  a f lu v ia l  

co n g lo m era tic  s e q u e n c e  o f  Q uaternary age  w h ich  co v ers  th e  sou th ern  

portion  o f  th e  d is t r ic t .

T ec to n ic  Framework

A ccording to  th e  new  g lo b a l t e c to n ic s  th eory  ( I s a c k s , O liv e r , 

and S y k e s , 1968) ,  it  i s  now a c c e p te d  th at th e w id esp read  em p lacem en t  

o f b a th o lith s  and p lu ton s th at to o k  p la c e  a lon g  th e  P a c if ic  C o a st from 

A laska to  Baja C aliforn ia  and S in a loa  b e tw e e n  110 and 85 m . y .  ago  

(Larson and C h a s e ,  1972) w as produced by an in c r e a se  from 5 to  18 

cm /y r  in  th e  v e lo c i ty  o f  su b d u ctio n  o f  th e  F a ra llon  p la te  b en ea th  th e  

North A m erican p la t e .  F igure 3 sh o w s th e  d istr ib u tio n  o f  lith o sp h e r ic  

p la te s  during m iddle C re ta ceo u s  tim e and th e trench  a lo n g  th e  w e s t  

c o a s t  o f North Am erica in  w h ich  the p reb a th o lith ic  rock s w ere d e p o s ite d .  

M eltin g  through fr ic t io n a l h ea tin g  o f th e d e sce n d in g  lith o sp h e r ic  p la te



12

/  FA BALLON  
< P L A T E

PACI FI C
PLATE

V  x x x -  
>?v^| SUBDUCnON 

rfiZOME

Figure 3 . P a c if ic  O c e a n  p la te s  at 110 m . y .  a g o —After L arson  
and C h a se  (1972)

Octonic S td im m ntt (loymr /  ) with metol-ricM  
f>triton of ihoir bo to

Copptr Concentration in Oceanic Cruet Porphyry Copper 
Do p e tit

“SittS BASALT and GA B8RO 
(h y e r t  2  and 3  i Volcanic Chain

OCEAN RISE
S ite  of m etals rich 
eehoiotiont/

Did Continental Crutt

MONO

------ X

Low velocity tone

Figure 4 .  P la te  t e c to n ic s  co n c ep t o f  the g e n e s is  o f porphyry 
copper d e p o s i t s —After S i l l i to e  (1972)



13

and u p lift  o f  m agm as, a s  sh ow n  in  Figure 4 ,  w ere probably th e m ech a­

nism  th at produced m in era lized  in tru sio n s in  th e  El A rco -C a lm a lli d i s ­

tr ic t .

U nderthrusting o f th e  F arallon  p la te  w as com p leted  30 m . y . ago  

(Larson and P itm an, 1972) a fter  th e  su b d u ctio n  o f  s e v e r a l th ou san d  k ilo ­

m eters o f lith o sp h e r ic  p la t e . The c o l l i s io n  and con su m p tion  o f  th e  ridge  

in  the tren ch  near M a za tla n , S in a lo a , put th e  A m erican p la te  in  d irect  

co n ta c t w ith  th e  North A m erican p la te  to  th e  north o f  M a za tla n . The 

la s t  m a n ife sta tio n  o f th e  F arallon  p la te  are th e Rivera and C o c o s  p la te s  

lo c a te d  at th e  right m argin o f  th e  E ast P a c if ic  r i s e .  The su b d u ctio n  o f  

th e  C o c o s  p la te  b en ea th  M ex ic o  h a s produced young m in era lized  intru­

s io n s  in  C h iap as (Damon and M o n te s in o s , 1975) .  Young m in era lized  

in tru sio n s  may a ls o  be found sou th  o f  M a za tla n  w here the Rivera p la te  

i s  su b s id in g  underneath th e  s ta te s  o f  J a liso  and M ich o a ca n .

The El A rco -C a lm a lli d is tr ic t  w as o r ig in a lly  lo c a te d  a t th e mar­

g in  o f the North Am erican p la t e .  The tran sfer  o f  Baja C a liforn ia  from th e  

Am erican to th e  P a c if ic  p la te s  (Normark, 1971) and the tr a n s la tio n  o f  

th e  p en in su la  a lon g  th e  San Andreas fa u lt sy s te m  h ave ch an ged  th e o r ig ­

in a l p o s it io n  o f th is  d is tr ic t  w ith  r e sp e c t  to  m ain land M e x ic o . S in ce  5 

m . y .  ago th e  rate o f d isp la c e m e n t o f 6 cm /y r  (Atwater, 1970) h a s  rafted  

Baja C aliforn ia  300 m ile s  ( 4 8 2 . 7  km) to  the n orth w est (H am ilton , 1 9 6 9 ) .  

By p ro jectin g  th e  p e n in su la  b ack  to  it s  o r ig in a l p o s it io n , it  ca n  be read ­

i ly  s e e n  th at th e  El A rco -C a lm a lli d is tr ic t  w as o r ig in a lly  lo c a te d  in  th e  

v ic in ity  o f  M o c h is , El F u er te , and C h o ix , S in a lo a , w here m in era lized  

in tru sio n s are a l s o  know n and im portant porphyry copper p r o sp e c ts  are
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b e in g  in v e s t ig a te d . T his e v id e n c e  s u g g e ts  a com m on m agm atic sou rce  

for the c lu s te r  o f  m in era lized  p lu to n s .

The in tru siv e  rock s in  th e  C h o ix , S in a lo a , area h ave b e e n  dated  

at 5 8 . 6  + 1 . 3  m . y . for th e  b io t ite  granodiorite  from La Re forma m ine and  

5 5 . 8  + 1 . 2  m . y .  for another granodiorite  a t a fa ir ly  great d is ta n c e  from  

La Reforma (P. E . D am on, w ritten  com m u n ication , 1975) (Table 1 ) . The 

a g e s  o f  th e  C h o ix  p lu ton s are younger th an  93 m . y . , th e  a g e  o f th e  

granodiorite  in tru sio n  found a t El A rco. This d ifferen ce  in  age ca n  be  

e a s i ly  e x p la in ed  by c o n s id e r in g  a m agm atic front formed by p artia l m elt­

ing  o f th e  d e sc e n d in g  F aralion  p la te  th a t m igrated tow ard th e  c o n tin e n t. 

The lo c a tio n  o f  El Arco near th e  w este r n  part o f  th e  su b d u ctio n  zon e w as  

th e  fir st to b e  intruded by th e  u p risin g  m agm as. The rate o f  m agm atic  

m igration  h a s  b e e n  c a lc u la te d  to  be 0 . 4 5  cm /y r  by H enry (1975) in  an  

area north o f M a za tla n , S in a lo a . This low  sp e ed  o f  m agm atic m igration  

i s  probably due to  th e  a n g le  o f  su b d u ctio n  and the red u ctio n  o f  m otion  

o f  th e  p la te  b en ea th  th e  m a n tle . By tak in g  th e sam e rate o f  m agm atic  

m igration  for th e  C h o ix  area and by c o n s id e r in g  th e  d iffe re n c e  in  age  

b e tw e en  th e  in tru siv e  rock s at El Arco and C h o ix , it  i s  p o s s ib le  to  c o n ­

s id er  th at th e  El A rco -C a lm a lli d is tr ic t  w as o r ig in a lly  lo c a te d  at about 

160 km w e s t  o f the C h o ix  area in  northern S in a lo a .

Structural G eo lo g y

L ocal stru ctu res in  th e  El A rco -C a lm a lli d is tr ic t  trend north­

w e st  and are sem icon form ab le  to  th e  fo lia t io n  o f  th e  v o lc a n ic la s t ic  

r o c k s . The str ik e  o f  the stru ctu res ran ges from N . 1 0 ° W .  in  th e  so u th ­

e a s t  portion  o f  th e  d is tr ic t  to  N . 6 5 °  W . in  the northern p ortion .



The Santa R o sa lia  fa u lt i s  th e  p r in c ip a l major structure th a t  

p a s s e s  through th e  d is tr ic t .  This tra n sp en in su la r  fa u lt i s  th e  co n tin u a ­

t io n  o f  th e  w estern  G ulf fa u lt  zon e  (F ig . 5 ) .  The fa u lt  com ing from th e  

G ulf o f  C a lifo rn ia  to u c h e s  th e  p en in su la  a t M u le g e , p a s s in g  near Santa  

R osa lia  and th en  through El Arco and Guerrero N eg ro . It fo llo w s  p a r a lle l  

to  th e  P a c if ic  c o a s t l in e  a lo n g  th e  m agn etic  a n o m a lie s  reported  b y  Krause 

(1965) .

A ccording to  M inch  (1975) th is  fau lt w as probably a c t iv e  from  

C reta ceo u s  to  rec e n t tim e and h a s a major s tr ik e - s l ip  d isp la c e m e n t. A 

d irec t r e la t io n sh ip  b e tw e e n  th is  tra ns p en in su la r  fea tu re  and th e  m in era l­

iz a t io n  in  th e  El A rco-C alm aH i d is tr ic t  h a s  not b e e n  fo u n d , but it  is  " 

p o s s ib le  th a t th e  u p r ise  o f  m in era lized  p lu to n s in  m iddle C re ta ceo u s  

tim e w as in flu e n c e d  b y  th is  fa u lt . E v id en ce  o f  r ec e n t v o lc a n ism  is  found  

at Santa M aria and Tres V ir g en es .

The Santa R osa lia  fa u lt i s  c le a r ly  d is t in g u ish e d  near El Arco by  

i t s  top ograp h ic  e x p r e s s io n  a t th e  boundary o f th e  geom orp h o log ic  prov­

in c e  c a lle d  L lano d e l Berrendo or D e s ie r to  de V iz c a in o . A ls o , th e  p e n ­

in su la r  b a th o lith  appears to  be co n tro lled  by th is  major fa u lt , w ith  

non gran itic  rock s o b serv ed  to  th e  w e s t  o f  th e  s tru c tu re . G ravity  anom ­

a l ie s  (se e  F ig . 2 1 , p .  50) d e fin e  th e dip o f  th is  fa u lt , w h ich  i s  a ls o  th e  

border o f th e  Guerrero N egro b a s in  lo c a te d  so u th e a s t  o f  El A rco.

O ther major lin ea r  stru ctu res c a n  be lo c a te d  at Bahia de Los 

A n g e le s . L inear fea tu res  w ith  a n orth -sou th  d ir e c tio n  in te r s e c t  th e  Santa  

R osa lia  fa u lt in  th e  El A rco-C alm a Hi d is tr ic t .  S ev era l other minor a c t iv e  

lin ear  stru ctu res e x is t  in  th e  reg io n  th a t in d ic a te  th a t th e  zo n e  h a s a 

co m p lex  stru ctu ra l s e t t in g .
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GEOLOGY OF THE EL ARGO PORPHYRY 
COPPER DEPOSIT

Figure 6 , a g e o lo g ic  map o f th e  El Arco porphyry copper d e p o s it ,  

sh ow s th e  rock s th at crop out w ith in  th e  m in era lized  a r e a . There are tw o  

preore rock  u n its: a se q u e n c e  o f  a n d e s it ic  rock s a ltered  to  th e  g r e e n -  

s c h is t  fa c ie s  by r eg io n a l m etam orphism  and a granodiorite  porphyry 

g e n e t ic a l ly  re la ted  to  th e  eco n o m ic  m in er a liz a tio n . The p o stm in era l 

rock s e x p o se d  in  th e m ine area are a m afic  rock p etro g ra p h ica lly  id e n t i­

f ie d  a s  a d ia b a s e ,  a p lit ic  d ik e s ,  and a co n g lo m e r a te , w h ich  co v er s  75 

p ercen t o f  th e  m in era lized  a r e a .

A ll o f  th e s e  rock s h ave  b e e n  cu t by d r ill h o l e s . The d r ill core  

g e n e ra lly  sh o w s w e ll-d e f in e d  c o n ta c ts  b e tw e e n  r o c k s , but som e o f  th e  

rock ch a n g e s  graduate from a n d e s ite -d io r ite  to  g r a n o d io r ite . A lthough  

th e  rock s are ex trem ely  w e ll  fractured  in  a random fa s h io n , th e  dom inant 

stru ctu ra l trend is  n o r th w est. No im portant fa u lts  w ere m apped in  th e  

a r e a , but there i s  som e in d irec t e v id e n c e  to  support th e  th eory  th a t a 

fau lt o f  a t le a s t  m oderate d isp la ce m e n t fo llo w s  th e  tr a c e  o f  th e  cen tra l 

d ra in a g e . In a d d itio n , d r ill core  sh o w s num erous fa u lts  w ith  sm a ll d i s ­

p la c e m e n t.

A n d e s it ic  Rocks

The a n d e s it ic  rock s w ere th e  h o s t for th e  m in era lized  porphyritic  

g ra n o d io r ite . Three ty p e s  w ere petrographica  l ly  id e n tif ie d : porphyritic  

a n d e s it e ,  hornb len de a n d e s i t e ,  and a n d e s it ic  b r e c c ia s  (E chavarri, 1975) .  

There i s  a ls o  a rock id e n t if ie d  by th in  s e c t io n  a s  d io r ite  w hich  is

17
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Figure 6 . G e o lo g ic  map o f th e  El Arco porphyry cop p er d e p o s it
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p o s s ib ly  g e n e t ic a l ly  a s s o c ia te d  w ith  th e  a n d e s i t e s . A ll th e s e  rock s b e ­

long to  the A lis ito s  Form ation (S a n tilla n  and Barrera, 1930) and make up 

th e T elo lo p a n  A lis ito s  arc d e scr ib e d  b y  Campa and O v ied o  (1976) .  At 

El Arco th e s e  rock s h av e  undergone m etam orphism , but th e  fo lia t io n  and  

s c h is t o s i t y  is  not a s  w e ll  d e v e lo p e d  a s  in  rock s in  th e  northern part o f  

th e  d is tr ic t .

Sm all le n s e s  o f lim esto n e  found in  th e  a n d e s ite s  in d ic a te  a 

m arine environm ent o f  d e p o s it io n . The b r e cc ia te d  a n d e s ite s  w ere p o s ­

s ib ly  form ed by steam  e x p lo s io n s  in  a su b aq u eou s en v iron m en t.

G ranodiorite Porphyry

The granodiorite  porphyry h a s  m ediu m -grained  p h en o cry sts  and  

a fin e -g r a in e d  gro u n d m a ss. O utcrops vary from from cream  to  brow n. 

P otash  fe ld sp a r s  a s  large  a s  1 cm c a n  b e  s e e n  in  hand sp e c im e n . The 

p la g io c la s e s  vary in  s i z e  from 1 .2  to  3 mm. Q uartz and hornblende are 

found in  c r y s ta ls  w ith  a len g th  o f  2 .5  mm. G ranodiorite porphyry c o n ­

s t itu te s  40 p ercen t o f  th e  outcropp ing r o c k s , and th e  m in era liza tio n  is  

g e n e t ic a l ly  a s s o c ia te d  w ith  i t .  O utcrops o f  m a ss iv e  m ilky quartz are 

found em bedded w ith in  th e  gran od iorite  porphyry (F ig . 6 ) . A hydrother­

mal o r ig in  h a s  b e e n  p rop osed  for th is  quartz in  co n tra st to  a m etam or- 

p h ic  o r ig in  for th a t found o u ts id e  th e in tru sio n .

D ia b a se

Barren d ik es  o f  lig h t to  dark gray d ia b a se  are found cu ttin g  a l l  

th e  r o c k s . Som e d ik e s  are more th an  10 m t h ic k . They h ave  b e e n  p e n e ­

trated  in  d r illin g  throughout th e  d e p o s it .
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C onglom erate

The y o u n g es t rock u n it is  a con g lom erate  made up o f rounded to  

subrounded b ou ld ers and p e b b le s  o f  a n d e s i t e , g ra n o d io r ite , and d io r ite .

It i s  cem en ted  b y  san d  and c la y .  The th ic k n e s s  o f  th is  u n it i s  g r e a te s t  

in  th e  w estern  portion  o f th e  m in era lized  area w here more th a n  300 f e e t  

have to  be d r illed  before b a sem en t rock  i s  fou n d .

A lteration

M ost o f  th e  rock s w ith in  th e  El Arco d e p o s it  sh o w  o n ly  w eak  

hydrotherm al a lte r a tio n . S ig n if ic a n t a lte r a tio n  o ccu rs  in  irregular p a tch es  

ranging in  d iam eter from 3 to  100 m . On th e  s u r fa c e , th e o n ly  o b se rv a b le  

a ltera tio n  product i s  s i l ic a  and so m etim es k a o lin  and minor s e r ic i t e .  

There are s e v e r a l sm a ll a rea s  o f  strong s i l i c i f i c a t io n .  One area o f  s i g ­

n ifica n t s i z e ,  around 100 m in  d ia m eter , o ccu rs  at th e  cen ter  o f  th e  

m in era lized  area (F ig . 6 ) . The d r ill core  sh o w s th e  p r e se n c e  o f  s e c o n ­

dary p o ta sh  fe ld sp a r  in  v e in le t s  found in  th e  g ra n o d io r ite , w h ile  p rop y-  

l i t iz a t io n  is  o b serv ed  in  th e  a n d e s i t e s .  The p ro p y litic  a s se m b la g e  is  

more in te n s e ly  d e v e lo p e d  in  th e  ou ter  z o n e  o f  th e  d e p o s it ,  w h ile  th e  

K -feld sp ar  is  found a t th e  c e n te r .

The c l a s s i c  L o w ell and G uilbert (1970) a ltera tio n  z o n e s  for 

porphyry cop p er d e p o s its  are not w e ll  d e v e lo p e d  in  th e  El Arco o reb o d y . 

P o ta s s ic  and p ro p y litic  z o n e s  are found te le s c o p e d  and o v er la p p in g .

The a r g il l ic  zon e  i s  not w e ll  d e v e lo p e d .

A lteration  from reg io n a l m etam orphism  is  a ls o  p r e se n t . V e in -  

le t s  o f  e p id o te , c a l c i t e ,  c h lo r ite , and quartz are the m ain r ep re sen ta ­

t iv e s  o f th is  ty p e  o f  a lte r a t io n . Some m in erals from th e  hydrotherm al
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a ltera tio n  a s se m b la g e s  w ere d estro y ed  by reg io n a l m etam orphism  and are  

not found in  regu lar co n c en tr ic  z o n e s . The more u n sta b le  hydrotherm al 

m in e r a ls , su ch  as b io t i t e , w ere transform ed in to  more s ta b le  m in era ls . 

For th e s e  r ea so n s  it  i s  p o s s ib le  to  co n c lu d e  th a t m in era liza tio n  at El 

Arco i s  o ld er  th an  th e  reg io n a l m etam orphism .

M in era liza tio n

The m in era liza tio n  at El Arco i s  found f i l l in g  fractu res and d i s ­

sem in ated  in  th e  r o c k s . The prim ary s u lf id e s  are p yrite  and c h a lc o p y r ite ,  

w ith minor am ounts o f  m a g n e t ite , g o ld , b o rn ite , and m o ly b d e n ite . M in­

era ls  from th e  o x id a tio n  zon e are c h r y s o c o l la , d io p ta s e , m a la c h ite , and  

w ad .

Pyrite and c h a lco p y r ite  are th e  m ost abundant s u l f id e s . At th e  

cen ter  o f th e  eco n o m ic  ore th e  to ta l  p yrite  co n ten t i s  l e s s  th an  1 p ercen t  

by w e ig h t, in c r e a s in g  tow ard th e  periphery o f  th e  d e p o s it  w here it  m akes  

up a h a lo  w ith  more th an  5 p ercen t p y r ite . D istr ib u tio n  o f  to ta l  su lfid e  

co n ten t i s  sh ow n  on  Figure 7 . C h a lco p y r ite  co n ten t i s  1 .5  p ercen t a t  

th e  cen ter  o f  th e  m in era lized  a r e a ,  d im in ish in g  tow ard th e  p er ip h ery .

The p y r ite -c h a lc o p y r ite  ra tio  is  app rox im ately  1:1 at th e  c e n te r , and it  

in c r e a s e s  to  8:1 a t th e  border o f  th e  eco n o m ic  m in er a liz a tio n .

Bornite app ears sp o r a d ic a lly  and in  sm a ll q u a n tit ie s  throughout 

th e d e p o s it .  M o lyb d en ite  o ccu rs  in  quartz v e in le t s  , g e n e r a lly  in  th e  

zon e  o f p o t a s s ic  a lte r a tio n  at th e  cen te r  o f  th e  b o d y . M a g n etic  o ccu rs  

in  v e in le t s  or sm a ll b le b s  throughout th e  d e p o s it .  G alena  and sp h a le r ite  

h ave b e e n  id e n t if ie d  in  tr a c e  am ounts a t th e  m argins o f th e  in tru sio n .
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Figure 7 . T otal su lf id e  d istr ib u tio n  in  volum e p ercen t a t th e  
El Arco porphyry cop p er d e p o s it—After Echavarri (1975)



Figure 8 i s  a c r o s s  s e c t io n  through th e  eco n o m ic  oreb o d y . It 

sh o w s an  o x id a tio n  zon e  w ith  an  average  th ic k n e s s  o f  30 m . U n d erly ­

ing  th is  o x id a tio n  zo n e  i s  a tr a n s it io n  zon e  ranging in  th ic k n e s s  from 1 

to  15 m co n ta in in g  a m ixture o f  cop p er s u lf id e s  and o x id e s .  No s ig n if i  

cant seco n d a ry  enrichm ent e x i s t s  a t El A rco. The su lfid e  z o n e , w hich  

h as b e e n  d r illed  to  a dep th  o f  360 m , c o n s t itu te s  th e  m ost im portant 

eco n o m ic  z o n e .

Ore R eserv es

To date 160 h o l e s , lo c a te d  on  a 100-m  triangu lar g r id , have  

b e e n  d r illed  to  e v a lu a te  th e  eco n o m ic  m in era liza tio n  in  th e  El Arco d e ­

p o s i t .  R esu lts  from more th a n  5 0 , 0 0 0  m o f  diam ond d r illin g  in d ic a te  a 

ton n age o f 600 m illio n  w ith  an  average  grade o f  0 .62% C u ,  0 . 2  grams 

per to n  g o ld , and 4 .0  grams per ton  s i lv e r .  The cu to ff grade for th is  

reserv e  is  0 .4% C u .  V alu es ab ove 1.0% Cu are com m on at th e  cen ter  

o f th e  oreb od y .
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Figure 8 , G e o lo g ic  s e c t io n  through th e  El Arco porphyry cop p er d e p o s it



REGIONAL GEOPHYSICAL SURVEYS

S ev era l g e o p h y s ic a l  m ethods h ave  b e e n  a p p lied  in  th e  El A rco- 

C a lm a lli d is tr ic t  a s  r e c o n n a is s a n c e  to o ls  to  lo c a te  m in era lized  a r e a . In  

a d d itio n , th e  In s t itu te  de G e o f is ic a  o f  th e  U n iv e r s ity  o f M e x ic o , San  

D ie g o  S ta te  C o l le g e , and Pem ex (P etro leos M exican o) carried  out g e o ­

p h y s ic a l ex p lo ra tio n  in  surrounding d is tr ic ts  at var iou s t im e s .  This e x ­

p loration  h a s b e e n  o f  v a lu a b le  h e lp  in  corre la tin g  th e  lo c a l  g e o p h y s ic s  

with th e  reg io n a l g e o p h y s ic a l  co n te x t o f  th e  p e n in su la .

H eat F low

Two h e a t flo w  m easu rem en ts w ere made in  d r ill h o le s  a t El 

A rco. The v a lu e s  o f  the h ea t flu x  found w ere 1 .2 3  and 1 .2 2  HFU (1 HFU 

= 1 0 ” 6  c a l / c m ^ /s .  T h ese  v a lu e s  are s im ila r  to  th e  lo w -to -n o rm a l v a lu e s  

found in  th e  northern h a lf  o f  th e  Baja C aliforn ia  p e n in su la . Figure 9 

sh o w s flo w  v a lu e s  for th e  n orth w estern  part o f  M e x ic o . H eat flo w  in  

Sonora is  greater  th an  th at o f  th e  p e n in su la . H eat flo w  m easu rem en ts in  

Sonora in d ic a te  a h igh  h ea t flu x  in  th e  w estern  part o f th e  s ta te  a s l ig h t ­

ly  low er h ea t flu x  to  the e a s t .  A ccording to  G a s t i l  e t  a l .  (1 9 7 5 ), th e  

geoth erm al h ea t flo w  through th e  floor  o f  th e  G ulf o f C a liforn ia  i s  h igh er  

th an  th e  world a v era g e  o f  1 .5  H F U . H igh h ea t flo w  in  th e  G u lf o f  C a li­

fornia i s  probably th e  r e su lt  o f s e a - f lo o r  sp rea d in g .

G ravity

In  order to  p r o c e s s  th e  cop p er ore a t El A rco, 1 0 ,0 0 0  gpm o f  

w ater w ill  be req u ired . T h erefore , h y d ro lo g ica l s tu d ie s  w ere carried  out

25
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to  look  for fa v o ra b le  a r e a s .  G ravity  and r e s is t iv i ty  su rv ey s  w ere made 

as an  in it ia l  s tep  to  d e te c t  th ic k n e s s e s  o f  d etr ita l form ations and th e  

depth to  b e d r o c k .

G ravity  s ta t io n s  w ere lo c a te d  in  an  area so u th w e s t  o f  El Arco 

at d is ta n c e s  o f 2 km and d istr ib u ted  on  th e  l in e s  a s  show n in  Figure 1 0 .  

For th is  s u r v e y , a to ta l  o f  400  s ta t io n s  w ere r ea d . A g rav ity  b a se  lo ­

c a ted  a t th e  w eath er  s ta t io n  in  El Arco w a s u s e d . The v a lu e  o f  o b serv ed  

grav ity  at th is  p o in t i s  979 1 2 3 .6 8  m g a l. The b a se  s ta t io n  i s  t ie d  to  th e  

U . S .  G e o lo g ic a l Survey g ra v ity  m onument at th e  Los A n g e les  In tern ation ­

a l Airport (G a stil e t  a l . , 1975) .  E lev a tio n  ab ove s e a  le v e l  o f th e  El Arco 

b a se  i s  2 7 9 . 2  m; th e  g eo g ra p h ic  co o rd in a tes  are la t  2 8°01 '4"  N . and  

long 1 1 3 ° 2 4 , 39" W . The sim p le  Bouguer gra v ity  v a lu e  g iv e n  by G a s t il  

et a l .  for the El Arco b a se  i s  - 8 . 1 5  m g a l. G ravity  m easu rem en ts w ere  

made w ith  a S c in trex  p ro sp e c to r -ty p e  g ra v ity  m eter . S ta tio n s  w ere lo ­

ca ted  w ith  a e r ia l p h o to g ra p h s. V ertica l con tro l o f  th e  s ta t io n s  w as  

e s ta b lis h e d  b y  m eans o f an  a lt im e te r , w h ich  g a v e  a p r e c is io n  o f + 2 m . 

The a ccu ra cy  o f  th e  grav im etric  v a lu e s  i s  th erefore  + 0 . 4  m g a l, w hich  is  

a c c e p ta b le  b e c a u s e  o f  th e  h igh  v a lu e  o f the so u g h t-fo r  a n o m a lie s .

The o b serv ed  g ra v ity  v a lu e s  were co rrected  for d r ift , free a ir ,  

B ouguer, and la t itu d e . T able 2 sh o w s th e  d e n s it ie s  o f  ty p ic a l rock s  

from th e  El A rco-C  alm a H i d is t r ic t .  A d e n s ity  co n tra st o f  0 .4  g /cm ^  b e ­

tw e e n  sed im en ts  and c o n so lid a te d  rock s w as u s e d .  The c a lc u la te d  a v e r ­

age d e n s ity  u se d  for c o n so lid a te d  rock  w as 2 . 6 7  g /c m ^ . No top ograp h ic  

co rrectio n s  w ere m ade b e c a u s e  m ost o f th e  s ta t io n s  w ere lo c a te d  in  fla t

terra in .
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T able 2 . D e n s it ie s  o f ty p ic a l  rock s from th e  El A rco -C a lm a lli d is tr ic t

Type o f  Rock
D e n s ity
(g /c m 3) L ocation

G ranodiorite porphyry 2 . 6 9 In tru sive  rock a t th e  El Arco d e p o s it

A nd esite 2 . 7 2 H o st rock for th e  gran od iorite  por­
phyry in  th e  El Arco area

C onglom erate 2 .4 From DDH 5 , 18 km so u th w est o f  
El Arco

S an d ston e 2 .2 M io cen e  sa n d sto n e  from th e B a ca tete  
Form ation; from D H -6 , 20 km
so u th w e st o f El Arco

S h ale 2 . 3 2 M io cen e  B a ca te te  Form ation from  
D H -5

Gabbro 2 . 9 9 Sam ple ta k e n  near El C anon

P illo w  lava 2 .4 Sam ple from C a lm a lli m ine
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Figure 1 1 . Bouguer g ra v ity  map o f  a portion  o f  th e  Baja C a liforn ia  p en in su la OJ
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R esu lts  o f  th e  grav im etric  su rv ey  w ere u s e d  to  com plem ent th e  

Bouguer anom aly map o f G a s t il  e t  a l .  (1975) sou th  o f El Arco (F ig . 11) .

In th is  figu re it  i s  p o s s ib le  to  o b serv e  th e  end o f th e  grav im etric  h igh  

o f th e  A lis ito s  Form ation , w h ich  runs from th e n orth w estern  c o a s t  o f  th e  

p en in su la  to  the El Arco d is tr ic t  and l i e s  in  th e  e a s te r n  part o f  a g ra v i­

m etric h ig h . It ca n  b e  s e e n  from Figure 11 th a t th e  g ra v ity  a n o m a lie s  

h ave a n orth w esterly  trend sh o w in g  th e  structural trend o f  th e  p e n in su la .

Figure 10 sh o w s th e  lo c a t io n  o f th e  th ree g ra v ity  p r o file s  mod­

e le d  by th e  H ubbert (1948) m eth o d . In terp retation  w as made to  determ ine  

th e  th ic k n e s s  o f  sed im e n ts  and to  o u tlin e  th e  b a sem en t to  d e te c t  favor­

a b le  a rea s  for w ater ex p lo ra tio n  d r illin g . G ravity  p r o file s  and m odel 

g e o lo g ic a l  s e c t io n s  for p r o file s  1 , 3 ,  and 4 are sh o w n  to g e th er  w ith  th e  

b asem en t r e l ie f  d e te c te d  w ith  v e r t ic a l e le c tr ic  so u n d in g s on  Figure 1 2 .

P ro file s  1 , 3 ,  and 4 sh o w  g ra v ity  h ig h s a s s o c ia te d  w ith  b e d ­

rock ex p o su res  or a s s o c ia t e d  w ith  a th inn ing o f  s e d im e n ts . G ravity  low s  

in d ica te  a th ick  co v er  o f  sed im e n ts  a s  w as proved by s ix  h o le s  d r illed  to  

t e s t  th e  h yd ro lo g ic  c o n d it io n s  o f  th e  a r e a . G ravity  p r o file s  and m odel 

g e o lo g ic  c r o s s  s e c t io n s  1 and 4 in d ic a te  a n o m a lie s  grea ter  th an  - 2 0  

m gal a lon g  th e  border o f  th e  Guerrero Negro b a s in ,  w hich  i s  f i l le d  w ith  

more th an  15 km o f  s e d im e n ts . T his b a s in  p rod u ces a g ra v ity  low  o f  -  60 

m gal near Guerrero N eg ro . The b a s in  i s  a ls o  c a l le d  th e  Baja C a liforn ia  

sy n c lin e  (B ea l, 1948) .  I t h as b e e n  r e c e n tly  d r illed  b y  P em ex , who have  

found g ood  in d ic a tio n s  o f  o i l  and g a s .

R e s is t iv ity

As a s tep  for h y d ro lo g ica l s tu d ie s  and a ls o  a s  a com plem ent to  

th e  gravim etric  in terp re ta tio n , 100 v e r t ic a l e le c tr ic  sou n d in g s (VES) w ere
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made in  th e  V izca in o  D e se r t;  lo c a t io n s  are sh ow n  on  Figure 1 0 . The 

e le c tr ic  sou n d in g s c o n s is t e d  o f a s u c c e s s io n  o f  apparent r e s is t iv i t y  

m easurem ents made w ith  an in c r e a s in g  e lec tr o d e  sep a ra tio n  w h ile  th e  

cen ter  o f  th e  co n fig u ra tio n  and it s  o r ien ta tio n  rem ained  f ix e d . Four e l e c ­

trod es are com m only u se d ; tw o current e le c tr o d e s  to  in je c t  current in to  

th e  ground (p oin ts A and B in  Figure 13) and tw o p o te n tia l e le c tr o d e s  to  

m easure th e  v o lta g e  b e tw e e n  th e  tw o  p o in ts  M and N .

A Schlum berger co n fig u ra tio n  o f  e le c tr o d e s  w as u se d  b e c a u s e  

it  w as th e  m ost su ita b le  to  d e te c t  h o r izo n ta l in h o m o g e n e itie s  o f  th e  

ground. In th is  array , th e  p o te n tia l e le c tr o d e s  were m oved a minimum  

number o f  tim es during a g iv e n  e le c tr ic a l  so u n d in g . The apparent r e s i s ­

t iv i ty  ( p a ) o f th e  ground i s  g iv e n  b y  the fo llo w in g  eq u ation ;

„ _  AB2 -  MN2 v
Pa  MN 41

in  w hich  V is  th e  v o lta g e  m easu red  and I the current in te n s ity  in  am­

p e r e s . The depth  o f  ex p lo ra tio n  i s  co n tro lled  b y  AB/2 (h alf th e  current 

e lec tro d e  sep a ra tio n ). S ep ara tion  b e tw e e n  so u n d in g s w as 2 km , and  

th ey  were lo c a te d  on  d ifferen t l in e s  so u th w e st o f  th e  El Arco d e p o s it  in  

order to  lo c a te  th e n ea rest favorab le  area w ith  appropriate th ic k n e s s  o f  

s e d im e n ts . An E llio t 1 .5  kW tran sm itter  w as u s e d .  T his equipm ent i s  

ca p a b le  o f  in je c t in g  3 , 0 0 0  V at 0 . 5  A in to  th e  ground and it  read s v o lt ­

a g e s  a s  sm a ll a s  0 . 0 1  mV. E lectrod e sep a ra tio n s  ranging b e tw e e n  3 and  

3 , 0 0 0  fe e t  w ere u se d  to  in v e s t ig a te  th e  ground to  d ep th s up to  1 , 5 0 0  

f e e t .

Apparent r e s is t iv i t y  rea d in g s w ere d isp la y e d  lo g a r ith m ica lly  a s  

sh ow n  on  Figure 1 4 . In terp reta tion  w as m ade b y  u s in g  a m atch ing
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Figure 1 3 . Schlum berger e lec tro d e  array
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p ro ced u re , com paring th e  f ie ld  curve w ith  m aster  cu rv es  th a t g iv e  th e  

s p e c if ic  r e s is t iv i t y  and th ic k n e s s  for d ifferen t b ed s  b e lo w  th e  su r fa c e .

C orre la tion  b e tw e e n  th e  sou n d in g s o f  on e lin e  p ro v id es  a s e c ­

t io n  or p ro file  w ith  the in terp reted  th ic k n e s s  o f  th e  sed im en tary  u n it s .  

Figure 15 sh ow s su c h  a s e c t io n  a c r o s s  an  area lo c a te d  near th e  El Arco 

ore d e p o s it .  In th is  s e c t io n ,  t h ic k n e s s e s  o f  th e  sed im en tary  u n its  d e ­

te c te d  w ith  VES range from 0 to  more th an  1 , 0 0 0  m.  S ev era l p r o file s  

interpreted  b y  th is  procedure in d ic a te d  four area s  o f  in te r e s t ,  and s ix  

h o le s  w ere d r illed  in  th e s e  a rea s  for o b serv a tio n  w e lls  to  in v e s t ig a te  

th e  c h a r a c te r is t ic s  o f th e  a q u ife r s .

A erom aon etics

I fe x  In tern a tio n a l f le w  an  aerom agn etic  su rv ey  for W elch  M ining  

C o . over an  area o f  225 km2 co v er in g  m ost o f th e  d is tr ic t .  D ata w ere o b ­

ta in ed  u s in g  a G eom etr ies  803 m agn etom eter . F lig h t l in e s  were ap p rox i­

m ately  n o r th -so u th , 1 .3  km ap a rt, and 153 m ab ove  ground su r fa c e .

M a g n etic  con tou rs are sh ow n  o n  Figure 1 6 . The contour in ter ­

v a l i s  100 gam m as. The m ost prom inent an o m a ly , w ith  a to ta l am plitude  

o f 3 , 5 6 0  gam m as ab o v e  th e  background m agn etic  l e v e l ,  i s  lo c a te d  in  

th e  n orth w estern  portion  o f  th e  su rv ey ed  a r e a . Ground in v e s t ig a t io n  in ­

d ic a te s  th at th is  anom aly  c o in c id e s  w ith  an  outcrop o f  ultra m afic  rock s  

sh ow n  on  th e g e o lo g ic  map (F ig . 2 ) . A m a gn etic  lo w  o f  100 gam m as lo ­

c a ted  so u th w e st o f th e C a lm a lli a irstrip  i s  in  v o lc a n ic  rock s o f  th e  A li-  

s i t o s  Form ation . C raters and b a s a lt ic  m e sa s  a ls o  c o in c id e  w ith  la r g e -  

am plitude m agn etic  h ig h s . T his c o in c id e n c e  s u g g e s t s  th a t th e s e  anom ­

a l ie s  are partly  produced b y  b a s a lt  n e c k s  and d ik es  th a t fed  th e  b a s a lt ic
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flo w s su ch  a s  th o s e  lo c a te d  at the n orth eastern  corner o f  th e  g e o lo g ic  

m ap.

Known m in era liza tio n  w ith in  th e  d is tr ic t  i s  a s s o c ia t e d  w ith  

m agn etic  lo w s . The El Arco m in era lized  area i s  lo c a te d  in  an  anom alous  

m agn etic  trend w h o se  in te n s ity  ran ges from 700 to  900 gam m as. M in­

e ra liza tio n  a t C a lm a ll i , El Tam bor, and C a liz a s  a ls o  c o in c id e s  w ith  

m agn etic  lo w s .

It ca n  be sa id  th a t th e  m a gn etic  a n o m a lie s  d e te c te d  in  th e  El 

A rco -C a lm a lli d is tr ic t  r e f le c t  th e  co m p o sitio n  o f tw o large m a s s e s  o f  

differen t co m p o sitio n : (1) ultra m afic  to  m afic r o c k s , w hich  crop out 

north w est o f  El Arco and sh o w  a m a gn etic  h igh  o f 3 , 5 0 0  gam m as, and  

(2) an in tru siv e  m ass o f probable m o n zo n itic  to  g ra n o d ior itic  c o m p o s it io n ,  

w hich  crop out in  th e  El Arco area and fo llo w s  a n o rth ea ster ly  trend as  

in d ica ted  by medium to  low  in te n s ity  a n o m a lie s  sh ow n  on  th e  m agn etic  

map (F ig . 16) .  T his in tru siv e  m a ss  i s  m in er a liz e d , a s  in d ic a te d  b y  IP 

a n o m a lie s .

In d u ced  P o la r iza tio n

After a r e c o n n a is s a n c e  g e o lo g ic  su rvey  w as made in  th e  d i s ­

tr ic t ,  it  w a s recom m ended th a t a r eg io n a l IP su rv ey  be m ade to  confirm  

th e  s u sp e c te d  p r e se n c e  o f  s u lf id e s  a t  depth  n orth east o f  the El Arco 

porphyry copper d e p o s it .  For th is  s u r v e y , a l l  th e  roads in  th e  d is tr ic t  

w ere co v ered  w ith  a W enner e le c tr o d e  array u s in g  sp a c in g s  o f  500 m. 

S ev era l a d d itio n a l r e c o n n a is s a n c e  l in e s  p erp en d icu lar  to  both  s id e s  o f  

th e  roads w ere la id  o u t . A nom alous a rea s  found w ith  th is  su rv ey  w ere  

resu rv ey ed  w ith  e q u id is ta n t IP lin e s  sep a ra ted  by 500 m and w ith
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e lec tro d e  s ta t io n s  at 200-m  in t e r v a ls . For th is  su rv ey  a 7 .5  kW t im e -  

dom ain H un tec tran sm itter  and a S c in trex  IPR -7 r e c e iv e r  w ere u s e d .

The IP data are d isp la y e d  in  a p lanar co n fig u ra tio n  on  F igure 1 7 , 

w ith  contour in terv a ls  o f 5 m s . The IP background o f th e  rock s in  th e  

d is tr ic t  w as determ ined  to  b e  4 mV s / v  (m s); th e r e fo r e , a l l  IP v a lu e s  

ab o v e  that v a lu e  w ere co n s id e re d  a n o m a lo u s . F igure 17 sh o w s th e  lo c a ­

t io n  o f  th e  f iv e  an om alous a rea s  d e te c te d  b y  th e  IP su rvey; El Tambor, 

C a lm a lli , F o n tex , C a l i z a s , and El A rco. The IP anom aly  at El Arco w ill  

be d is c u s s e d  in  th e  s e c t io n  on  th e  g e o p h y s ic s  o f  th e  El Arco d e p o s it .

El Tambor Anomaly

The El Tambor IP anom aly  i s  lo c a te d  3 .5  km n orth w est o f  th e  

v il la g e  o f  El A rco. T his anom aly  h a s a maximum in te n s ity  o f 14 ms and  

i s  re la ted  to  a quartz m on zon ite  porphyry.

C a lm a lli Anomaly

The anom aly  lo c a te d  c lo s e  to  th e  D on C arlos m ine sou th  o f th e  

tow n o f C a lm a lli h as an  in te n s ity  o f 10 m s. T his anom aly  i s  produced  

b y a v o lc a n o g e n ic  p y r itic  b o d y . No d is se m in a te d  cop p er s u lf id e  m iner­

a liz a t io n  has b e e n  found in  th e  area where th is  anom aly  i s  lo c a te d .

F on tes Anomaly

The F on tes  anom aly  i s  lo c a te d  4 .5  km n o rth ea st o f  th e  v i l la g e  o f  

El A rco. I t  h a s  a maximum in te n s ity  o f  15 ms and i s  1 km lon g  and 600 m 

w id e . The outcropp ing rock in  th e  an om alou s area i s  a w e l l- fo l ia te d  

s c h is t  intruded by d ik e s  w ith  sy e n ite  and m agn etite  v e in s .



Figure 1 7 . R eg ion a l in d u c e d -p o la r iz a tio n  contour map 
o f th e  El A rco -C a lm a lli d is tr ic t
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The m a g n e tite , w h ich  i s  a ls o  found d is s e m in a te d  in  th e  s c h i s t ,  probably  

produ ces the IP an om aly .

H ow ever , a g e o c h e m ic a l su rv ey  over  th e  area o f th e  IP anom aly  

in  th e  P on tes area sh o w ed  1 , 0 0 0  ppm C u ,  a lth o u g h  a h o le  d r illed  in  th e  

anom alous area sh ow ed  no s ig n if ic a n t  v a lu e s  o f c o p p er . The h igh  g e o ­

c h em ica l v a lu e s  found are prob ab ly  produced by sm a ll v e in le t s  o f  copper  

m in era liza tio n  b e tw e en  th e  fo lia t io n  p la n es  o f th e  s c h i s t .  T h ese  may 

a ls o  in  part a cco u n t for th e  IP a n o m a ly .

C a liz a s  Anomaly

An IP an om aly  i s  lo c a te d  in  th e  area marked C a liz a s  on  Figure  

1 7 , where c a lc a r e o u s  sed im en tary  rock s w ith  a h ig h  co n ten t o f  carb on­

a c eo u s  m ateria l and d is s e m in a te d  pyrite crop out in  a n  area 800 m long  

and 150 m w id e . T his area i s  7 km N . 3 5 °  E. o f th e  v i l la g e  o f  El A rco.

The IP background produced b y  th e  ca rb o n a ceo u s  m ateria l i s  17 m s , w ith  

a r e s is t iv i ty  ranging from 2 to  50 0 - m .  The len g th  o f  th e  anom aly  i s  2 .5  

km and it s  w idth 1 km; th e r e fo r e , m ost o f  th e  anom aly  i s  produced b y  a 

sou rce other th an  th e  ca rb o n a ceo u s  m a ter ia l. The IP h igh  i s  45 m s , 

w h ich  i s  found o u ts id e  th e  c a lc a r e o u s  rock in  a s c h is t  o f probable s e d i ­

m entary o r ig in . There i s  a ls o  a barren in tru siv e  ro ck , p etro g ra p h ica lly  

id e n tif ie d  a s  a quartz d io r ite  porphyry, th a t is  probably m in era lized  at 

d ep th . This in tru siv e  rock  may be th e  so u rce  o f  th e  v ery  f in e  d is s e m in a ­

t io n  o f  pyrite in  th e  l im e s to n e . A 100-m  h o le  d r illed  a t th e  p erip h ery  o f  

th e  anom aly found a co n ten t o f 15 p ercen t p yrite  and p y rrh o tite . The m in­

e ra lize d  rock w as not id e n t if ie d  b e c a u s e  o n ly  pow der w as reco v ered  from  

th e  h o le .
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The g e o lo g y , th e  h igh  su lf id e  co n ten t found in  th e  d r illed  h o le , 

and th e  large d im en sio n s  o f th e  anom aly  m ake th e  C a liz a s  area favorab le  

to  exp lore for v o lc a n o g e n ic  ore d e p o s i t s .

E lectro m a g n etics

B eca u se  th e  C a liz a s  area w as found g e o lo g ic a l ly  in ter e st in g  

for exp lora tion  for v o lc a n o g e n ic  m a s s iv e  ore d e p o s i t s ,  an  e lec tro m a g ­

n e t ic  su rvey  w ith  th e  Turam m ethod w as m ad e. A S c in trex  SE -71 Turam 

e lec tro m a g n etic  sy s te m  w as u s e d .  The su rvey  w as run u s in g  800 H z; 

th e  lin e  sp a c in g  w as 120 m, w ith  s ta t io n s  a t 30 -m  in te r v a ls .  R ed u ction  

by th e  f ie ld  stren gth  ra tio  w as ob ta in ed  by d iv id in g  th e  o b serv ed  r a tio s  

by th e  normal ra tio s  p r e v io u s ly  c a lc u la te d . The p h a se  d if fe r e n c e s  w ere  

m easured b e tw een  s u c c e s s iv e  s t a t io n s .  R esu lts  o f  th e  su rvey  are sh ow n  

on  Figure 1 8 . Large a n o m a lie s  w ere d e te c te d  on  a l l  l in e s  o f th e  su r v e y .  

The g e o lo g y  o f th e  area in d ic a te s  th a t su ch  a n o m a lie s  are lo c a te d  in  th e  

ca rb on aceou s lim e s to n e . In terp reta tion  of th e  a n o m a lie s  are ob scu red  

by th e  r e sp o n se  of ca rb o n a ceo u s m ateria l w h ich  a c co u n ts  for th e  large  

e lec tro m a g n etic  v a lu e s  fo u n d . P o s s ib i l i t ie s  o f  fin d in g  m a s s iv e  m iner­

a liz a t io n  b e lo w  th e  c a lc a r e o u s  sed im en tary  rock s s t i l l  e x is t  b e c a u s e  o f  

th e  g e o lo g ic  e v id e n c e s  on  th e  s u r fa c e , su ch  a s  p y r ite  d is s e m in a tio n  and  

th e  a ltera tio n  o f  th e  r o c k s . A d r illin g  program w ill  b e  carried  out in  order 

to  exp lore th e  g e o p h y s ic a l a n o m a lie s .

A Turam e lec tr o m a g n etic  su rvey  w as a ls o  done in  th e  C a lm a lli 

a r e a . The v o lc a n o g e n ic  m a s s iv e  p yr ite  m in era liza tio n  w as c le a r ly  d e ­

te c te d  (F ig . 19 ) .  A ll l in e s  o f  th e  su rv ey  sh ow  an om alou s v a lu e s .  The 

an om alous e lec tr o m a g n etic  r e sp o n se  i s  c a u se d  b y  a tab u lar body o f
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Figure 1 8 . Turam e lec tr o m a g n etic  su rv ey  o f  th e  C a liz a s  area



Figure 1 9 . Turam e lec tro m a g n etic  su rv ey  o f  th e  C a lm a lli v o lc a n o g e n ic  m a ss iv e  su lfid e
b od y
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pyrite 3 m w ide th at d ip s  6 5 °  NW . The e n c lo s in g  rock o f  th e  body is  

v o lc a n ic  and sh o w s th e  g r e e n s c h is t  fa c ie s  o f  a lte r a t io n . P illo w  la v a s  

and sed im en tary  rock s a ls o  crop out near th e  oreb ody (F ig . 2 ) .



GEOPHYSICS AT THE EL ARGO 

PORPHYRY COPPER DEPOSIT

G e o p h y s ic a l su rv ey s  at th e  El Arco cop p er  d e p o s it  w ere run for 

a period  o f  th ree years before  d r i l l in g . In tegra tion  o f  d ifferen t g e o p h y s ­

ic a l  te c h n iq u e s  w as v ery  h e lp fu l to  lo c a te  a rea s  for th e  f ir s t  d r ill h o le s  

in  th e  m in era lized  a r ea .

Induced  P o la r iza tio n

The m ost e f fe c t iv e  m ethod u se d  for th e  d e lin e a t io n  o f  th e  m in­

e r a liz e d  zo n e  w as in d u ced  p o la r iz a t io n . M easu rem en ts w ere made u s in g  

a th r e e -e le c tr o d e  array a t s p a c in g s  o f 100 m . T raverses w ere run in  a 

n o rth -sou th  d ir e c tio n  w ith  a n  e le c tr o d e  sep a ra tio n  o f  100 m . Figure 20 

sh o w s th e  IP anom aly a t th e  El Arco porphyry cop p er d e p o s it .  The d a sh ed  

l in e s  sh ow  th e  lim it o f  th e  eco n o m ic  m in er a liz a tio n , w h ich  i s  sm a ller  

th a n  th e  IP a n om aly .

H ig h - in te n s ity  v a lu e s  o f 2 2 . 5  ms are found o u ts id e  th e  eco n o m ­

i c  z o n e . T h ese h igh  v a lu e s  corresp on d  w ith  a h a lo  o f p yrite  surrounding  

th e  econ om ic  m in era liza tio n  a s  w e ll  a s  a portion  o f  th e  d e p o s it  w here  

th e  m in era lized  rock s are e x p o s e d . As w as m entioned  e a r lie r , at le a s t  

75 p ercen t o f  th e  orebody i s  co v ered  by a co n g lom erate  w h ich  p rod u ces  

i t s  ow n IP r e s p o n s e .  The 1 5 -m s cu rve roughly  o u t lin e s  th e  lim it o f  e c o ­

nom ic m in era liza tio n  in  th e  co v er e d  portion  o f  th e  o reb o d y . It i s  in te r e s t  

in g  to  note th a t th e  to ta l su lf id e  co n ten t o b ta in ed  from th e d r illin g  data  

sh o w n  on  Figure 7 c o in c id e s  w ith  th e IP a n o m a ly . F igure 21 sh o w s
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Figure 2 0 . In d u ce d -p o la r iza t io n  an om aly  at th e  El Arco 
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s e c t io n  A-A' at th e  El Arco oreb od y
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d ifferen t p ro file s  through th e  o reb o d y . As c a n  b e  s e e n ,  th e  IP m ethod is  

th e  b e s t  g e o p h y s ic a l m ethod to  d e fin e  th e  m in era lized  a r e a . The IP 

anom aly has a 20 mV s /V  v a lu e  at th e  cen ter  o f  th e  d e p o s it .

R e s is t iv ity

A r e s is t iv i ty  su rv ey  o f  th e  El Arco area w as run s im u lta n e o u s ly  

w ith  th e  IP su r v e y . F igure 22 sh o w s th e  r e s is t iv i t y  con tou rs ev ery  100  

o h m -m eters . Lows o f 100 oh m -m eters corresp ond  w ith  IP h ig h , w h ich  

a ls o  c o in c id e  w ith  th e  know n m in era lized  a r e a . The r e s is t iv i t y  su rv ey  

w a s required to  s e le c t  lo c a t io n s  for th e f ir s t  h o le s  d r illed  at El A rco.

It ca n  be sa id  th at r e s is t iv i t y  in  co n ju n c tio n  w ith  IP proved to  be q u ite  

s u c c e s s f u l  for d e te c t in g  d is s e m in a te d  m in er a liz a tio n .

Ground M a g n e tic s

A ground m a gn etic  su rv ey  w a s carried  ou t over  th e  IP anom aly  

at El Arco to  look  for m a gn etic  m in e r a ls . R esu lts  are sh ow n  on  F igure  

2 3 , where m a g n etic  lo w s  are found over th e  oreb o d y . L o ca lize d  m ag­

n e t ic  h igh s up to  1 , 0 0 0  gam m as are found surrounding th e  econ om ic  

m in er a liz a tio n . T h ese  h ig h s  are e x p la in ed  by th e  h igh  m agn etite  c o n ­

te n t  in  th e  a n d e s it ic  rock s th a t surround th e m in era lized  in tru siv e  g ra n o -  

d io r ite . A lthough m agn etite  is  found in  the gran od iorite  m ost o f  i t  h a s  

probably  b e e n  d estro y ed  by hydrotherm al a lte r a t io n . In a d d it io n , th e  

th ic k  co v er  a t th e  w e stern  part o f  th e  porphyry d e p o s it  a ls o  a c c o u n ts  

for th e  m agn etic  lo w s  found o v er  i t .  A s e c t io n  w ith  a m a g n etic  p ro file  

through th e m in era lized  body i s  sh ow n  o n  Figure 2 1 .



52

OKC LIMtr

Figure 2 2 . Apparent r e s is t iv i t y  con tou rs a t th e  El Arco 
porphyry copper d e p o s it
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Figure 2 3 . Ground m agn etic  contour map at th e  El Arco porphyry
co p p er  d e p o s it
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G ravity

A g rav ity  p ro file  a lo n g  s e c t io n  A-A' (F ig . 20) i s  sh ow n  o n  

Figure 21 to g e th er  w ith  th e  o th er g e o p h y s ic a l  p r o f i le s .  The an om alou s  

g ra v ity  low  found a t th e  cen ter  o f  th e  El Arco porphyry cop p er d e p o s it  i s  

e x p la in ed  by th e  low  d e n s ity  co n tra st b e tw e e n  th e  gran od ior ite  porphyry  

and the h o st r o c k s . I t ca n  be s e e n  from T able 2 th a t th e  m in era liza tio n  

d o e s  not a p p rec ia b ly  in c r e a se  th e  d e n s ity  o f  th e  g r a n o d io r ite , w h ich  i s  

found to  be 2 . 6 9  g /c m ^ . The a v era g e  d e n s ity  o f  th e  a n d e s it ic  ro ck s  i s

2 . 7 2 .



CONCLUSIONS

G e o lo g ic  c o n d it io n s  in  th e  El A rco -C a lm a lli m in ing d is tr ic t  are 

b e s t  ex p la in ed  a s  a r e su lt  o f  p la te  te c to n ic  a c t iv i t y .  The in tru sio n  o f  

m iddle C reta ceo u s  g ra n itic  rock s i s  r e sp o n s ib le  for th e  m in era lized  

a r e a s . The te c to n ic  environm ent o f  th e  d is tr ic t  i s  not fu lly  u n d ersto o d , 

but major stru ctu res and t e c to n ic  b lo c k s  are k n ow n .

The g e o p h y s ic a l te c h n iq u e s  a p p lied  to  th e  El A rco -C a lm a lli 

d is tr ic t  were u s e fu l in  d e lin e a t in g  th e g e o p h y s ic a l c o n te x t  o f  th e  r e g io n .  

The g e o p h y s ic a l s e t t in g  o f  th e  d is tr ic t  i s  fa ir ly  w e ll  d e fin ed  by th e  grav ­

ity  map o f  G a s t il  e t  a l .  ( 1975) ,  and aero m a g n etic  and ground m ag n etic  

a n o m a lie s  d ifferen tia te  th e  v o lc a n ic ,  in tr u s iv e , and ultra m afic  rock s  

th a t crop out w ith in  th e  su rv ey ed  a r e a .

R egion al r e s is t iv i t y  and g rav ity  m ethods w ere u s e fu l in  d e ter ­

m ining th e  th ic k n e s s e s  o f  sed im en ta ry  form ations and depth  to  buried  

topography in  th e  El Arco a r e a . T h ese  fa ctors w ere very  im portant in  

c h o o s in g  a rea s  for h y d ro lo g ic  s t u d ie s .

G e o p h y s ic a l te c h n iq u e s  h e lp ed  to  lo c a te  in te r e st in g  a rea s  to  

ex p lore  for eco n o m ic  m ineral d e p o s i t s . M in era lized  stru ctu res in  th e  

d is tr ic t  are c le a r ly  d e fin ed  by in d u c e d -p o la r iz a tio n  and e lec tr o m a g n etic  

a n o m a lie s . F avorable stru ctu ra l c o n tro ls  o f  m in era liza tio n  w ere a ls o  

d e te c te d  by in terp retin g  reg io n a l g e o p h y s ic s .  An in te r e s t in g  co rre la tio n  

b e tw e e n  th e  m in era liza tio n  a t C a l m a l l i ,  El Tambor, and C a liz a s  and th e  

IP a n o m a lies  and m a g n etic  lo w s  c a n  be sh ow n  by su p er im p osin g  th e
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reg io n a l IP contour map (F ig . 17) on  th e  a ero m a g n etic  con tou r map 

(F ig . 1 6 ) .

The g e o p h y s ic a l work carried  out ov er  th e  area recom m ended  

b y  g e o lo g y  at the El Arco porphyry cop p er  d e p o s it  w a s u s e fu l  in  d e lin e a t ­

ing  th e  m in era liza tio n  and lo c a tin g  th e  f ir s t  h o le s  d r il le d . I t  c a n  be sa id  

th a t the d isc o v e r y  o f  th e  El Arco d e p o s it  is  th e  r e su lt  o f  a com p reh en siv e  

program o f g e o lo g ic  m apping and g e o p h y s ic a l s u r v e y s .

B ased  on  th e  ab ove  c o n c lu s io n s , an  ex p lo ra tio n  d r illin g  program  

h as b e e n  recom m ended to  e v a lu a te  th e  g e o p h y s ic a l a n o m a lie s  found north­

e a s t  o f  th e  El Arco porphyry copper d e p o s it .  Su rveys u s in g  th e  new  g e o ­

p h y s ic a l te c h n iq u e s  su c h  a s  co m p lex  r e s is t iv i t y  (Zonge and W ynn , 1974) 

are p lan n ed  for th e  near future to  in terp ret su b su rfa ce  a lte r a tio n  and to  

o b ta in  su lfid e  d iscr im in a tio n  in  a rea s  o f in te r e s t .

A d d ition al e x p lo ra tio n  h a s b e e n  recom m ended o u ts id e  th e  El 

A rco -C a lm a lli d is tr ic t  in  a rea s  w ith  s im ila r  g e o lo g ic  c o n d it io n s . Among 

th e s e  are th e  Bo n ett area lo c a te d  60 km north w est o f  El Arco and s e v e r a l  

a rea s  c lo s e  to  th e C ity  o f  El R o sa r ito .
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