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Potassium metasomatism of volcanic and sedimentary rocks i s  
a common type of a l t e r a t i on  in areas  of regional extension. The 
a1 te ra t ion  i s  chemically and mineralogical l y  d i s t i nc t i ve  but i s  
v isual ly  subt le  and e a s i l y  overlooked i n  outcrop and t h i n  section.  
In highly metasomatized volcanic rocks, K20 is  a s  high as  13.5 w t .  
% and Na20, CaO, and MgO are  each commonly l e s s  than 1 w t .  %. 
Metasomatism tends t o  homogenize volcanic rocks of diverse composition 
t o  a mixture of K-feldspar (adu la r ia )  + hematite k quartz k 
i l l  i te-montmoril loni t e ,  yet  rock textures  a re  f a i t h f u l l y  preserved. 
Potassium-bearing phenocrysts, such a s  sanidine and b i o t i t e ,  a r e  
l i t t l e  affected and give the  i l l u s ion  t ha t  the  rocks a r e  f resh.  

In t h i s  paper, we describe the chemical, mineralogical, and 
oxygen-isotopic changes accompanying K-metasomatism and point out 
the s i m i l a r i t i e s  w i t h  diagenetic reactions i n  both deep marine and 
a1 kal ine ,  sal  ine-lake environments. The common occurrence of 
K-metasomatism i n  upper-plate rocks of detac'hment ter ranes  indicates  
t ha t  the  ea r ly  stage of severe regional extension causes crusta l  
downwarping and, i n  a r id  t o  semi-arid regions, development of closed 
hydrographic basins. 

O u r  data come mainly from deta i led s tudies  of K-metasomatism 
i n  the Socorro area of the Rio Grande r i f t ,  especia l ly  s tudies  by 
Lindley (1;  2) and D'Andrea (3 ) .  The Socorro area affords an unusual 
opportunity t o  study K-metasomati sm because f i v e  regional ash-fl ow 
tu f f  sheets extend across the potassium anomaly and well beyond i t .  
Thus, sample t raverses  can be made from fresh rock i n to  progressively 
more a l t e red  rock within the same s t ra t ig raph ic  u n i t .  The interbedding 
of basal t i c  andesite lavas between the  ash-flow sheets allows 
examination of a1 t e ra t ion  e f f ec t s  on both mafic and s i l  i c i c  rocks. 
A1 t e r a t i  on of overlying ea r ly  r i f t  fang1 omerates permits analysi s 
of c l a s t s  of d i f f e r en t  rock types within the same small volume of 
rock. St ra t igraphic  re la t ionships  and corre la t ions  have been 
established during more than 30 t he s i s  and mapping projects  over 
the past  15 years;  the  r e su l t s  a re  summarized i n  Osburn and Chapin 
( 4 ) .  

The most important feature  of the Socorro potassi um anomaly 
i s  i t s  large s ize .  An L-shaped area 40 t o  50 km on a s ide  and a t  
l e a s t  20 km i n  width has been outl ined by analysis  of more than 200 
samples of ash-flow t u f f s .  Unaltered t u f f s  outside the anomaly average 
5.1% K20; the same s t ra t ig raph ic  un i t s  within the anomaly average 
8.0% K20, with K20 ranging a s  high a s  10.4%. The t u f f s  average 500 
m i n  cumulative s t ra t ig raph ic  thickness;  t h e i r  volume within the  
potassium anomaly i s  approximately 900 km3. Limited data indicate  
t ha t  interbedded basa l t i c  andesite lavas a re  much l e s s  affected and 
show an e r r a t i c  d i s t r ibu t ion  of a l t e r a t i on .  Clasts  of both t u f f s  
and mafic lavas i n  e a r l y - r i f t  fanglomerates a r e  highly a l t e red  w i t h  
K20 contents a s  high a s  11.6%. Using only the  volume of a l t e red  
t u f f s  (900 km3) and an average enrichment of 2.9% K20, a minimum 
of 6 . 4 ,  x 1010 tons of potassium ( K )  have been added! The magnitude 
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o f  t h i s  f i g u r e  and t h e  s i z e  o f  t h e  area a f f e c t e d  impose impo r tan t  
c o n s t r a i n t s  on t h e  o r i g i n  o f  t h e  a l t e r a t i o n .  

One arm o f  t h e  L-shaped potass ium anomaly a t  Socorro t r ends  
nor thward a long  t h e  a x i s  o f  t he  e a r l y  r i f t  Popotosa bas in .  Late-  
rift ( < l o  Ma) b l o c k  f a u l t i n g  has exposed p e r v a s i v e l y  metasomatized 
ash- f low t u f f s  o v e r l a i n  by  e a r l y - r i f t  c l  a s t i c  sedimentary rocks  and 
by as much as 300 m o f  f i n e - g r a i n e d  p laya  depos i ts .  C rus ta l  ex tens ion  
a long  t h e  bas in  a x i s  has been es t imated  b y  Chamberl in (5 )  t o  be 200 
+ 50%. The o t h e r  arm o f  t h e  Socorro potassium anomaly extends about 
50 km southwest f rom Socorro across an ove r l app ing  s e r i e s  o f  l a t e  
01 igocene ca lderas  t h a t  were downwarped beneath t he  Popotosa bas in  
as t h e y  underwent ex tens ion  o f  30 t o  200%. K-metasomatism i s  
r e s t r i c t e d  t o  t h e  s t r a t i g r a p h i c  i n t e r v a l  between t h e  f i r s t  ma jo r  
ash- f low sheet ( t h e  32.0 Ma H e l l s  Mesa T u f f )  and an as y e t  undef ined 
l e v e l  w i t h i n  sedimentary depos i t s  o f  t h e  Miocene Popotosa bas in .  
L a t e r a l  boundar ies v a r y  f rom r e l a t i v e l y  sharp (<2 km), c r o s s - c u t t i n g  
bo th  s t r u c t u r a l  g r a i n  and s t r a t i g r a p h i c  boundaries,  t o  r e l a t i v e l y  
d i f f u s e  w i t h  marked s t r a t i g r a p h i c  c o n t r o l  . Permeabi 1 i ty  and 
composi t ion o f  s t r a t i g r a p h i c  u n i t s  were ma jo r  v e r t i c a l  c o n t r o l s  o f  
K-metasomatism; l a t e r a l  c o n t r o l s  were pe rmeab i l i t y ,  s a l i n i t y ,  and 
p o s s i b l y  temperature o f  a1 t e r i  ng f 1 u i  ds . 

Chemical ly,  t h e  a l t e r a t i o n  i s  d i s t i n c t i v e .  As K20 increases,  
Na20 and CaO decrease. To ta l  a l k a l i  con ten t  inc reases  b y  1 t o  2% 
i n  welded t u f f s  and by  as much as 5% i n  m a f i c  l avas  (6 ) .  C l a s t s  
o f  m a f i c  l avas  i n  e a r l y  r i f t  fanglomerates show t h e  most extreme 
metasomati sm, perhaps because o f  t h e i r  r e a c t i v e  composi t ion and 
l o c a t i o n  i n  permeable, s i l i c a - r i c h  bas in  sediments. K20/Na20 r a t i o s  
f o r  u n a l t e r e d  ash- f low t u f f s  o u t s i d e  t h e  anomaly average 1.2; t h e  
same s t r a t i g r a p h i c  u n i t s  w i t h i n  t h e  anomaly have K20/Na20 r a t i o s  
as h i g h  as 42.1. Una l te red  b a s a l t i c  andes i te  l avas  ou t s i de  t h e  anomaly 
have an average K20/Na20 r a t i o  o f  0.7; s i m i l a r  l avas  w i t h i n  t h e  anomaly 
have K20/Na20 r a t i o s  as h i g h  as 35.0. Thus, t he  K20/Na20 r a t i o  
p rov ides  a s e n s i t i v e  i ndex  use fu l  i n  scanning l i s t s  o f  chemical 
analyses f o r  s i gns  o f  K-metasomati sm. 

Other chemical changes accompanying K-metasomatism i n  t h e  Socorro 
area a r e  inc reases  i n  Rb and Ba and decreases i n  Sr,  Mn, and MgO 
(3; 6).  The ~ e + 3 / t o t a l  Fe r a t i o  inc reases  markedly  i n  m a f i c  t o  
i n te rmed ia te  rocks  b u t  remains re1  a t i v e l y  unchanged i n  r h y o l  i t i c  
t u f f s ,  p robab l y  because o f  t he  h i g h e r  i n i t i a l  o x i d a t i o n  s t a t e  o f  
t h e  t u f f s .  Ti02, t o t a l  Fe, Zr,  Y, Th, and U remain unchanged (3; 
6).  Agron and Bento r  (7)  desc r i be  v e r y  s i m i l a r  chemical and 
m i n e r a l o g i c a l  changes i n  K-metasomatized Precambrian r h y o l  i t e s  
bo rde r i ng  t h e  Dead Sea rift. Glazner (8)  r e p o r t s  s i m i l a r  changes 
i n  K-metasomatized v o l c a n i c  and sedimentary rocks  of t h e  Cady 
Mountains, Mojave Deser t ,  C a l i f o r n i a .  Both s t u d i e s  determined t h a t  
r a r e  e a r t h  elements were e s s e n t i a l l y  immobile d u r i n g  metasomatism. 

M ine ra log i ca l  ly ,  K-metasomatism i s  cha rac te r i zed  by  pervas ive  
replacement o f  d i v e r s e  rock  types  by  K- fe ldspar  ( a d u l a r i a )  + hemat i te  
+ qua r t z  + ill i te-montmori l  l o n i  t e  ( 2 ) .  I n  ash- f low t u f f s ,  groundmass 
t r i d y m i  t e  and c r i s t o b a l  i t e  r e c r y s t a l  1 i z e  t o  Pow qua r t z  ( 2 ) .  
Phenocrys t i c  p l a g i o c l a s e  i s  rep laced  by  a f i ne -g ra ined ,  i n t i m a t e  
m i x t u r e  o f  approx imate ly  equal amounts of a d u l a r i a  and qua r t z  (2) .  
Groundmass p l  a g i o c l  ase undergoes pa tchy  rep1 acement by adul  a r i  a. 
Phenocryst i  c qua r t z ,  sanid' ine, and b i o t i t e  t y p i c a l l y  remain una f fec ted .  
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W i t h  extreme a l t e r a t i o n ,  groundmass quartz and phenocrystic sodic 
sanidine a r e  a l so  replaced by adular ia  ( 2 ) .  In ba sa l t i c  andesite 
1 avas, groundmass pl agi ocl ase i s rep1 aced by adul a r i a  and both 
phenocrystic and groundmass pyroxene a r e  converted t o  hematite ( 2 ) .  
Groundmass magnetite i s  a l so  hematized. The f i r s t  v i s i b l e  sign of 
a l t e r a t i on  in hand samples of e i t h e r  rock type i s  a chalky appearance 
of plagioclase;  the  f i r s t  sign in th in  section i s  patchy replacement 
of plagiocl ase by adul a r i a .  

The secondary K-feldspar i s  very pure (Or 96 t o  loo) ,  contains 
15.8 t o  16.3 w t .  % K20, i s  monoclinic, and has a s l i g h t l y  ordered 
s t ruc tu ra l  s t a t e  approaching t h a t  of orthoclase (2 ) .  This secondary 
fe ldspar  i s  f i n e  grained (20 microns) and has the rhombohedra1 habi t  
cha r ac t e r i s t i c  of diagenetic/hydrothermal adul a r i a  ( 2 ) .  In a1 tered 
phenocrystic plagioclase,  where adular ia  i s  int imately associated 
with fine-grained quar tz ,  the  two minerals a r e  coprecipi ta ted  i n  
a chaotic manner, beginning along cleavages. T h i s  r e su l t s  i n  creation 
of void spaces which imparts a secondary porosity and decreases rock 
densi ty  (9 ) .  

Isotopical ly ,  8180 increases i n  rhyol i t i c  t u f f s  from values 
of +8 t o  +10 permi 1 ,  typical  of unaltered rock, t o  +I1  t o  +13 permil , 
t y  ica l  of a l t e red  rock ( 2 ) .  Secondary IC-feldspar has a minimum P 6, 80 of t12.7 permil and secondary quartz has an estimated minimum 
6180 of +15.4 permil ( 2 ) .  Phenocrystic quartz and sanidine re ta in  

t h e i r  magmatic values of approximately +8 and +7 permi 1 , respectively.  
In contras t  t o  the rhyo l i t i c  units, ba sa l t i c  andesite lavas become 
i so top ica l ly  1 igh te r  w i t h  metasomatism. Unaltered mafic lavas ,  have 
180 values of approximately +9 permil compared t o  +6 permil i n  a l t e r ed  
lavas ( 2 ) .  The strong tendency of iron oxides t o  concentrate l i g h t  
oxygen (10) and the a l t e r a t i on  of abundant pyroxene t o  hematite i n  
the a1 tered lavas may be responsible. 

Previous in te rpre ta t ions  of K-metasomati sm have been in terms 
of f o s s i l  geothermal systems (11; 6;  7 ;  8 ) .  Chapin and Glazner (12) 
l i s t e d  14 areas  in the southwestern United S t a t e s  where K-metasomatism 
i s  known and pointed out t h a t  i n  a l l  these areas  the upper c ru s t  
has been severely disrupted by regional extension, caldera coll  apse, 
o r  both. The associat ion seems t o  be w i t h  a reas  of high heat flow 
and severely f rac tured c ru s t .  The Biq ' a t  Hayareah area i n  the  
Sinai-Negev Desert,  studied by Agron and Bentor ( 7 ) ,  a l so  displays  
t h i s  associa t ion.  There the volcanic rocks d ip  250 t o  900 and a r e  
s i tua ted  on the margin of the Dead Sea r i f t .  

In a recent  study of discordant K-Ar and f iss ion- t rack ages 
of upper-plate volcanic rocks associated w i t h  the  Harcuvar Mountains 
detachment ter rane in western Arizona, Brooks and Marvin (13) suggest 
t h a t  K-metasomatism occurred a t  temperatures g rea te r  than the --200°C 
annealing temperature of f i s s i on  t racks  i n  zircon.  Kerrich and others  
(14) repor t  t h a t  K-metasomatized upper-plate rocks in the  nearby 
Picacho detachment ter rane a r e  oxidized and 6180 enriched, a s  a r e  
the rocks a t  Socorro, and postula te  t h a t  a l t e r a t i on  occurred during 
expulsion of metamorphic f l u i d s  from the lower p la tes  a t  temperatures 
l e s s  than 3000C. ~ h e a l 8 0  values of K-metasomatized rocks a t  Socorro 
can be in terpre ted a s  indicat ing e i t h e r  equi 1 ibra t ion with waters 
enriched in heavy oxygen (+5 t o  +10 permil) a t  temperatures of 250° 
t o  3500C o r  reaction with meteoric waters a t  temperatures of 30° 
t o  800C ( 2 ) .  An independent measure of paleotemperature i s  needed 
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a t  Socorro. However, geologic  evidence and data from the  l i t e r a t u r e  
on d iagenet ic  reac t i ons  i n  both deep-marine and a1 kal  ine,  sa l  ine-1 ake 
environments s t r o n g l y  f a v o r  a  r e l a t i v e l y  1  ow-temperature regime. 

Diagenet ic  changes i n  sea - f l oo r  sediments and vo lcan ic  rocks 
have been we l l  documented by s tud ies  a r i s i n g  from the  Deep Sea D r i l l i n g  
P ro jec t .  M e l l i s  (15) and Mathews (16; 17) discovered e a r l y  on t h a t  
ca l  c i  c  cores o f  p l  ag ioc l  ase phenocrysts i n  deep-sea basal t s  were 
replaced by water -c lear  K-feldspar s i m i l a r  t o  or thoclase.  Since 
then, numerous s tud ies  o f  sea - f l oo r  diagenesis have documented t h a t  
b a s a l t s  t y p i c a l l y  ga in  K, Rb, Ba, Cs, 6180, and ~ e + 3 / t o t a l  Fe and 
Tose Ca, Mg, Na, S r ,  and Mn t o  the  pore waters (see f o r  example 17; 
18; 19; 20; 21). Most o f  the  ions  removed are  taken up i n  secondary 
minera ls  such as Ca i n  c a l c i t e  and Mg i n  smect i tes. The m o b i l i t y  
o f  some ions  i s  s t r o n g l y  temperature-dependent, bu t  most a l t e r a t i o n  
o f  sea - f l oo r  basa l t s  occurs a t  temperatures l e s s  than lOOoC and the  
r e s u l t s  a re  r a t h e r  uni form over l a r g e  areas o f  the  ocean f l o o r  (20). 
Bloch and B ischo f f  (22) have shown t h a t  when s a l i n e  f l u i d s  r e a c t  
w i t h  b a s a l t i c  rocks a t  low temperatures potassium i s  f i x e d ,  wh i l e  
a t  temperatures above 1500C sodium i s  f i x e d .  Munha' e t  a l .  (23) 
r e p o r t  t h a t  sea- f loor  r h y o l i t e s  show s t rong enrichment i n  potassium, 
development of an adul ar ia-quartz-hemati  t e f  assemblage, dep le t i on  
i n -  Na, Ca, Mg, Mn, and Zn, and enrichment i n  heavy oxygen. These 
changes are  s t r i k i n g l y  s i m i l a r  t o  potassium metasomatism a t  Socorro. 

Even more re levant ,  however, a re  s tud ies  by Hay (24, 25), Sheppard 
and Gude (26; 27; 28; 29) and Surdam and Sheppard (30) which have 
shown t h a t  s i l i c i c  v i t r i c  t u f f s  interbedded i n  sediments o f  a1 ka l ine ,  
s a l i n e  lakes  can be p rog ress i ve l y  a l t e r e d  basinward through a  sequence 
of z e o l i t e s  t o  K-fel dspar. The d iagenet ic  reac t i ons  occur r a p i d l y  
i n a  1  ow- temperature, near-surface envi  ronment . Increased a1 ka l  i n i  t y  
and s a l i n i t y  d r i v e s  the  reac t i ons  toward the  anhydrous phase. An 
a1 ka l  ine,  sa l  i n e  environment a t  Socorro i s  i nd i ca ted  by abundant 
zeol i t e s  ( c l  i n o p t i  l o 1  i t e ,  mordeni t e ,  anal c i t e )  and gypsum i n  the  
p laya depos i ts  o f  the  Popotosa basin, as w e l l  as t races  o f  h a l i t e  
and anomalous 1  i t h i  um content  o f  ash beds (31). Popotosa fang1 omerates 
and sandstones are  redd ish  brown and extremely we l l  indura ted  w i t h i n  
the  potassium anomaly, b u t  are b u f f  co lored and o n l y  moderately 
indura ted  outs ide  the  anomaly. Reddish c o l o r a t i o n  and unusua l ly  
s t rong i n d u r a t i o n  are t y p i c a l  o f  coarse c l a s t i c  rocks i n  o the r  areas 
o f  K-metasomatism, i n c l u d i n g  upper p l a t e s  o f  detachment terranes.  

The o l d e s t  sedimentary depos i ts  o f  t he  Popotosa basin have been 
dated a t  about 26 Ma (32) ;  t he  basin pe rs i s ted  as a  broad (60-km-wide), 
shallow, closed hydrographic e n t i t y  u n t i l  about 7  Ma when Basin and 
Range f a u l t i n g  broke the  basin i n t o  a  se r ies  o f  th ree  narrow basins 
w i t h  i n t e r v e n i n g  ranges. Thus, as much as 19 m.y. was a v a i l a b l e  
f o r  downward p e r c o l a t i o n  of a1 kal  ine ,  s a l i n e  waters i n t o  permeable 
vo lcan ic  and sedimentary u n i t s  beneath the  bas in  f l o o r .  C lose ly  
spaced, domino-style normal f a u l t s  and s t rong r o t a t i o n  o f  beds 
accompanying severe extension o f  t h e  basin f l o o r  may have aided the  
downward m ig ra t i on  o f  s a l i n e  waters. The great  a rea l  ex ten t  o f  t h e  
K-metasomatism (1800 kmz), i t s  sub t l e  nature,  simple minera l  
assemblage, enrichment i n  heavy oxygen, and l o c a t i o n  i n  a  rift bas in  
argue s t r o n g l y  f o r  a  d iagenet ic  r a t h e r  than hydrothermal o r i g i n .  

Increased temperature a1 so d r i v e s  zeol i ti c  reac t ions  towards 
the  anhydrous fe ldspa r  end members (33).  Maximum depth of b u r i a l  
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of K-metasomati zed rocks a t  Socorro was approximately 1.8 km. 
Reasonable temperature est imates a t  t h i s  depth vary from 740C (heat  
flow 80 mw/m2) t o  920C (heat  flow 107 mw/m2) depending on whether 
an intermediate o r  high heat flow i s  assumed (average Basin and Range 
heat flow i s  89 mw/m2). Thus, temperature was probably not the  
dominant f ac to r  causing K-metasomatism a t  Socorro. Elevated 
temperatures may have played a more important ro le  i n  K-metasomatism 
i n  calderas such a s  the  Bachelor Mountain caldera,  San Juan volcanic 
f i e l d ,  Colorado, where Ratte'  and Steven (34) discovered a 10 x 16- 
km potassium anomaly. However, the  adjacent and s l i g h t l y  younger 
Creede caldera (26.5 Ma) hosted an a lka l ine ,  sal ine-lake system i n  
which lacus t r ine  sediments underwent diagenetic reactions t o  c lays ,  
zeol i t e s ,  and moderately abundant K-feldspar (35) without evidence 
of s ign i f ican t  temperature control .  The subt le  nature of 

, .K-metasomatism and lack of co~nspicuously a1 tered zones, such a s  occur 
where convecting geothermal waters a r e  chdnnelized along permeable 
pathways, indicates  t h a t  the thermal gradient during K-metasomatism 
was l e s s  than t h a t  required f o r  hydrothermal convection (36).  

The i n i t i a l  response of continental l i thosphere t o  thinning 
by regional extension i s  downwarping t o  form broad, shallow 
depressions. Isostacy requires t h i  s response and numerous s tudies  
of continental r i f t s  have documented i t  i n  s p i t e  of the widely held 
misconception of e a r ly  doming (37).  The detachment ter ranes  of the  
southwestern United S ta tes  a r e  located i n  an area which has had an 
a r id  t o  semi-arid climate throughout much of Cenozoic time. Subsidence 
i n  such a s e t t i ng  should lead t o  formation of closed hydrographic 
basins and development of a1 kal ine ,  sa l ine  lakes.  The widespread 
occurrence of K-metasomatized volcanic rocks i n  the upper p la tes  
of detachment ter ranes ,  together w i t h  the nearly ubiquitous presence 
of reddish-brown, highly indurated c l a s t i c  sedimentary rocks 
i nterbedded with upper-pl a t e  volcanic un i t s ,  indicates  t h a t  e a r l y  
stages of detachment fau l t ing  produce subsidence. A t  Socorro, the  
subsidence stage las ted f o r  nearly 20 m.y. (26-7 Ma) and was followed 
by u p l i f t  and block fau l t ing  i n  typical  Basin and Range s ty l e .  The 
preservation of upper-plate rocks and detachment surfaces i n  many 
ranges of the Basin and Range province a l so  indicates  t h a t  u p l i f t  
was a la te-s tage event. We suggest t ha t  the term "metamorphic core 
complex", with i t s  implications of domal u p l i f t ,  i s  a misnomer. 
Such complexes a re  merely exposures of planar or  gently curved, 
low-angle detachment surfaces t h a t  spent most of t h e i r  existence 
beneath broad downwarps which, in  a r id  cl imates, contained closed 
hydrographic basins. 
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