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ABSTRACT 

Thin dikes and sills (3 ft to 40 ft thick) of diorite and minor camptonite of 

Tertiary age (44.2 ± 2.2 m.y.), intruded into Paleozoic sediments, are the dominant 

igneous rocks of the Sacramento Mountains. The diorite and camptonite are similar 

mineralogically, but differ texturally. The camptonites have large (up to 30 mm) 

phenocrysts of euhedral hornblende and altered diopsidic augite with minor pheno-

crysts (5 mm) of plagioclase (Ana 0-45). The dominant phenocrysts of the diorite are 

plagioclase (An4 0-4 5) up to 5 mm long accompanied by minor euhedral hornblende 

and altered diopsidic augite (12 mm maximum). Both rocks have a ground-mass of 

plagioclase laths, interstitial chlorite, magnetite, minor orthoclase, and apatite. 

These rocks are comagmatic. The paragenetic sequence (olivine?-pyroxene-

hornblende-reaction of olivine and pyroxene-plagioclase) is similar to that described 

by Yoder and Tilley (1962) for alkaline basaltic magmas with H2O pressure be-

tween 2 to 5 kb (kilobars). After total olivine resorption, but before total pyroxene 

resorption, the pressure dropped due to intrusion. Differences in mineralogy and 

texture are the result of flow differentiation (Asquith, 1973b). With a high rate of 

discharge from the magma chamber, strong magma currents picked up the large 

hornblende and augite crystals concentrated at the base of the magma chamber, and 

intruded them along with smaller crystals of hornblende, augite, and minor 

plagioclase — forming a camptonite. 
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INTRODUCTION 

T h e  S a c r a m e n t o  M o u n t a i n s  a r e  l o c a t e d  i n  s o u t h - c e n -

t r a l  N e w  M e x i c o  a  f e w  m i l e s  e a s t  o f  A l a m o g o r d o  ( f i g .  1 ) .  

A  s t e e p  f a u l t  s c a r p  m a r k s  t h e  w e s t e r n  b o u n d a r y  o f  t h e  

m o u n t a i n s  w i t h  t h e  T u l a r o s a  b a s i n .  T h e  r a n g e  i s  c o m p o s e d  

m o s t l y  o f  g e n t l y  d i p p i n g  l i m e s t o n e s  a n d  d o l o m i t e s ,  w i t h  

s u b o r d i n a t e  s a n d s t o n e s  a n d  s h a l e s ,  o f  E a r l y  O r d o v i c i a n  t o  

P e r m i a n  a g e .  T h e  s e d i m e n t a r y  r o c k s  a r e  i n t r u d e d  b y  

n u m e r o u s  t h i n  s i l l s  a n d  d i k e s .  T h e  g e o l o g y  o f  t h e  S a c -

r a m e n t o  M o u n t a i n s  h a s  b e e n  d e s c r i b e d  b y  P r a y  ( 1 9 6 1 ) .  

T h e  T e r t i a r y  i g n e o u s  r o c k s  ( d a t e d  4 4 . 2  ±  2 . 2  m . y .  o n  

b a s i s  o f  K / A r  d a t e  o n  h o r n b l e n d e  b y  A s q u i t h ,  1 9 7 3 a )  a r e  

p r e d o m i n a t e l y  f i n e  g r a i n e d  d i o r i t e  p o r p h y r i e s  w i t h  a  f e w  

c l o s e l y  a s s o c i a t e d  c a m p t o n i t e s  ( f i g .  2 ) .  T h e s e  r o c k s  o c c u r  

a s  n u m e r o u s  t h i n  d i k e s  a n d  s i l l s  ( 3  f t  t o  4 0  f t  t h i c k )  a l o n g  

t h e  n o r t h e r n  a n d  c e n t r a l  p a r t s  o f  t h e  e s c a r p m e n t .  T h e  

s t e e p l y  d i p p i n g  d i k e s  t r e n d  n o r t h e a s t ;  t h e  s i l l s  a r e  

c o n c e n t r a t e d  i n  t h e  s h a l y ,  s a n d y  s t r a t a  o f  t h e  D e v o n i a n ,   

l o w e r  M i s s i s s i p p i a n ,  a n d  b a s a l  P e n n s y l v a n i a n  ( P r a y ,  1 9 6 1 ,  

p .  4 ) .  

T h i s  s t u d y  i s  c o n c e r n e d  w i t h  t h e  p e t r o g r a p h y  a n d  

p e t r o g e n e s i s  o f  t h e  d i o r i t e s  a n d  a s s o c i a t e d  c a m p t o n i t e s  i n  

t h e  c e n t r a l  S a c r a m e n t o  M o u n t a i n s  ( f i g .  1 ) .  M i n e r a l o g i c a l l y  

b o t h  r o c k s  c o n s i s t  o f  p h e n o c r y s t s  o f  d i o p s i d i c  a u g i t e ,  

e u h e d r a l  g r e e n  h o r n b l e n d e ,  a n d  p l a g i o c l a s e  ( A n a  0 _ 4  5 )  i n  a  

g r o u n d m a s s  o f  p l a g i o c l a s e  l a t h s  ( A n 3  5  _ 4 0 ) ,  i n t e r s t i t i a l  

c h l o r i t e ,  m i n o r  o r t h o c l a s e ,  m a g n e t i t e ,  a n d  a p a t i t e .  T h e  r o c k s  

d i f f e r  b y  t h e  p r o p o r t i o n s  o f  t h e  v a r i o u s  p h e n o c r y s t s  a n d  b y  

t h e  s i z e  o f  t h e  p h e n o c r y s t s .  T h e  c a m p t o n i t e s  h a v e  l a r g e r  

p h e n o c r y s t s  ( 3 0  m m  m a x i m u m ) ;  t h e  m a f i c  m i n e r a l s  

p r e d o m i n a t e  w i t h  o n l y  m i n o r  p l a g i o c l a s e .  I n  t h e  d i o r i t e s  t h e  

p h e n o c r y s t s  a r e  s m a l l e r  ( 1 2  m m  m a x i m u m )  a n d  p l a g i o c l a s e  

p h e n o c r y s t s  p r e d o m i n a t e  w i t h  o n l y  m i n o r  p y r o x e n e  a n d  

h o r n b l e n d e  ( f i g .  2 ) .  

PETROGRAPHY 

Introduction 
T h e  t e r m  camp tonite  a s  u s e d  i n  t h i s  p a p e r  r e f e r s  o n l y  

t o  a  hornblende-augite-bearing lamprophyre 
(Turner  a n d  V e r h o o g e n ,  1 9 6 0 ,  p .  2 5 0 ) .  T h e  t e r m  diorite  i s  

u s e d  t o  d e n o t e  a n  i n t e r m e d i a t e  p l u t o n i c  r o c k  c o n s i s t i n g  o f  

a n d e s i n e  a n d  h o r n b l e n d e  w i t h  o r  w i t h o u t  a u g i t e  ( T u r n e r  a n d  V e r -

h o o g e n ,  1 9 6 0 ,  p .  7 3 ) .  T h e  p r e s e n c e  o f  t r a n s i t i o n a l  r o c k  t y p e s ,  

h o w e v e r ,  h i n d e r s  c l a s s i f i c a t i o n .  

M i n e r a l  i d e n t i f i c a t i o n  w a s  b a s e d  o n  o p t i c a l  c o n s t a n t s  

u s i n g  d a t a  o f  D e e r  a n d  o t h e r s  ( 1 9 6 3 )  a n d  H e i n r i c h  ( 1 9 6 5 ) .  

R e f r a c t i v e  i n d e x e s  a s  w e l l  a s  o p t i c  a n g l e s  a n d  e x t i n c t i o n  

a n g l e s  w e r e  d e t e r m i n e d  f o r  t h e  h o r n b l e n d e  a n d  p y r o x e n e .  

R e f r a c t i v e  i n d e x e s  w e r e  m e a s u r e d  r e l a t i v e  t o  m o n o c h r o -

m a t i c  l i g h t  ( D  =  5 8 9  m m) ,  a n d  c o r r e c t e d  t o  2 5
°
C  w h e n  

n e c e s s a r y .  T h e  o p t i c  a n d  e x t i n c t i o n  a n g l e s  w e r e  m e a s u r e d  

b y  u n i v e r s a l  s t a g e  a n d  c o r r e c t e d  f o r  d i f f e r e n c e s  i n  

r e f r a c t i v e  i n d e x e s .  T h e  e x a c t  c h e m i s t r y  o f  t h e  h o r n b l e n d e  

w a s  d e t e r m i n e d  b y  w e t  c h e m i c a l  a n a l y s i s  a f t e r  w h i c h  t h e  

c a t i o n  p e r c e n t a g e s  b a s e d  o n  2 4  ( 0 ,  O H )  w e r e  c a l c u l a t e d .  

C h e m i c a l  a n a l y s e s  w e r e  n e c e s s a r y  b e c a u s e  m a n y  o f  t h e  

i o n i c  s u b s t i t u t i o n s  i n  h o r n b l e n d e  c a n n o t  b e  d e t e r m i n e d  b y  

o p t i c a l  p r o p e r t i e s .  T h e  p l a g i o c l a s e  c o m p o s i t i o n s  w e r e  

d e t e r m i n e d  b y  t h e  5 - a x i s  m e t h o d  ( E m m o n s ,  1 9 4 3 ) .  

Diorite 

T h e  d i o r i t e s  ( s a m p l e s  1 1 3  a n d  1 1 6 ;  t a b l e  1 )  a r e  m e d i u m  

g r a y  g r e e n  w i t h  a  w e a k l y  p o r p h y r i t i c  t e x t u r e  ( f i g .  2 ) .  T h e y  

c o n t a i n  2 3  t o  2 7  p e r c e n t  p h e n o c r y s t s  m a i n l y  p l a g i o c l a s e  

( A n a  o  - 4  5  )  a n d  m i n o r  a m o u n t s  o f  h o r n b l e n d e  a n d  

p y r o x e n e  ( t a b l e  1 ) .  T h e  p l a g i o c l a s e  p h e n o c r y s t s  a r e  w h i t e ,  

l a t h  s h a p e d ,  a n d  v a r y  f r o m  0 . 5  m m  t o  5 . 0  m m .  T h e  

h o r n b l e n d e  i s  g r e e n ,  a n d  o c c u r s  a s  e u h e d r a l  c r y s t a l s  ( u p  t o  

1 2  m m  l o n g  b u t  w i t h  a v e r a g e  l e n g t h  o f  1  t o  2  m m )  h a v i n g  

o s c i l l a t o r y  z o n i n g .  T h e  p y r o x e n e  p h e n o c r y s t s  a r e  v e r y  p a l e  

g r e e n ,  w i t h  a  m a x i m u m  s i z e  o f  6  m m  a n d  a  m e a n  o f  0 . 5  t o  

1 . 0  m m .  T h e  p y r o x e n e  i s  d i o p s i d i c  a u g i t e  w i t h  o s c i l l a t o r y  

z o n i n g ,  a n d  e x h i b i t s  e x t e n s i v e  a l t e r a t i o n  a l o n g   
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(table 2). The groundmass consists of laths (0.25 to 0.5 

mm long) of plagioclase (An35-40), interstital chlorite, 

minor orthoclase, magnetite, and euhedral apatite. 

These fine-grained plagioclase-rich rocks are classi-

fied, in this paper, as diorites in accord with Johnson's 

(1968) terminology applied to the Spanish Peaks area of 

Colorado. However, because of the high percentages of 

CO2 and P2 05 , and the presence of normative nepheline, 

these rocks might also be classified as fine-grained camp-

tonites (Asquith, 1973b). 

Camptonites 

The camptonites (samples 17 and 27, table 1) and a 

transitional dioritic camptonite (sample 21, table 1) are 

medium gray green with a strongly porphyritic texture (fig. 

2). They contain 26 to 31 percent phenocrysts, with the 

mafics (hornblende and diopsidic augite) predominating 

over the plagioclase (An40-45) (table 1). The minor plagio-

clase phenocrysts are white, lath shaped, and vary from 0.5 

mm to 5.0 mm. The hornblende in the camptonite occurs as 

euhedral green crystals (with oscillatory zoning) up to 30 

mm long but with an average length of 2 to 4 mm. The 

diopsidic augite phenocrysts with oscillatory zoning are 

very pale green and up to 10 mm long, but most are only 

about 2 mm. They exhibit the same extensive alteration as 

the pyroxene phenocrysts in the diorites. The optical and 

chemical data for the hornblende and pyroxene phenocrysts 

from the camptonites is given in tables 2 and 3. 

The groundmass of the camptonites is similar to 

that of the diorites. It consists of plagioclase (An35-40) 

laths (0.25 to 0.5 mm long), interstitial chlorite, minor 

orthoclase, magnetite, and euhedral apatite. 

Phenocrysts in the camptonites are both coarser 

grained and contain a much higher percentage of mafics 

relative to plagioclase than do the diorites. Figure 3 in-

dicates that the plagioclase phenocrysts are concentrated 

in the smaller grain sizes. 

 

 

edges, cleavages, and fractures. Alteration products include 

calcite, chlorite, and iron oxides. The optical properties and 

chemical compositions of the hornblende and pyroxene 

phenocrysts are given in tables 2 and 3. A chemical 

analysis and cation percentages of a hornblende phenocryst 

from a camptonite (sample 17) are given in table 3. 

Inasmuch as the hornblende in the diorites have similar 

optical properties, they should have similar chemistry 

 



 
3 

 

CHEMISTRY 

Normative calculations (table 4; molecular norm) 

indicate that all these rocks are undersaturated, with both 

olivine and nepheline appearing in the norm. The AMF 

diagram (fig. 4) shows the variation of the diorite-camp-

tonite association of the Sacramento Mountains, the varia-

tion of the lamprophyre-diorite association of the Spanish 

Peaks in Colorado (Johnson, 1968), and the variation in a 

differentiated lamprophyre dike from the Sandia Moun-

tains in New Mexico (Woodward, 1970). The continuous 

increase in total alkalis with very little iron enrichment is 

similar to the trend shown by alkaline basaltic magma 

during differentiation. The differentiated alkaline basalt 

shown in fig. 4 is from a teschenite sill from the Tertiary 

of Scotland (Walker, 1930). 

The positions of the camptonites and diorites from the 

Sacramento Mountains indicate that the parent magma was 

alkaline basalt. A similar conclusion was reached for a 

camptonite-dolerite association in Greenland (Vincent, 

1952). The positions of the Sacramento Mountain rocks on 

fig. 4 also suggest that some differentiation had taken place 

before intrusion. 

 



4 

PETROGENESIS 

The order of crystallization for these rocks is similar 

to that described by Yoder and Tilley (1962) for alkaline 

basalts at H2 0 pressures between 2 to 5 kb (fig. 5). The 

heavy line on fig. 5 illustrates a probable course of crystal-

lization for the Sacramento Mountain igneous rocks. 

The presence of normative olivine suggests that 

olivine was the first phase to crystallize and was followed 

by pyroxene. Much of the olivine and pyroxene separated 

from the melt thus shifting the composition of the magma 

towards the acid end of the differentiation trend (fig. 4). 

Hornblende was the next phase to crystallize; the pyroxene 

and any remaining olivine started to react with the melt. 

The presence of oscillatory zoning in both the pyroxene 

and hornblende phenocrysts indicates cycling of the 

phenocrysts through hot and cold zones of the magma 

chamber by convection prior to intrusion. At some point 

(fig. 5) after total olivine resorption (no modal olivine), but 

before total pyroxene resorption, the pressure dropped due 

to intrusion. A short interval of plagioclase crystallization, 

before the pressure drop (fig. 5), probably accounts for 

plagioclase phenocrysts being restricted to the finer grain 

sizes (fig. 3). The curve for pressure decline shown in fig. 5 

is only a probable course of crystallization. However, the 

complete lack of reaction rims on the hornblende indicates 

that the stability line for hornblende was 
not crossed 

The mineralogical and textural differences are the 

result of flow differentiation. The process of flow differen-

tiation was first described by Bhattacharji and Smith 

(1964). If the discharge rate from the magma chamber 

during intrusion was high, strong magma currents would 

pick up both the large and small pyroxene and hornblende 

crystals concentrated near the base of the magma chamber, 

and intrude them (along with a minor amount of plagio-

clase) forming a camptonite. With a lower rate of dis-

charge, only smaller crystals of pyroxene and hornblende 

(along with a higher percentage of less dense plagioclase) 

would be expelled, forming a diorite (Asquith, 1973b). 

This process of flow differentiation has also been utilized 

by Murata and Richter (1966) to explain the eruption of 

picrites and olivine-poor basalts from the 1959 Kilauean 

eruption (fig. 6). 

Asquith (1973b) has demonstrated that flow differen-

tiation results in a linear log-log relationship between 

mineralogy and composition and the mean size of pheno-

crysts. This relationship is illustrated in fig. 6 along with 

photographs showing the corresponding textural variations 

for the diorite-dioritic camptonite-camptonite transition. 

SUMMARY 

The camptonites and associated diorites of the Sac-

ramento Mountains are comagmatic. The magma was of 

alkaline basaltic parentage modified by elevated water 

pressure and early fractionation of olivine and pyroxene. 

These conclusions are supported by the presence of hy-

drous phases (hornblende phenocrysts and interstitial 

chlorite) and the positions of these rocks on the AMF 

diagram (fig. 4). The sequence of crystallization 

(olivine?-pyroxene-hornblende-reaction of olivine and 

pyroxeneplagioclase) is similar to that described by Yoder 

and Tilley (1962) for alkaline basalt at H20 pressure 

between 2 to 5 kb. After total olivine resorption, but 

before total pyroxene resorption and after the start of 

plagioclase crystallization, the pressure dropped due to 

intrusion of sills and dikes. 

The textures and mineral composition of the camp-

tonites and diorites vary as a result of flow differentiation. 

With a high rate of discharge from the magma chamber, 

strong magma currents picked up both the large and small 

pyroxene and hornblende crystals concentrated near the 

base of the magma chamber and intruded them, along with 

a minor amount of plagioclase crystals, forming a camp-

tonite. With a lower rate of discharge, only smaller pyrox-

ene and hornblende crystals together with a larger percent 

of less dense plagioclase crystals, were expelled — forming 

a diorite. With an increasing rate of discharge, therefore, the 

abundance and coarseness of the mafic phenocrysts 

increased (Asquith, 1973b). 

This process is not restricted to the camptonitediorite 

association of the Sacramento Mountains. A similar 

association between Tertiary lamprophyres and diorites has 

been noted at Dike Mountain in Colorado. 
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