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The order ô r i n t r u s i o n derived from di s c u s s i o n s i n the preceeding 

sect i o n s f o r p l u t o n i c rocks exposed at the Bethlehem mine began with 

emplacement of the Guichon g r a n o d i o r i t e and was probably followed i n the 

order: (1) Bethlehem g r a n o d i o r i t e and leucophase, and p o s s i b l y - C-i u 

Bethlehem porphyry; (2) p o r p h y r i t i c quartz l a t i t e ; (3) p r e b r e c c i a d a c i t e 

porphyry, o c c u r r i n g as b r e c c i a c l a s t s and £i& onef pluton south of the 

East Jersey zone; (4) b r e c c i a ; (5) g r a n o d i o r i t e ; (6) g r a n i t e ; (7) D̂ <̂ U rpjl 

p o s t b r e c c i a d a c i t e porphyry; and (8) p i n k - s t a i n e d d a c i t e porphyry. The 

Bethlehem porphyry may be younger, but has been incorporated w i t h 

Bethlehem g r a n o d i o r i t e and r e l a t e d rocks because of s i m i l a r i t i e s i n 

t e x t u r e ^ , minerarflogy, and chemistry. The g r a n o d i o r i t e u n i t has 

compositional a f f i n i t i e s to both p o r p h y r i t i c quartz l a t i t e and gr a n i t e ^ , 

h_pwever, i t i s not recognized among c l a s t s i n the b r e c c i a s and i s 

the r e f o r e assigned a p o s t b r e c c i a age. Nearly a l l of t h e ^ d a c i t e porphyry 

i n t r u s i o n s appear to be members of the p o s t b r e c c i a s u i t e . P r e b r e c c i a 

d a c i t e porphyries have almost i d e n t i c a l equivalents among t h i s l a t e r 
ma 

s u i t e , consequently t h e i r m i n e r a l o g i c a l and chemical v a r i a t i o n s are 
A 

discussed as part of the p o s t b r e c c i a group. As described e a r l i e r , the 

q u a n t i t a t i v e l y m i n i s c u l e a p l i t e s have m u l t i p l e , i n part u n c e r t a i n , 

ages. The potassium f e l d s p a r - r i c h a p l i t e s have chemical and 

m i n e r a l o g i c a l trends much l i k e the g r a n i t e , whereas the potassium 

fel d s p a r - p o o r , p l a g i o c l a s e - q u a r t z a p l i t e s have components of the trends 

of both the g r a n i t e and the more l e u c o c r a t i c d a c i t e p o r p h y r i e s . As a 

r e s u l t , the a p l i t e s are not c h a r a c t e r i z e d s e p a r a t e l y . 
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M i n e r a l o g i c a l V a r i a t i o n s . Temporal v a r i a t i o n s i n the amounts and 

proportions of igneous minerals are portrayed i n Figures 32, 37, and 

38. The QAP diagram of Figure 32 shows two, l a r g e l y separate ^ c l u s t e r s 

of rocks. The f i r s t group i s comprised of potassium f e l d s p a r - b e a r i n g 

u n i t s that show a marked increase of quartz and potassium f e l d s p a r 

r e l a t i v e to p l a g i o c l a s e , f o l l o w i n g the sequence of i n t r u s i o n . The 

second i s a potassium f e l d s p a r - d e f i c i e n t group dominated by the d a c i t e 

p o r p h y r i e s , and represents a major h i a t u s i n t h i s trend. The r e s u l t a n t 

bimodal d i s t r i b u t i o n c l o s e l y resembles that of p l u t o n i c s u i t e s 

a s s o c i a t e d w i t h v o l c a n i c arc porphyry copper m i n e r a l i z a t i o n i n the 

northern Caribbean (Kesler and others, 1975) and Panama (Kesler and 

o t h e r s , 1977). 

Late-stage emplacement of potassium feldspar-poor porphyries i s 

complicated by the e a r l y hydrothermal a l t e r a t i o n of t h i s mineral to 

secondary p l a g i o c l a s e and c l a y minerals^ near the copper orebodies. In 

an attempt to avoid t h i s problem, most of the analyzed samples are from 

r e l a t i v e l y weakly a l t e r e d d a c i t e porphyry dikes that intrude rocks 

d i s p l a y i n g s t a b l e primary potassium f e l d s p a r . Moreover, the contacts 
4V\e.i~e t h e if 

between ^fchej dikes and |feh«se] wallrocks^ were c l o s e l y s c r u t i n i z e d f o r 

s i m i l a r n 11erat 1 nrt^[fc prrrludf--fhrvn f l u i d s indigeneous to the d a c i t e s 

have destroyed p r e e x i s t i n g potassium f e l d s p a r i n the d i k e s . 

Wallrock at the contacts does not appear to have undergone t h i s k ind of 

a l t e r a t i o n . Consequently, except f o r the p i n k - s t a i n e d d a c i t e porphyry 

which i s s u b s t a n t i a l l y a l t e r e d throughout, the potassium f e l d s p a r 

contents of the d a c i t e porphyries are b e l i e v e d to l a r g e l y r e f l e c t the 

content i n the magma. 

The dual populations of the QAP diagram are g e n e r a l l y maintained on 
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F i g u r e 38. P l o t of m i n e r a l abundances and p l a g i o c l a s e compositions 
versus order of i n t r u s i o n of Bethlehem p l u t o n i c s u i t e . P f - p l a g -
i o c l a s e ; A n - a n o r t h i t e content of p l a g i o c l a s e cores,, most c a l c i c 
o s c i l l a t o r y (osc) zones, and rims; Qz-quartz; M f s - t o t a l mafic 
m i n e r a l s , i n c l u d i n g magnetite; Kf-potassium f e l d s p a r ; B i - b i o t i t e ; 
Hb-hornblende ( + a c t i n o l i t e ) . 



the QAP-B-H i l l u s t r a t i o n i n Figure 37. The potassium f e l d s p a r - r i c h 

group evolves from rocks having n e a r l y equal proporations of b i o t l t e and 

hornblende, through biotite-dominant u n i t s , to the granodiorite_and 

g r a n i t e , i n which b i o t i t e i s the s o l e ferromagnesian s i l i c a t e . This 

p r o g r e s s i o n i s reversed w i t h emplacement of the hornblende-rich d a c i t e 

porphyries. 

Changes i n the absolute abundances of primary igneous minerals with 

the approximate temporal order of i n t r u s i o n of the p l u t o n i c rocks at 

Bethlehem are d i s p l a y e d g r a p h i c a l l y i n Figure 38. In general, with 

decreasing age and i n c r e a s i n g d i f f e r e n t i a t i o n (1) p l a g i o c l a s e and the 

a n o r t h i t e content of i t s cores, t o t a l mafic minerals ( i n c l u d i n g 

magnetite), and hornblende a l l decrease; (2) quartz and potassium 

f e l d s p a r i n c r e a s e ; and (3) b i o t i t e and the a n o r t h i t e content of 

p l a g i o c l a s e rims and o s c i l l a t o r y zones remain roughly constant. 

I n t r u s i o n of the l a t e - s t a g e d a c i t e porphyries has caused major r e v e r s a l s 

of trends f o r groups (1) and (2). A d d i t i o n a l l y , b i o t i t e almost 

disappears, and the a n o r t h i t e contents of rims and o s c i l l a t o r y zones of 

p l a g i o c l a s e increase s i g n i f i c a n t l y . Bethlehem leucophase s p o r a d i c a l l y 

causes marked hia t u s e s i n these m i n e r a l o g i c a l trends. 

Major/oxide V a r i a t i o n s . Increasing d i f f e r e n t i a t i o n of the 

B^j/tjlehem host rocks w i t h decreasing age i s expressed by p r o g r e s s i v e 

increases i n t h e i r average Larsen d i f f e r e n t i a t i o n indexes and 

concommitant decreases i n average bulk rock d e n s i t i e s (Figure 39). 

These trends, l i k e those of the m i n e r a l o g i c a l v a r i a t i o n s described 

few jgVtb, 
-=> o^M, bio 

f undergo major r e v e r s a l s upon emplacement of the d a c i t e 

porphyries. 
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Bethlehem p l u t o n i c s u i t e . 
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The r a t i o s of a l k a l i s to s i l i c a i n rocks from the mine area (Figure 

40) are comparable to those f o r the b a t h o l i t h ( c f . Figure 17) and 

r e f l e c t i t s s u b a l k a l i n e composition. The g r a n i t e and a p l i t e s , however, 

are more h i g h l y f r a c t i o n a t e d and c o n t a i n more a l k a l i s and s i r l i c a than 

even most of Northcote's (1969) Witches Brook Phase (Olade, 1974, 

1976). Rock u n i t s of the mine a l s o d i s p l a y the same unexpectedly weak 

p o s i t i v e c o r r e l a t i o n (sr=0.420) between a l k a l i s and s i l i c a that 

c h a r a c t e r i z e magmatic d i f f e r e n t i a t i o n i n the b a t h o l i t h . The minimum 

s t a t i s t i c a l l y s i g n i f i c a n t Spearman rank c o r r e l a t i o n c o e f f i c i e n t at the 

0 . 0 2 5 t - p r o b a b i l i t y l e v e l f o r the Bethlehem p l u t o n i c s u i t e i s equal to 

0.265. 

A pr o g r e s s i v e enrichment of a l k a l i s r e l a t i v e to i r o n and magnesium 

i s demonstrated by the AFM diagram of Figure 41. This l i n e of descent 

approximately f o l l o w s the temporal sequence of emplacement from e a r l y 

Guichon g r a n o d i o r i t e to the l a t e g r a n i t e u n i t , but with a r e g r e s s i o n to 

more i r o n - and magnesium-rich rocks upon i n t r u s i o n of the d a c i t e 

porphyry. The a l k a l i enrichment trend c l o s e l y approximates the c a l c -

a l k a l i n e trend of the b a t h o l i t h ( c f . Figure 18). However, the Peacock 

index i s about 64 and suggests an even more c a l c i c magma. This i s 

c o n s i s t e n t w i t h the r e l a t i v e l y high a n o r t h i t e content of p l a g i o c l a s e i n 

the Bethlehem p l u t o n i c rocks, and probably a l s o with the b a s i c 

compositions of the l a t e - s t a g e d a c i t e porphyries. 

The e r r a t i c , magnesium-deficient d a c i t e porphyry sample o c c u r r i n g 

above the c a l c - a l k a l i n e trend l i n e (number 52, Tables 18 and 20) i n 

Figure 41 contains about 10 percent mafic minerals i n c l u d i n g 7 percent 

secondary amphibole. The unexpectedly low MgO a n a l y s i s (see Table 20) 

may r e s u l t from a n a l y t i c a l e r r o r s or may r e f l e c t the presence of 

i n o r d i n a t e l y i r o n - r i c h a c t i n o l i t e . The 
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abundance of more common magnesium-rich a c t i n o l i t e and r a r e l y 

t r e r a o l i t e ( ? ) r e p l a c i n g hornblende i n the Bethlehem leucophase u n i t 

probably accounts f o r the^high magnesium:iron r a t i o s d isplayed by these 

rocks. 

The a l k a l i enrichment trend d i s p l a y e d by the AFM p l o t i s poorly 
d i Sc r imi naf eel 

•dds-feingTii^hef^on the NKC diagram (Figure 42), which i s dominated by the 

potassium f e l d s p a r - d e f i c i e n t d a c i t e p o r p h y r i e s , p l a g i o c l a s e - q u a r t z 

a p l i t e s , and l e u c o c r a t i c v a r i e t i e s of the Guichon and Bethlehem 

g r a n o d i o r i t e s . With decreasing age and i n c r e a s i n g LDI, p r i o r to 

i n t r u s i o n of the d a c i t e p o r p h y r i e s , the rocks show an i n i t i a l r e l a t i v e 

enrichment of sodium, followed upon emplacement of the p o r p h y r i t i c 

quartz l a t i t e u n i t by s u b s t a n t i a l increases i n potassium with respect to 

sodium and calcium. The l a t t e r part of t h i s trend very roughly 

approximates the normal progressive enrichment of potash r e l a t i v e to 

soda and lime that u s u a l l y r e s u l t s from the d i f f e r e n t i a t i o n of c a l c -

a l k a l i n e magma. Olade (1974, 1976) showed that a s i m i l a r trend f o r the 

Guichon Creek B a t h o l i t h r e s u l t e d from the c r y s t a l l i z a t i o n of potassium 

f e l d s p a r - r i c h rocks of the Witches Brook Phase. A p a r a l l e l to the 

tr o n d h j e m i t i c d i f f e r e n t i a t i o n trend d i s p l a y e d by the b a t h o l i t h (see 

Figure 19) i s not obvious i n Figure 42. 

The AKF i l l u s t r a t i o n i n F i g u r e 43 shows an obvious rock-type 

e f f e c t . A l l of the m a f i c - r i c h g r a n o d i o r i t e s , quartz d i o r i t e s , and 

da c i t e s p l o t i n the Fe-Mg-rlch part of the diagram near the F apex. 

This i s l a r g e l y a t t r i b u t a b l e to the abundance of ferroraagnesian 

s i l i c a t e s (hornblende, a c t i n o l i t e , and epidote) having low 

Al 20g:Ca0+Na20 molecular r a t i o s , combined with the g e n e r a l l y low 1^0 

contents of these rocks. M a f i c - r i c h u n i t s c o n t a i n i n g s i g n i f i c a n t 
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b i o t i t e and potassium f e l d s p a r p l o t near the b i o t i t e compositional 

f i e l d , whereas those without, or w i t h only small amounts of these 

min e r a l s , and composed of s u b s t a n t i a l amounts of amphibole and (or) 

epidote, occur along or near the F end of the A-F j o i n . L e u c o c r a t i c , 

h i g h l y s i l i c i c rocks p l o t nearer the K or A apexes. 

A weak to moderately developed temporal trend i s expressed on the 

AKF diagram f o r the b i o t i t e - and potassium f e l d s p a r - b e a r i n g , p r e d a c i t e 

porphyry p l u t o n i c succession. This trend extends from e a r l y Guichon 

g r a n o d i o r i t e at the lower boundary of the b i o t i t e f i e l d , p r o g r e s s i v e l y 

through Bethlehem g r a n o d i o r i t e and porphyry at the top of the f i e l d , and 

p o r p h y r i t i c quartz l a t i t e and the g r a n o d i o r i t e near the middle of the 

diagram, to g r a n i t e adjacent the A-K j o i n . The trend occurs l a r g e l y i n 

response to decreasing abundances of mafic minerals, i n c r e a s i n g 

b i o t i t e : h o r n b l e n d e r a t i o s , and i n c r e a s i n g amounts of potassium 

f e l d s p a r . I t i s terminated and (or) followed by i n t r u s i o n of the more 

mafic potassium f e l d s p a r - and b i o t i t e - d e f i c i e n t d a c i t e porphyries, which 

p l o t back near the F apex. 

The ACF diagram (Figure 44) shows rock groupings much l i k e those on 

the AKF diagram. Ferromagneslan s i l i c a t e - b e a r i n g rocks c o n t a i n i n g small 

to modest amounts of potassium f e l d s p a r c l u s t e r near the center of the 

diagram. L e u c o c r a t i c , h i g h l y s i l i c i c rocks p l o t c l o s e r to the A apex-

The p r e d a c i t e porphyry p l u t o n i c rocks d i s p l a y a progressive decrease In 

CaO, FeO T, and MgO w i t h decreasing age. This trend i s a s c r i b a b l e to 

decreases i n (1) the abundances of mafic m i n e r a l s , and (2) the a n o r t h i t e 

content of p l a g i o c l a s e (see Figure 38), with i n c r e a s i n g 

d i f f e r e n t i a t i o n - I t i s terminated and (or) followed by emplacement of 

the more mafic and more c a l c i c d a c i t e p o r p h y r i e s , which p l o t near the 
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center of the diagram w i t h e a r l i e r rocks of the s e r i e s . 

Major oxide v a r i a t i o n s w i t h decreasing age of emplacement of the 
a r c 

Bethlehem p l u t o n i c succession [isf i l l u s t r a t e d i n Figure 45. Except f o r 

pert u r b a t i o n s caused by,the i n t e r g r a d a t i o n a l Bethlehem leucophase, the 
or 

average weight percent^major oxides i n each u n i t undergo r e l a t i v e l y 

systematic changes with time. CaO, FeOrp, MgO, and T i 0 2 decrease with 

decreasing age, whereas SiO^ and K^O i n c r e a s e . Na20 increases from 

Guichon g r a n o d i o r i t e to Bethlehem g r a n o d i o r i t e and leucophase, and then 

d e c l i n e s r e g u l a r l y to a minimum value i n the g r a n i t e u n i t , which 

contains about the same q u a n t i t y Na20 as the Guichon g r a n o d i o r i t e . The 

qu a n t i t y of AI2O3 remains n e a r l y constant between Guichon g r a n o d i o r i t e 

and Bethlehem g r a n o d i o r i t e and r e l a t e d r o c k s , but decreases 

p r o g r e s s i v e l y w i t h emplacement of the po t a s h - r i c h p o r p h y r i t i c quartz 

l a t i t e , g r a n o d i o r i t e , and g r a n i t e . Each of the above major oxide 
g +he p r e s e n c e 

trend s , however, experience^ pronounced r e v e r s a l s due to jformatiog[ of the 

d a c i t e p o r p h y r i e s , and i n t h i s respect^are c o n s i s t e n t with a l l temporal 

chemical and m i n e r a l o g i c a l v a r i a t i o n s presented f o r the Bethlehem 

p l u t o n i c sequence. 

Larsen v a r i a t i o n diagrams f o r the Bethlehem p l u t o n i c rocks are 

presented i n Figures 46-53. With the exceptions of Na20 and K^O, a l l of 

the major oxide components show t i g h t l y grouped l i n e a r c l u s t e r s of data 

p o i n t s e x h i b i t i n g strong c o r r e l a t i o n s w i t h LDI. T I 0 2 , A 1 2 0 3 , FeO T, MgO, 

and CaO c o r r e l a t e n e g a t i v e l y with LDI, but c o r r e l a t i o n s between LDI and 

iwitfe S i 0 2 , and p o s s i b l y K2^> a r e P o s i t i v e " Data points f o r I^O are 
f a i r l y 

ftaltejl s c a t t e r e d and the r e s u l t i n g c o r r e l a t i o n i s weak (sr=0.429). There 
find especially 

i s no c o r r e l a t i o n between j^O and S i 0 2 (sr=0.167)^|Thoro l o no h i n t of 
q c o r r e l a t i n g } between Na 20 and LDI (sr=0.001). The jmajor oxid&J v/flf i d f i C ^ (jiOqfflirflS 



F i g u r e 45. P l o t of major oxide analyses versus order 
i n t r u s i o n of Bethlehem p l u t o n i c s u i t e . 
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f o r major oxides d i s p l a y chemical trends c l o s e l y resembling those f o r 

the Guichon Creek B a t h o l i t h , Na 20 being the only notable exception. The 

s c a t t e r i n g of p o i n t s at the low end of the FeO^, curve i s caused by the 

low i r o n contents of h i g h l y a c t i n o l i t i c and (or) l e u c o c r a t i c rocks of 

the Bethlehem leucophase, p l a g i o c l a s e - q u a r t z a p l i t e s , and d a c i t e 

porphyry (sample no. 52). 

There i s no i n d i c a t i o n of p r o g r e s s i v e K^O enrichment between 

successive major p l u t o n i c phases of the b a t h o l i t h . Consequently, any 

weak enrichment trends i n the rocks at the Bethlehem mine, and 

those, i f any, a s s o c i a t e d with Witches Brook Phase magmatism, more 

l i k e l y r e s u l t e d from d i f f e r e n t i a t i o n that occurred l o c a l l y e i t h e r w i t h i n 

the b a t h o l i t h or at the source of the magma. The r e s t r i c t i o n of potash-

r i c h u n i t s found on the Bethlehem property to margins and cupolas of the 

i r r e g u l a r i n t r u s i v e apophysis of the Bethlehem g r a n o d i o r i t e suggest that 

they are g e n e t i c a l l y r e l a t e d to d i f f e r e n t i a t i o n o c c u r r i n g at the 

apophysis. D i f f e r e n c e s i n sodium v a r i a t i o n trends between the Bethlehem 

p l u t o n i c rocks and major phases and v a r i e t i e s of the b a t h o l i t h may be 

companion e f f e c t s s i n c e both sodium and potassium are commonly m o b i l i z e d 

by the same or s i m i l a r geochemical mechanisms. 

P l u t o n i c rocks from the Bethlehem mine area are r a t h e r widely 

d i s t r i b u t e d on the SI0 2-K 20 p l o t of Figure 23. However, they have low 

K 20 abundances s i m i l a r to i n t r u s i v e rocks from the Guichon Creek 

B a t h o l i t h and the i s l a n d - a r c regions described e a r l i e r . The d a c i t e 

porphyry u n i t , i n p a r t i c u l a r , contains unusually small amounts of 

potash, e s p e c i a l l y w i t h respect to I t s r e l a t i v e l y high s i l i c a content. 

As shown i n Table 20, these rocks have K 20 concentrations that range 

from 0.05 to 1-98 weight percent and average 0.36 weight percent, but 

they c o n t a i n from 63.4 to 69.2 weight percent S i 0 2 , with an average of 



66.2 weight percent. Although these ICjO-deficient dacite porphyries 

have r e l a t i v e l y large quantities of S i 0 2 , a c h a r a c t e r i s t i c i n common 

with the b a t h o l i t h , they appear to be approximately equivalent to the 

"low K s u i t e " of i n t r u s i v e rocks recognized by Gulson and others (1972) 

and Mason and McDonald (1978) i n some islan d arcs of the southwest 

P a c i f i c . 

Minor-Element Varia t i o n s . Minor-element analyses f o r t o t a l 

contained copper, molybdenum, lead, zinc, and s i l v e r i n samples of the 

plutonic rocks at Bethlehem are l i s t e d with major oxide analyses i n 

tables presented previously. Figure 54 shows average (except 

granodiorite) metal concentrations plotted against the order of 

in t r u s i o n of the Bethlehem plutonic rocks. Bethelehem porphyry has been 

excluded because i t occurs e n t i r e l y within the Jersey ore zone and i s 

strongly mineralized. With the possible exception of zinc, no temporal 

trends i n metal values are apparent. However, many samples contain 

small amounts of microscopic, epigenetic copper-sulfide mineralization 

that would obscure any primary magmatic trends. Moreover, 

concentrations of lead, s i l v e r , and, i n part, molybdenum are at or below 

t h e i r respective detection l i m i t s , and any trends that may e x i s t cannot 

be i d e n t i f i e d at these l e v e l s of a n a l y t i c a l s e n s i t i v i t y . 

Zinc appears to decrease i n abundance with decreasing age and 

increasing f r a c t i o n a t i o n u n t i l i t increases again with i n t r u s i o n of the 

dacite porphyry. Zinc Is present i n unusually small amounts i n 

Bethlehem leucophase. Marked changes i n zinc concentration i n Bethlehem 

leucophase and dacite porphyry c l o s e l y p a r a l l e l s i m i l a r changes i n the 

temporal chemical and mineralogical trends outlined previously.^and imply 

that zinc occurs l a r g e l y as a primary constituent of the rocks. Indeed, 
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average zinc abundances i n the plutonic rocks at Bethlehem are i n close 

agreement with those f o r the major phase and v a r i e t i e s of the Guichon 

Creek Bat h o l i t h . The temporal v a r i a t i o n s f o r zinc most nearly 

approximate those of hornblende (cf. Figure 38), and e s p e c i a l l y those of 

FeO^, ( c f . Figure 45) fo r which zinc commonly substitutes i n the l a t t i c e 

of ferromagnesian s i l i c a t e s . Major decreases i n zinc and FeO^ i n 

Bethlehem leucophase probably occurred when these components were 

flushed out during a c t i n o l i z a t i o n of hornblende. 

Copper and zinc both show weak negative correlations with the 

Larsen d i f f e r e n t i a t i o n index (Figures 55 and 56). For copper, t h i s 

tendency i s a t t r i b u t a b l e to progressively decreasing quantities of mafic 

minerals that are o r d i n a r i l y p a r t i a l l y replaced by traces of 

chalcopyrite- In the case of zi n c , decreasing abundances of primary 

zinc-bearing ferromagnesian s i l i c a t e minerals caused a s i m i l a r e f f e c t . 
2 Spaces 

Concluding Remarks. Variations i n the Larsen d i f f e r e n t i a t i o n 

index, bulk rock d e n s i t i e s , and the abundances of mineral^ and chemical 

components of ]th«j plutonic rocks exposed at the Bethlehem mine define 

r e l a t i v e l y systematic changes with decreasing age of emplacement. 

However, a l l of these trends undergo dramatic reversals upon i n t r u s i o n 

of the dacite porphyries. These reversals are documented only for the 

postbreccia dacite porphyry u n i t s , but must apply equally to those of 

prebreccia age. The Bethlehem leucophase causes highly e r r a t i c 

f l u c t u a t i o n s i n many of the chemical and mineralogical trends, but i t 

appears to be a l o c a l , i n t e r g r a d a t i o n a l v a r i e t y of normal Bethlehem 

granodiorite and therefore i s probably not of great petrogenetic 

importance. 

Excluding the dacite porphyries and the older Guichon granodiorite, 
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the rocks appear to form a coherent d i f f e r e n t i a t i o n sequence r e s u l t i n g 

from the progressive f r a c t i o n a t i o n of Bethlehem granodiorite magma i n or 

near a^ i r r e g u l a r ^ i n t r u s i v e ̂ intrueivejapophysis of the main Bethlehem 

Phase of the Guichon Creek B a t h o l i t h . The modest amounts of potash 

associated with t h i s d i f f e r e n t i a t i o n sequence may have been derived from 

Bethlehem granodiorite and (or) the now potash-deficient dacite 

p o r p h y r y ' p o s s i b l y by the separate or combined e f f e c t s of flowage 
A Cor) 

d i f f e r e n t i a t i o n , f i l t e r pressing, and^volatile transfer of a l k a l i s . The 

d i f f u s e , i n t e r g r a d a t i o n a l , i r r e g u l a r d i s t r i b u t i o n of potassium feldspar 

i n Bethlehem granodiorite along parts of i t s ' h i g h l y digitated, contact 
/A 

with Guichon granodiorite suggest that flowage d i f f e r e n t i a t i o n and 

f i l t e r pressing were operative at lea s t l o c a l l y . These mechanisms may 

have aided i n the formation of many of the leu c o c r a t i c subvarieties of 

plutonic rocks at Bethlehem. Northcote (1969) has invoked the v o l a t i l e 

t r a n s f e r of a l k a l i s toward the cooler, low-pressure margins and cupolas 

of magmas to account for some of the late-stage d i f f e r e n t i a t i o n i n the 

Guichon Creek B a t h o l i t h . ^Therefore, the presence of abundant v o l a t i l e s 

associated with porphyry copper mineralization may In part explain why 

both magmatic and hydrothermal potassium feldspar are l o c a l l y highly 

concentrated i n mineralized areas. Why some Highland Valley ore 

deposits contain copious hydrothermal potassium feldspar and others only 

late-stage potassium f e l d s p a r - r i c h rocks may be c h i e f l y a consequence of 

the timing between late-magmatic concentration and c r y s t a l l i z a t i o n of 

a l k a l i s , and the accumulation or introduction of a hydrous f l u i d phase 

combined with the onset of hydrothermal c i r c u l a t i o n . 

The dacite porphyries represent a s u b s t a n t i a l l y less 

d i f f e r e n t i a t e d , more mafic and more basic, potash-deficient magma that 



was intruded during and f o l l o w i n g development of the p o t a s h - r i c h 

d i f f e r e n t i a t i o n sequence. The d a c i t e porphyries may be Bethlehem 

g r a n o d i o r i t e from which most of the a l k a l i s were removed p r i o r to 
in fer p r e r-&Tioo 

i n j e c t i o n i n t o the dike swarm. Thi s ^ c o u l d a l s o e x p l a i n the more c a l c i c 

composition of t h e i r p l a g i o c l a s e s . The d a c i t e porphyry magma was 

probably derived l o c a l l y i n the cupolas and apophyses of the Bethlehem 

g r a n o d i o r i t e magma chamber, but^goulffihave evolved deeper In the primary 

magma chamber below the b a t h o l i t h . In the l a t t e r case, the p o r p h y r i t i c 

quartz l a t i t e , g r a n o d i o r i t e , and g r a n i t e u n i t s could be considered 

members of the Witches Brook Phase, which (&ghtj7~i^^>arT,^be the potash-

r i c h e q u i v a l e n t s ( d e r i v a t i v e s ? ) of the d a c i t e porphyries. 

A l t e r n a t i v e l y , the r e l a t i v e l y more pri m a t i v e d a c i t e porphyry magma may 

have ascended d i r e c t l y from much greater depths, perhaps from near the 

zone of p a r t i a l m e l t i n g that o r i g i n a l l y generated the primary magma f o r 

the b a t h o l i t h . However, such a source makes i t d i f f i c u l t to e x p l a i n the 

abrupt change i n compositions and textures of the dikes south of 

Highland V a l l e y . Such a change i s most e a s i l y understood i f the dikes 

are viewed simply as p e r i o d i c i n j e c t i o n s of the d i f f e r e n t i a t i n g phases 

and v a r i e t i e s of the b a t h o l i t h . 



Genesis of B r e c c i a s and D a c i t e Porphyries 

The a s s o c i a t i o n of b r e c c i a s and d a c i t e porphyries with_ copper 

m i n e r a l i z a t i o n at Bethlehem was s t r e s s e d by Carr (I960, 1966) and Wood 

(1968). Wood (1968) proposed that the b r e c c i a s formed p r i m a r i l y as 

i n t r u s i o n b r e c c i a s caused by magma stoping along the leading edges of 

the Bethlehem g r a n o d i o r i t e i n t r u s i o n . However, s e v e r a l c h a r a c t e r i s t i c s 

of the b r e c c i a s would preclude such an o r i g i n . These features 

i n c l u d e : (1) numerous fragments of Bethlehem g r a n o d i o r i t e and those of 

younger p o r p h y r i t i c quartz l a t i t e and d a c i t e porphyry; (2) the 

occurrence of b r e c c i a elsewhere than at the contact between the Guichon 

and Bethlehem u n i t s ; (3) the absence of Bethlehem g r a n o d i o r i t e as matrix 

m a t e r i a l ; and (4) the p a u c i t y of x e n o l i t h s i n Bethlehem g r a n o d i o r i t e . 

Carr (1966) p o s t u l a t e d that impermeable " c h i l l e d " r i n d s formed 

around d a c i t e porphyry magmas that were intruded i n t o c o l d , w e l l -

f r a c t u r e d country r o c k s , so that the v o l a t i l e s released during l a t e r 

stages of c r y s t a l l i z a t i o n were impounded. E x p l o s i v e r e l e a s e of these 

v o l a t i l e s and consequent b r e c c i a t i o n occurred when i n c r e a s i n g i n t e r n a l 

pressures exceeded the c o n f i n i n g pressures imposed by the host r o c k s . 

However, the s c a r c i t y of p r e b r e c c i a t i o n porphyry masses and the 

comparatively small number of d a c i t e porphyry fragments i n most of the 
ai -Hit. 

b r e c c i a s (except^northeast w a l l o f A J e r s e y p i t ) i n d i c a t e that the ymvjor 

episode of d a c i t e porphyry magma emplacement f o l l o w e d , r a t h e r than 

preceded, b r e c c i a formation. 

The Bethlehem b r e c c i a s are here i n t e r p r e t e d to have o r i g i n a t e d by 

e x p l o s i v e r e l e a s e of v o l a t i l e s trapped i n the upper p a r t s of the mâ ĝ a 

chambers(s) that u l t i m a t e l y produced the d a c i t e porphyry dikes w i t h 



which b r e c c i a t i o n i s so c l o s e l y a s s o c i a t e d i n time and space. A vapor 

(aqueous f l u i d ) phase may have begun to separate from the d a c i t e 

porphyry magraa(s) as a r e s u l t of pressure decreases and concommitant 

c r y s t a l l i z a t i o n (e.g., Norton and Cath l e s , 1973; Whitney, 1975, 1977) 

accompanying the upward emplacement of the melt from deeper l e v e l s 

w i t h i n the p a r t i a l l y c r y s t a l l i z e d b a t h o l i t h or i t s u n d e r l y i n g , 

d i f f e r e n t i a t i n g magma chamber. Higher l e v e l i n t r u s i o n of the p r e b r e c c i a 

d a c i t e porphyry dikes probably occurred at t h i s time, and were 

accompanied or q u i c k l y f o l l o w e d by the e a r l y , p r e b r e c c i a , p o t a s s i c 

a l t e r a t i o n and copper m i n e r a l i z a t i o n found i n some of the b r e c c i a s . 

Mass t r a n s f e r of magma across the vapor-saturatjterjj surface je^ff a 

c o o l i n g p l u t o n by convection or r e i n t r o d u c t i o n of magma w i t h i n the 

p a r t i a l l y molten core would, according to Whitney (1975), g r e a t l y 
has d 

enhance the formation of a vapor phase. Moreover, he^Indicates 1 that 

s m a l l amounts of CC^ presumably present i n the melt would a l s o 

s u b s t a n t i a l l y augment e x s o l u t i o n of the aqueous f l u i d . More recent 

experimental work by Whitney (1977) suggests that vapor generation 

extends to greater depths (7 km) i n magmas of g r a n o d l o r i t i c and quartz , , 
those, ol composition 

d i o r l t i c ( d a c i t i c ) composition, as compared to^quartz monzonitic^elt-gf 

(3-4 km), and that the more b a s i c magmas would i n t r u d e c l o s e r to the A 
thus provtdinq a source- or 

s u r f a c e and remain p a r t i a l l y molten longer,^Resulting—ia substanfeiajj 

vapor generation very c l o s e to the surfa c e ( v o l c a n i s m ) ^ f o r an extended 

p e r i o d of time. 

Norton and Cathles (1973) and Whitney (1975, 1977) p o s t u l a t e that a 

vapor satura t e d cap may form when c o a l e s c i n g , upward-migrating aqueous 
$ a r e . 

f l u i d ^ exsolved from a magma trapped by the cooled r i n d of the 

p l u t o n . Several features of the Bethlehem b r e c c i a s suggest that 
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subsequently, i n co n t r a s t to the simple c o l l a p s e mechanism of b r e c c i a 

formation proposed by Norton and Cathles (1973), f r a c t u r i n g of the 

cooled r i n d and adjacent w a l l r o c k s permitted the r a p i d escage of these 

v o l a t i l e s , perhaps expressed at the surfa c e i n e x p l o s i v e v o l c a n i c 

v e n t i n g , w i t h consequent b r e c c i a t i o n i n a f l u i d i z e d system as proposed 

by Reynolds (1954). Features which imply f o r c e f u l ( i n t r u s i v e ) b r e c c i a 

emplacement, r a t h e r than c o l l a p s e , i n c l u d e : (1) the t r a n s g r e s s i v e 

nature of b r e c c i a contacts (see Figure 28), p a r t i c u l a r l y i n the Jersey 

p i t (Figure 29); (2) the occurrence, below Bethlehem g r a n o d i o r i t e roof 

r o c k s , of b r e c c i a containing^predominately^ Guichon g r a n o d i o r i t e 

jfragmentj; (3) the heterogeneous d i s t r i b u t i o n of fragment l i t h o l o g i e s ; 

(4) the presence of abundant c a t a c l a s t i c m a t r i x , i n c l u d i n g i n t e r s t i t i a l 

rock " f l o u r " ; and (5) the rounded shapes of many fragments. 

Rapid escape of contained v o l a t i l e s would have a b r u p t l y enhanced 

c r y s t a l l i z a t i o n of the adjacent d a c i t e porphyry melt, thus causing the 

formation of a second " c h i l l " r i n d , which jmcy hovel trapj»e4j much of t h i s 

melt. However, s m a l l q u a n t i t i e s of magma probably escaped at t h i s time 

to form those few areas where the b r e c c i a contains d a c i t e porphyry 

ma t r i x . A f t e r compaction and c o n s o l i d a t i o n of the b r e c c i a s , a d d i t i o n a l 

pulses of magma i n j e c t i o n , withdrawal, and (or) c r y s t a l l i z a t i o n 

accompanied by f r a c t u r i n g and f a u l t i n g may have broken the second r i n d 

and permitted the i n j e c t i o n of the p o s t b r e c c i a d a c i t e porphyry 

i n t r u s i o n s . Repeated tapping of t h i s magma i n the t e c t o n i c a l l y mobil, 

[ i - e l a n j arc s e t t i n g of the b a t h o l i t h would e x p l a i n the m u l t i p l e ages of 

d a c i t e porphyry emplacement. A s i g n i f i c a n t p o r t i o n of the more f i n e l y 

c r y s t a l l i n e fragments of d a c i t e porphyry, i n c l u d i n g some of those 

p i n k i s h a p h a n i t i c c l a s t s c l o s e l y resembling the f i n e l y c r y s t a l l i n e 



margins of many of the p o s t b r e c c i a d i k e s , were probably derived from the 

i n i t i a l " c h i l l " r i n d . 

The v a r i o u s b r e c c i a masses may be the byproducts of s e v e r a l vapor-

saturated caps, or of a s i n g l e cap that vented along more than one 

channelway. The l i t h o l o g i c d i v e r s i t y between bodies of b r e c c i a and the 

absence of p h y s i c a l c o n t i n u i t y between some, suggest m u l t i p l e sources, 

c o n s i s t e n t w i t h the expected i r r e g u l a r topography of a magma cupola. 

Pressures necessary to cause an " e x p l o s i v e " r e l e a s e of trapped v o l a t i l e s 

may have r e s u l t e d simply from thejfcrfaccumulation^ i n a r e s t r i c t e d water-

r i c h magma or from subsequent i n j e c t i o n of magma o r i g i n a t i n g at depth i n 

or below the c r y s t a l l i z i n g b a t h o l i t h . 

Regardless of mechanisms, d a c i t e porphyry i n t r u s i o n s and 

b r e c c i a t i o n were accompanied and (or) c l o s e l y followed by widespread and 

intense f r a c t u r i n g and as s o c i a t e d hypogene m i n e r a l i z a t i o n and 

a l t e r a t i o n , which presumably was accomplished by f l u i d s and m i n e r a l i z e r s 

d e r i v e d from l a t e - s t a g e c o n c e n t r a t i o n i n the d a c i t e porphyry magma 

chamber(s)• 



F 

La* L <*f 

a* 

G- u - • • • - • 

i 


