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GEOLOGY AND GEOCHEMISTRY OF SAMPLES FROM LOS ALAblOS 
NATIONAL LABORATORY H D R  WELL EE-2 ,  FENTON H I L L ,  NEW MEXICO 

R. Laney, A. W.  Laughlin, and M. J .  Aldrich, J r .  

AB ST RACT 

Petrologic, geochemi cal , and structural  analyses of 
cores and cut t ings obtained from 3000 t o  4389-m true 
ver t ical  depth i n  d r i l l  hole EE-2 indicate  t h a t  t h i s  
deeper par t  of the Precambrian section a t  Fenton Hil l ,  
New Mexico i s  composed primarily of a very heterogeneous 
and structural  l y  ani sotropi c metamorphic complex, 1 oca1 l y  
in t ruded  by dikes and s i l l s  of granodiorit ic and monzo- 
grani t ic  composition. In this borehole none of these 
i gneous bodi es approach i n  si ze the 335-m-thi ck bi  o t i  te- 
granodi ori t e  body encountered a t  2591-m depth beneath 
Fenton Hill i n  the other two d r i l l  holes. Contacts 
between the igneous and metamorphic rocks range from 
sharp and di  scordant t o  gradati onal . 

Analysis of cut t ings indicates  t ha t  clay-rich a1 te r -  
ation zones are re la t ively common i n  the openhole portion 
of EE-2.  

F rac tu re  sets  i n  the  Precambrian basement rock 
intersected by the EE-2 well bore mostly trend northeast 
and are steeply d i p p i n g  t o  ve r t i ca l ;  however, one of the 
sets d i p s  gent ly  t o  t h e  northwest.  Slickensided f a u l t  
planes are present i n  a core (#5) taken from a true ver- 
t i c a l  d e p t h  of 4195 m. Available core orientation data 
and geologic  i n f e r e n c e  suggest t h a t  t h e  f a u l t s  d i p  
steeply and trend between N.42'and 59"E. 

I t  i s  apparent from these results tha t  the interval 
i n  which the Phase 11 Hot Dry Rock system will be de- 
veloped i s  very different from tha t  where the Phase I 
system was developed. The potential Phase I1  reservoir 
i s  much more heterogeneous. I t  contains no single, 
1 arge, homogeneous l i  tho1 ogic uni  t. C1 ay-ri ch a1 t e r a t i  on 
zones may open d u r i n g  hydraulic fracturing and permit 
water loss  dur ing  energy extraction. They also could 
serve as  sources of fine-grained clay tha t  m i g h t  p l u g  
hydraulic f ractures  or  contaminate water pumped through 
the ci rcul a t i  on 1 oop. 

These zones average about 20 m i n  thickness. 
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I. INTRODUCTION 
For approximately 7 y r ,  the Los Alamos National Laboratory has been inves- 

t i g a t i n g  a method of e x t r a c t i n g  geothermal energy from rocks of  low na tura l  
permeabi l i ty .  These experiments a r e  being conducted a t  Fenton Hill on the 
western f lank  of the Valles Caldera i n  the Jemez Mountains o f  northern New 
Mexico. To d a t e ,  three deep d r i l l  holes  (GT-2, EE-1 ,  and EE-2) have been com- 
p l e t ed ,  and the d r i l l i n g  of  a fou r th  ( E E - 3 )  i s  i n  p rogress .  Drill hole  GT-2 
reached a depth of approximately 2929 m and a bottomhole temperature  of  197"C, 
E E - 1  a depth of  approximately 3062 m and a bottomhole temperature  o f  205.5OC, 
and EE-2 has a true v e r t i c a l  depth of  4389.3 m and a bottomhole temperature  
of 323OC. Drill hole EE-2 penet ra ted  approximately 3600 m o f  Precambrian 
rocks,  providing samples of  the p o t e n t i a l  reservoir rocks where the Phase I1  
Hot Dry Rock ( H D R )  system will be developed. 

The geologic  s e t t i n g  o f  the Fenton Hill d r i l l  s i te  and i t s  r e l a t i o n  t o  
the o t h e r  geothermal systems o f  the Jemez Mountains have been discussed by 
West (19731, Laughlin and Eddy (19771, and Laughlin (1981) .  Laughlin and Eddy 
(1977) a lso descr ibed  i n  d e t a i l  the petrology and geochemistry of  the Pre- 
cambrian rocks t o  a depth of  3062 m ( t he  bottom o f  E E - 1 ) .  

Approximately 75% of  the Precambrian sec t ion  sampled by GT-2 and E E - 1  i s  
an extremely v a r i a b l e  g n e i s s i c  complex t h a t  i s  s t rong ly  f o l i a t e d .  I t  ranges 
from syenogran i t i c  t o  t o n a l i t i c  i n  composition w i t h  the b u l k  f a l l i n g  w i t h i n  
the monzogranitic f i e l d .  An amphibole-b io t i te  schist i s  i n t e r l a y e r e d  w i t h  the 
gne isses .  The remainder of the sec t ion  i s  made up of a t  l e a s t  two 15-m-thick 
monzograni t e  di kes , i ntrusi ve i n to  the metamorphi c complex , and a bi o t i  te- 
g ranod io r i t e  body i n t e r c e p t e d  by the lowermost 338 m of  d r i l l  hole GT-2 and 
the corresponding i n t e r v a l  i n  E E - 1 .  

11. ANALYSIS OF CORES AND CUTTINGS FROM EE-2 
A. D i  scussi on o f  Analv t i  c a l  Methods 

Samples of  the basement rocks were provided by six s h o r t  co res ,  by cut- 
ti  ngs coll  ec t ed  a t  approximately three meter i n te rva l  s,  and by " j u n k  basket"  
samples. The l a t t e r  were chips and s l a b s  of  rock t h a t  spa l l ed  from the wa l l s  
of the d r i l l  hole and were recovered by a j u n k  baske t  behind the d r i l l  b i t  
duri  ng interruptions i n  the dr i  11 i ng. Because the Precambri an s e c t i  on above a 
depth o f  3 km had been previous ly  well cha rac t e r i zed  by samples from d r i l l  
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holes GT-2 and E E - 1  (Laughlin and Eddy 1976, 1977; Brooki ns e t  a1 . 1977) , the 
six EE-2 cores, to ta l ing  857 cm, were taken from the interval 3000 m t o  4389 
m. Examination of cut t ings and j u n k  basket samples also concentrated on th i s  
interval . 

Rock cut t ings and cores retrieved d u r i n g  the d r i l l i n g  of exploratory and 
development wells i n  an HDR prospect area represent the most important data 
for  the analysi s and eval uati on of the geology. A1 though cores y i e l d  the most 
re1 i able data concerni ng rock stratigraphy and reservoi r properties,  economic 
constraints  usually severely l imit  the amount of material t ha t  can be cored. 
In the case of EE-2 ,  the six cores tha t  were retrieved represent only one-half 
of one percent of the entire vertical  dimension of the reservoir rock. In 
contrast ,  cu t t i  ngs represent a nearly continuous record of the rock pene- 
t ra ted.  Because cores can be used t o  "cal ibrate"  the cut t ings analysis,  the 
two types of material are complementary. 

S i x  cores were recovered d u r i n g  the d r i l l i n g  of EE-2; one coring attempt 
produced no core, apparently because of extensi ve rock a1 t e r a t i  on. Depths 
along the well bore, true vertical  depths, and brief descriptions of these 
cores are g iven  i n  Table I. More detailed descriptions of the petrological 
and geochemical aspects of the cores are presented i n  the next section. 

T h i  n secti  ons have been prepared of the representative 1 i tho1 ogi es sarn- 
p led  by the EE-2 dr i l l  hole. Standard petrographic techniques were used for  
m i  neral i dent i  f i  cat i  on and a manual poi n t  counter employed for modal analysi s. 
Results of the modal analyses are presented i n  Table 11. Rock names were 
assigned on t h e  b a s i s  of the relative proportions o f  quartz (Q), alkali  feld- 
spar ( A )  , and plagioclase ( P I .  Figure 1 i 11 ustrates  the classi  f i  cation used 
i n  this report. Chemical analyses tha t  have been completed on 11 samples from 
the 6 EE-2 cores are  shown i n  Table 111. 

A1 though rock cu t t i  n g s  are  extremely Val uabl e geologic materi a1 , cut t ings 
analysis i s  fraught w i t h  many problems. Certain biases occur d u r i n g  recovery, 
sampling, and analysis.  For example, rock cut t ings become mixed ( t o  an un-  
known degree) on the way to. the surface. For l i  thologic u n i t s  of limited ver- 
t i ca l  thickness (0.3 t o  1.5 m ) ,  this mix ing  can cause these units t o  effec- 
t ively "disappear" or  b lend  i n to  the surrounding rock cut t ings so tha t  the 
t h i n  units are not recognized. This happened i n  GT-2 and EE-1  where t h i n  am- 
phibolite and b io t i t e  sch is t  units were not ident i f ied i n  the cut t ings b u t  
were quite apparent on the spectral gamma logs (West and Laughlin 1976). 
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TABLE I 

CORING HISTORY OF EE-2 

Cori ng True Verti cal 
Core No. Interval ( m )  . Depth ( m )  Temp. "C Megascopic Aspect 

1 3577.6-3579.5 3501.8-3503.3 2 39 B i  o t i  te-granodi ori t e  
gnei ss intruded by fine- 
grai ned monzograni te .  

truded by grani t ic  rock. 
2 3916.1-3918.5 3779.3-3781.3 26 3 Mafic metavolcanic i n -  

3 4100.8-4103.8 3930.8-3933.3 277 B i  o t i  t e  granodi ori te .  

4 4253.5-4255.8 4057.8-4059.7 288 B i  o t i  t e - r i  ch augen gnei ss 
intruded by f i  ne-grai ned 
b i  o t i  t e  monzograni t e .  

5 4419.9-4420.8 4194.3-4195.1 302 B i  o t i  te-ri  ch gnei ss. 
S1 i ckensi ded faul  t p l  ane 
para l le l s  axis of core. 

6 4560.4-4561.6 4309.5-4310.5 313 B i  o t i  te-granodi ori t e  
gneiss intruded by fine- 
grai  ned granodi ori t e .  
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Core No. 
Sampl e No. 

K - f e l  dspar 
P lag ioc lase  

% Ana 
Quar t z  
B i o t i t e  
C h l o r i t e  

Opaques 
Muscovi te  
Myrmeki t e  
C a l c i t e  

Ep ido te  
A p a t i t e  

Sphene 
Z i r c o n  
Anphi bo1 e 
R u t i l e  

Prehni t e  
A1 1 ani  t e  

Remarks: 

Rock Type 

TABLE I1 

RESULTS OF MODAL ANALYSIS OF EE-2 SAMPLES 

1 1 
11738-1A 11741-1A 

38.7 6.4 
23.0 38.6 
16 30 
32.9 37.0 
0.7 12.3 
1.2 0.5 
0.2 0.7 
0.6 (0.1 
0.3 0.4 
0.5 0.4 

1.3 2.6 
0.2 0.2 
- 0.7 
- 0.1 
- - 
0.3 (0.1 

(0.1 - 

F e l s i c  Middle 
I n t r u s i v e  o f  Core 

M.G. B.G.G. 

1 1 1 2 
11743-3A 11743-38 11743-31: 12851-4A 

10.9 
33.1 
- 

27.5 
18.8 
0.9 

1.5 
0.5 
0.5 
0.7 

3.5 
0.2 

1.8 
0.1 
- 
- 
- 
- 

17.2 
23.3 

34.5 
18.5 
0.6 
0.8 
0.6 
0.2 
0.4 
2.1 
0.3 
1.4 
0.1 

- 
0.1 
- 

10.6 
25.6 
- 

33.8 
19.8 

2.0 
0.6 
0.6 

(0.1 
3.9 

(0.1 
2.5 
0.1 
- 
- 
0.3 
- 

2.0 

22.9 
26 
11.6 
34.9 
- 
5.4 
- 
- 
- 
2.3 
4.3 
8.1 
- 
8.2 
- 
- 

(0.1 

1. t o  I t 0  P a r a l l e l  Ma f i c  
F o l i a t i o n  F o l i a t i o n  t o  F o l i a -  

ti on 

B.G.G. B.G.G. B.G.G. M.V. 

Key: B i o t i t e  G r a n o d i o r i t e  - 8.G. 
Monzogranite - M.G. 
B i o t i t e  Monzogranite - B.M.G. 
B i o t i t e  G r a n o d i o r i t i c  Gneiss - B.G.G. 
T o n a l i t i c  Gneiss - T.G. 
Metavolcanic Rock - M.V. 

aDetermined by e l e c t r o n  microprobe. 

2 
12854-6 

2 
12849-3A 

2 
12849-3AF 

5.0 

24.0 
- 
7.9 

35.4 
- 
6.9 
- 
- 
- 
5.6 

3.7 

8.2 
- 
3.2 
- 
- 
<0.2 

Maf i c  

M.V. 

2.1 

14.8 
- 
M.2 

42.5 
- 
9.7 
- 
- 
- 
5.1 

5.7 
9.9 
- 
1.7 
- 
- 
(0.2 

Maf i c 

M.V. 

23.7 

27.4 
- 

32.u 
5.9 

cu.1 
1.7 

T r  
0.9 

1 .tl 
2.7 

1.2 
1.2 

0.3 
0.9 
- 
- 

(U.3 

Fel  s i c  

B.M.G. 



TABLE I1 (cont) 

Core No. 
Sample No. 

K-feldspar 
P1 agiocl ase 

4 An 
Quartz  

B i o t i t e  

Ch lor i te  

Opaques 
Muscovite 

Mynneki t e  
C a l c i t e  

Epidote 
Apat i te  

Sphene 
Zircon 

Amphi bo1 e 

R u t i l e  

Prehni t e  
A1 1 ani t e  

Remarks : 

Rock Type: 

2 
12853-2 

~ 

27.0 
22.2 - 
23.8 

14.3 
(0.3 

3.1 
(0.3 
- 
0.5 

1.7 
2.2 
3.3 

(0.1 

1.4 
- 
- 

(0.1 

A1 tered 

M.Y. 

3 3 3 3 4 4 4 
13461-28 13461-2A 13463-9 13463-18 13956-2A 13956-28 13956-4A 

17.3 
37.1 
25 
21.2 
12.7 
0.5 
1.9 
0.9 
0.4 
0.7 
4.2 
0.1 

2.1 
0.1 
- 
- 
0.7 

(0.1 

9.7 
39.7 
- 

24.9 
9.0 

2.1 

3.0 
1.2 

(0.2 
0.9 
4.4 

(0.1 
2.0 

(0.2 
- 
- 
2.3 

(0.2 

26.1 

30.3 
- 

21.1 
8.9 
0.9 
3.5 
0.8 

(0.2 

0.6 
3.7 

(0.2 
2.8 

(0.1 
- 
- 
0.9 
- 

19.7 

26.5 
- 

26.3 
16.3 
0.3 
2.4 
(0.5 
0.8 

<0.5 
2.9 
- 
3.1 
0.1 

0.3 
- 

CO.1 

0.1 

0.4 

43.2 
- 

30.3 
13.0 

0.9 
(0.1 
(0.1 
- 
0.6 
2.6 
0.1 
1.1 
- 
7.9 
- 
- 
- 

Equigran. Equigran. Equigran. Equigran. Gneissic 

- - 
28.0 39.1 
36 

17.6 25.9 
19.7 12.1 

1.2 0.6 
0.1 0.4 
0.1 0.1 

- 

- - 
0.3 0.3 
4.1 2.4 
0.1 (0.1 
3.1 0.9 

Gneissic Gneissic 

B.G. B.G. B.G. 8.6. T.G. T.G. T .G. 

4 
13956-48 

- 
44.1 
- 

17.9 

13.1 

0.6 
0.6 

(U.1 
- 
0 . 3  
2.9 
- 
2.5 
- 

18.2 
- 
- 
- 

Gneissic 

T.li .  



TABLE I1 (cont) 

Core No. 4 4 5 6 6 
Sample No. 13955-5 13961-28 14502-2C 14965-2C1 14965-2C2 

K-fel dspar 
P1 agiocl ase 
4 An 
Quartz 
B i o t i t e  
Ch lor i te  

Opaques 
Mu scov i t e  
Nynneki t e  
Ca lc i te  

Epl dote 
Apat i te  

Sphene 
Z f  rcon 

knphl bo1 e 
Ru t i l e  

Prehnl t e  
A1 1 ani t e  

- 
38.0 - 
22 .8 
11.6 
0.8 

C0.3 
0.1 
- 
0.2 
3.4 
0.1 
1 .B 

20.8 - 

37.4 
21.8 - 
30.6 
6.3 
0.6 

<1 
2.1 - 
0.6 

0.4 - 
T r  
Tr - 
- 
- 

T r  

2.4 
29.0 
41-31 
17.4 
12.6 - 
<0.1 
3.7 
0 
0.5 
0.5 - 
0.5 

<0.3 
33.1 

5.3 
35.5 - 
34.2 
11.9 

5.6 
1.8 
2.0 
0.9 

T r  
1 .8 - 
0.9 

- 
T r  

3.8 
37.7 
30 
34.0 
15.4 
3.8 
0.9 
1.9 

T r  
T r  

0.9 - 
1.6 

Remarks : Gneissic Equigran. Gneissic Gneissic Gneissic 

Rock Type: T.G. B.H.G. T.G. B.G.G. B.G.G. 



TABLE I11 

CHEMICAL ANALYSES OF PRECAMBRIAN ROCKS FROM DRILL HOLE EE-2 
a 

Core No. 1 

Sample No. 11738-1, 

sio2 71.99 

14.75 *'Z03 

0.64 Fe203 

FeO 1.07 

Mg 0 0.49 

CaO 1.66 

Na 2O 3.59 

K20 4.32 

H20+ 0.72 

H20- 0.08 

Ti02  0.18 

'2'5 0.05 

MnO 0.052 

Sr 0 0.018 

Sulfur <0.1 

To tal 99.61 

1 

11740-1 

2 

12848-4 

2 

12848-6 

66.50 

15.20 

1.90 

2.43 

1.44 

3.26 

3.74 

2.71 

1 .33  

0.02 

0.74 

0.20 

0.087 

0.035 

co.1 

99.59 

66.16 

14.95 

2.22 

2.73 

1.29 

2.86 

3.20 

4.20 

0.76 

0.00 

0.82 

0.31 

0.074 

0.039 

(0.1 

99.61 

59.96 

14.80 

2.90 

4.50 

2.48 

4.44 

3.15 

3.31 

1.08 

0.08 

1.8Q 

0.82 

0.135 

0.040 

<0.1 

99.58 

2 2 

12849-3a 12849-3b 

59.49 69.83 

14.50 14.32 

3.40 1.46 

4.84 1.65 

2.57 0.73 

4.36 2.30 

3.52 2.93 

3.04 5.10 

1.13 0.59 

< 0.01 <o .01 

1.85 0.51 

0.81 0.20 

0.127 0.045 

0.040 0.042 

.- 

<0.1 <0.1 

99.79 99.72 

B . G . G .  Mixed M.V. N.V. B . M . G .  Rock Type M . G .  
M.V.-B.M . G .  

a Analyses done by John Husler, University of New Mexico. 
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Core No. 

Sample No. 

sio2 

*l2'3 

Fe203 
FeO 

Mg 0 

CaO 

NaZO 

K2° 
H20+ 

H20- 

Ti02 

'2'5 
MnO 

Sr 0 

Sulfur 

To tal 

Rock Type 

3 

13463-22 
__I_- 

65.02 

15.00 

2.73 

2.67 

1.39 

3.26 

3.15 

4.19 

0.92 

0.06 

0.93 

0.42 

0.099 

0.041 

co.1 

99.88 

B.G. 

TABLE I11 (cont )  

4 

13955-3 

59.43 

16.12 

2.08 

5.15 

3.40 

6.11 

3.34 

1.53 

1.19 

0.24 

0.98 

0.19 

0.134 

0.036 

-- 

<0.1 

99.93 

T. G. 

4 

13962-2 
-._- 

67.68 

16.60 

1.01 

2.06 

0.98 

2.82 

3.52 

3.48 

0.83 

0.00 

0.37 

0.10 

0.051 

0.037 

<0.1 

99.54 

B.M.G. 

5 

14504-3 __-_- 
67.06 

13.90 

0.99 

3.61 

2.16 

4.22 

3.13 

1.30 

1.45 

0.06 

0.59 

0.02 

0.121 

0.025 

<o. 1 

99.64 

T.G. 

6 

14965-4 
__.-.-- 

66.59 

14.50 

2.25 

3.01 

1.57 

3.66 

3.60 

2.20 

0.92 

0.02 

0.82 

0.23 

0.092 

0.036 

<0.1 

99.50 

B.G.G.  
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Key: la - Quartzolite (Silexite) 
lb - Quartz-rich granitoids 
2 - Alkali-feldapar granite 
3a - Syenogrmite 
3b - lbnzogranite 
4 - Granodiorite 
5 - ToMllte 
6 - Alkali-feldspar ayentte 
7 - Syenite 
8 - Monzonite 
9 - Uonzodiorite and Uonzogabbro 
10 - Anorthosite. gabbro, and 

diorite 

0 
COMPONENTS: A 

Q QUARTZ 
A ALKALI FELDSPAR 
P PLAGIOCLASE FELDSPAR / Ib \ 

Fig. 1. 
Q-A-P d i  agram f o r  i gneous rocks [ I n t e r n a t i  onal Uni on o f  Geol og i  c a l  Sciences 

( IUGS)  c l  ass i  f i  c a t i  on]. 

Probably i n  E€-2, c u t t i n g s  from r e l a t i v e l y  t h i n  u n i t s  a l so  have been l o s t  i n  

rock c u t t i  ngs from surroundi  ng, more massi ve uni  t s .  The m i  x i  ng process 

becomes more s i g n i f i c a n t ,  and thus more det r imenta l  t o  the  geologic  evalua- 

t i o n ,  w i t h  i nc reas ing  borehole depth. For we l l s  w i th  a depth on the  order  o f  

4600 m (15 000 f t ) ,  u n i t s  o f  3- t o  5-m th ickness o f t e n  may escape recogn i t ion .  
Another problem i s  the  b i a s  t h a t  occurs when t r y i n g  t o  assign a rock name 

t o  a c u t t i n g s  sample. It i s  our experience (Laugh l in  and Eddy 1977, and pre- 

sent  work) t h a t  fe ldspars  tend t o  be more f i n e l y  ground, under the a c t i o n  o f  

tungsten carb ide bu t ton  i n s e r t s ,  than quar tz  and b i o t i t e .  Ground rock l e s s  

than 320 mesh tends t o  be washed away and l o s t .  A1 so, the  human e.ye i s more 

aware o f  the l a r g e r  fragments i n  the  sample and l e s s  aware o f  the  very minute 

gra ins,  even though these smal ler  fragments may be vol  u m e t r i c a l l y  more s i g n i  f i -  
cant .  Thus i n  both sampling and analyz ing the cu t t i ngs ,  the volume percent  o f  
f e ldspars  may be underestimated and b i o t i t e  and quar tz  overestimated. 
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We have t r i e d  t o  avoid such biases dur ing t h i s  study by l i m i t i n g  our cu t -  

t i n g s  ana lys is  t o  a c e r t a i n  s ize  f r a c t i o n  o f  the  c u t t i n g s  m a t e r i a l .  To a i d  i n  
the  i dent i  f i  c a t i  on, s o l i  d core mater i  a1 was ground t o  s i  mu1 a te  recovered c u t -  
ti ngs. We then used these "s imulated c u t t i  ngsl' as standards o f  compari son. 

Rock c u t t i n g s  from EE-2 were c o l l e c t e d  a t  approximately 3.1-m ( 1 0 - f t )  
i n t e r v a l s  over the  e n t i r e  wel l  bore. A v i s u a l  and b i n o c u l a r  check o f  30-9 

s p l i t s  from each sample was made f o r  c o l o r  and gross mineralogy. Th is  i n f o r -  

mat ion was used t o  def ine l i t h o l o g i c  breaks. Representative samples were then 

taken from each l i t h o l o g i c  u n i t ,  sieved, and the  -60 t o  t230 f r a c t i o n  examined 

c l o s e l y  and/or p o i n t  counted (approximately 200-300 p o i n t s )  . I f  requi  red, the  

f r a c t i o n  was compared t o  p r e v i o u s l y  hand-ground core mater ia l .  Usual ly  i t  was 
then poss ib le  t o  assign a rock type t o  the c u t t i n g s  sample. 
9. Petro logy and Geochemi s t r y  o f  Core Samples 

1. Core Number 1. Th is  1.9-m core i s  composed o f  t w o  l i t h o l o g i c  u n i t s ,  
a coarse-grai ned b i o t i  te-granodi  o r i  t e  gnei ss and an i n t r u s i  ve, f i  ner-gra i  ned 
monzograni te. 

W i  t h i  n the gnei ss, the K- fe l  dspar (rnicrocl  i ne) i s una1 t e r e d  and commonly 

shows t a r t a n  twinning. I n  cont ras t ,  most p lag ioc lase  (An3o) i s  a l t e r e d  t o  

muscovite o r  s e r i c i t e .  Abundant b i o t i t e  (17%, average o f  f o u r  samples), i s  

genera l ly  unal tered; l e s s  than 1% c h l o r i t e  i s  t y p i c a l l y  present i n  the t h i n  

sect ions.  Contacts between d i  sc re te  quar tz  g ra i  ns and between quar tz  and f e l  d- 

spar g ra ins  are usua l ly  sutured. Opaques, compris ing up t o  2% o f  the rock, 
c o n s i s t  of two phases t h a t  have n o t  been i d e n t i f i e d .  Epidote contents  range 
from about 2 t o  4%; the gra ins are anhedral t o  subhedral . Anhedral t o  sub- 
hedral  sphene gra ins comprise 0.7 t o  2.5% o f  the  rock. Trace amounts o f  myrme- 
k i  t e  , c a l  c i  te, apat i  te ,  z i  rcon, r u t i  l e ,  and prehni  t e  are a1 so present. 

Chemically, the b i o t i  te-granodior i  t e  gnei ss o f  core number 1 i s almost 

i d e n t i  c a l  t o  t h e  t y p i c a l  b i  o t i  t e - g r a n o d i  o r i  t e  gne i  ss o f  GT-2 and E E - 1  

(Laughl in  and Eddy 1977). 

The monzograni t e ,  i n t r u s i  ve i n t o  the  b i  o t i  te-granodi o r i  t e  gnei ss, con- 

s i  s t s  almost e n t i  r e l y  o f  K - f e l  dspar, p l  agi  o c l  ase, and quartz i n  roughly equi va- 
l e n t  amounts. As i n  the gneiss, the  K- fe ldspar  i s  una l te red  whereas the p l a g i -  

oclase (Anl6) i s  f requent ly  a l t e r e d  t o  muscovite o r  s e r i c i t e .  Quar tz  g ra ins  
show sutured contacts. Only t w o  o ther  minera ls  are present  i n  amounts 

exceeding 1%, c h l o r i t e  (1.2%) and epidote (1.3%). The c h l o r i t e  i s  present  
both as d i s c r e t e  gra ins and as a l t e r a t i o n  o f  b i o t i t e  grains.  I n  c o n t r a s t  t o  

Contacts between the t w o  rocks are sharply d i  scordant. 
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the gneiss, no sphene i s  present i n  the monzogranite. There are trace amounts 
of bi o t i  t e  , opaques , muscovite, myrmeki t e ,  cal ci t e ,  apati t e ,  ruti 1 e ,  and 
prehnite. The modal composition of this rock i s  very similar to  the composi- 
t ion of the monzogranite dike intersected by d r i l l  hole GT-2 a t  a depth of 
1304 t o  1306 m (Laughlin and Eddy 1977). The whole rock chemical composition 
i s  also almost identical  to  tha t  of the GT-2 sample (Table IV). Both rocks 
have h i g h  s i l i c a  and a1 kali contents and low Ti02 and P205 contents when com- 
pared w i t h  the intrusive granodiorites. Both the GT-2 and EE-2 monzogranite 
samples probably crystal  1 i zed from the same magma. 

2. Core Number 2. The second core (2.4 m long) i s  composed of a meta- 
morphosed-mafi c vol cani c ( or f i  ne-grai ned i ntrusi vel rock and a bi  o t i  t e  monzo- 
grani t e .  The monzograni t e  d i  scordantl y i ntrudes the metavol cani c rock and 
contains xenol i ths of i t .  Contacts between the xenol i ths and the monzograni t e  

- commonly are complex. Small s t r ingers  or dikes of the monzogranite are pres- 
ent w i t h i n  the metavolcanic rock, and i n  general the core shows considerable 
evidence of both forceful inject ion and magmatic reaction between the monzo- 
grani t ic  magma and the metavolcanic rock. 

The metavol cani c rock i s f i  ne grai  ned, general 1 y equi granul  ar , and non- 
fol i ated. Scattered, rare porphyrobl a s t s  or re1 i c t  phenocrysts of pl  agi ocl ase 
a re  present. Mi neral ogical l y ,  the rock contai ns abundant bi  o t i  t e  (35-43%), 
plagioclase (15-24%), quartz (8-12%), and opaques (5-10%). Less abundant a re  
amphibole (2-8%) and K-feldspar (2-5%). Epidote and sphene, which are usually 
thought of as t race consti tuents,  are abundant i n  this rock w i t h  epidote rang- 
i n g  from 2 t o  6% and sphene from 8 t o  10%. Needle-li ke grains of apa t i te  make 
up from 4 t o  6% of the rock. 

In contrast  to the plagioclase i n  other Fenton Hill Precambrian samples, 
the plagioclase i n  -Me metavolcanic rock i s  remarkably unaltered. No ser i -  
c i t i c  a l te ra t ion  was observed. Sphene i n  this rock i s  also very d i f fe ren t  i n  
tha t  i t  shows strong evidence o f  resorption. 

Both mineral ogi ca l l  y and chemical 1 y the metavol cani c rock i s very di  f -  
ferent  from other rocks encountered i n  GT-2, EE-1 ,  or  EE-2. Compared t o  the 
mafic sch is t s  and amphibolites of GT-2, for example, the metavolcanic rock 
contains much l e s s  plagioclase and much more sphene. As a resu l t ,  the A1203 
content of the metavolcanic i s  lower and the Ti02 content s l i g h t l y  higher. 
The P205 content i s  a1 so higher i n  the metavolcanic rock of EE-2.  

Trace amounts of a l l an i t e  are also present. 
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TABLE IV 

PRECAMBRIAN INTRUSIVE IGNEOUS ROCKS FROM DEEP HOLES EE-2 AND GT-2 

Core No. 

Sample No. 

sio2 

A1203 

Fe203 

FeO 

MgO 

CaO 

Na20 

K2° 

n 20+ 

H20- 

Ti02 

'2'5 

MrtO 

SrO 

Sulfur 

To tal 

Rock Type 

a Average 
bAverage 

1 

117 38-3b 

71.99 

14.75 

0.64 

1.07 

0.49 

1.66 

3.59 

4.32 

0.72 

0.08 

0.18 

0.05 

0.052 

0.018 

< 0.1 

99.61 

M . G .  

2 

12849-1 

69.83 

14.32 

1.46 

1.65 

0.73 

2.30 

2.93 

5.10 

0.59 

(0.01 

0.51 

0.20 

0.045 

0.042 

<0.1 

99.72 

B.M.G. 

biotite granodiorite 

3 

13463-22 

65.02 

15.00 

2.73 

2.67 

1.39 

3.26 

3.15 

4.19 

q.92 

0.06 

0.93 

0.42 

0.099 

0.041 

<0.1 

99.88 

B.G. 

from GT-2 

4 

13962-2 

67.68 

16.60 

1.01 

2.06 

0.98 

2.82 

3.52 

3.48 

0.83 

0.00 

0.37 

0.10 

0.051 

0.037 

<0.1 

99.54 

B.X.G. 

a 

64.27 

14.48 

2.96 

2.92 

1.39 

3.11 

3.32 

4.23 

0.98 

0.07 

0.95 

0.57 

0.091 

0.044 

B.G. 

b 

72.08 

14.20 

0.67 

1.37 

0.45 

1.12 

3.33 

4.73 

1.06 

0.14 

0.19 

0.05 

0.050 

0.017 

M.G. 

(Laughlin and Eddy 1977). 
leucocratic monzogranite from GT-2 (Laughlin and Eddy 1977). 
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The b io t i t e  monzogranite from core number 2 i s  composed primarily of 
quartz, K-feldspar, and plagioclase. Biot i te  makes up about 6% of the rock, 
amphibole about 1%, and epidote about 2.7%. About 1.7% opaques, 1.6% ca lc i t e ,  
and 1.2% sphene are present. Present i n  trace amounts are ch lor i te ,  mynne- 
k i  t e  , apati t e  , zi rcon , a1 1 ani t e  , and the small need1 e-1 i ke crystal  s of apati t e  
observed i n  the metavolcanic rock. In contrast  t o  the plagioclase, which may 
occasional l y  be a1 tered to  seri ci  t e ,  the K-fel dspar (microcline) i s i nvari ably 
una1 tered. Quartz grain contacts are typically sutured. Opaque mineral 
grains are composed of a t  l e a s t  two phases and are commonly clustered in to  
clots .  In general, sphene grains are subhedral t o  euhedral i n  form. 

The b io t i t e  monzogranite from core number 2 may be d i s t ingu i shed  from the 
monzogranite from core number 1 by the greater abundance of b io t i t e  and 
opaques, the lower abundance of K-feldspar, and the presence of  sphene and 
amphi bo1 e. 

3. Core Number 3. A l t h o u g h  there i s  a considerable variation i n  mineral 
abundances over short d i  stances w i t h i n  t h i  s core, the variations are u n i  fonnly 
smooth, and th i s  3-m core i s  best thought of as monolithologic. The total  
core would fa1 1 near the granodi ori te-monzograni t e  boundary on the Inter- 
national Union of Geological Sciences (IUGS) diagram. For the sake o f  sim- 
p l i c i ty ,  we will refer t o  a l l  samples as b io t i t e  granodiorite even though some 
small par ts  f a l l  within the monzogranite f ie ld .  

Potassi um feldspar ( 10-26%), p l  agi ocl ase (26-40%) , quartz (21-26%), and 
b io t i t e  (9-16%) are the major consti tuents.  Epidote (3-4%), sphene (2-3%), 
and opaques (2-4%) are common, and there are minor amounts o f  chlor i te ,  musco- 
v i  te/seri ci  t e  , myrmeki t e  , cal ci  t e ,  apati t e ,  zi rcon , prehni t e  , and a1 1 ani te.  
The p l  agi ocl ase i n  t h i  s rock i s extensively a1 tered t o  muscovi te/seri ci  t e  i n 
contrast  t o  the K-feldspar tha t  i s  f ree  of a l terat ion.  The K-feldspar i s  com- 
monly poi k i l i t i c  w i t h  enclosed grains o f  quartz, epidote, and ca lc i te .  Cal- 
c i t e  i s  also present i n  small veinlets  and stringers. Sphene i s  characteris- 
t i  cal ly  anhedral . 

The chemical composi t i  on i s essenti a1 l y  identical  w i t h  the average bio- 
t i t e  granodiorite of GT-2 and EE-1  described by Laughlin and Eddy (1977) and 
shown i n  Table IV. I t  apparently represents another dike or s i l l  from the 
same magma source. 

4. Core Number 4. The fourth core (2.3 m long) from EE-2  i s  composed of 
a bi o t i  te-amphi bo1 e-quartz-pl agi ocl ase gnei ss and a f i  ne-grai ned b i o t i t e  
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monzograni t e  tha t  intrudes the gnei ss. A very sharp discordant contact sepa- 
rates the t w o  u n i t s .  

The gneiss i s  composed of widely varying proportions of plagioclase 
(28-45%), quartz (17-30x1, amphi bole (8-25%) , and b io t i t e  (12-20%). Potassi um 
feldspar occurs only i n  trace amounts. Plagioclase shows only minor a l tera-  
t i  on to  seri  ci  te ;  amphi bole and b io t i t e  are una1 tered. Anhedral t o  subhedral 
epidote makes up from 2 t o  4% of  the rock, and anhedral sphene from 1 t o  3%. 
Trace amounts of opaques, ca l c i t e ,  myrmeki t e ,  apa t i te ,  and a1 1 ani t e  are pres- 
ent .  The rock i s a tonal i t i  c gnei ss. 

Chemically the tonal i ti  c gnei ss i s  considerably di fferent from the other 
Precambrian rock samples from GT-2, EE-1, or  EE-2. Although samples of the 
metavolcanic of core number 2 have approximately the same s i l i c a  content a s  
the gneiss, the Ti02 and K20 contents are lower and the CaO content higher i n  
the gneiss. T h i s  u n i t  apparently has not been previously sampled by the Los 
A1 amos d r i  11 hol es. 

The bi o t i  t e  monzograni t e  i s a f i  ne-grai ned ,  equi granular rock compri sed 
primarily of K-feldspar (37%) , plagioclase (22%) , quartz (31%), and b i o t i t e  
(6%). Mi nor amounts of muscovi te /ser i  ci  t e  , cal ci t e  , chl ori t e  , epi dote , and 
opaques are present, and there are t race amounts of sphene, zircon, and allan- 
i t e .  The K-feldspar (microcline) i s  generally unaltered i n  contrast  t o  the 
p l  agi ocl ase, which i s commonly a1 tered t o  muscovi te / ser i  ci  te. Chlorite i s 
present both as discrete  grains and as an a1 terat ion product of b io t i t e .  Cal- 
c i t e  appears as small stringers as well as i n  d i  screte grains. 

The chemical composi ti  on o f  the bi o t i  t e  monzograni t e  i s consi derably d i  f -  
ferent from tha t  of the leucocratic monzogranite of GT-2 described by Laughlin 
and Eddy (1977) .  The s i l i c a  content i s  lower and the A1203, MgO, CaO, and 
total  Fe contents higher i n  the b io t i t e  monzograni t e .  The composition of t h i  s 
b i o t i t e  monzograni t e  i s  a1 so considerably different from tha t  o f  the b io t i t e  
monzogranite of core number 2. T h i s  u n i t  probably represents an ent i re ly  d i f -  

ferent rock body from the other granodi ori t e s  and monzograni tes. 
5. Core Number 5. Core number 5 (0.9 m long) i s  a coarse-grained 

gneiss. The gneiss i s  composed primarily of amphibole (33%), plagioclase 
(29%), quartz (17%) , and bi o t i  t e  (13%). Almost 4% muscovi te /ser i  ci  t e  i s pres- 
ent as a l terat ion of the plagioclase. Minor K-feldspar and t race amounts of  
opaques, ca l c i t e ,  epidote, sphene, and zircon are also present. Because of  
the low K-feldspar content, th i s  rock i s  a t ona l i t i c  gneiss. 
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Although there i s  a h i g h  total  muscovite/sericite content i n  the tona- 
l i t i c  gneiss, most of the plagioclase grains are free of a l te ra t ion .  The 
K-feldspar (microcline) and the amphibole are a1 so una1 tered. 

Chemically, t h i s  rock i s  characterized by relat ively low A1203, K20, 
Ti02, and P205 contents. 

6. Core Number 6. Essentially a l l  of the 1.2-m length of  core number 6 
i s  a coarse-grained b io t i t e  granodiorit ic gneiss. A very t h i n  (2 -  t o  3-cm) 
band of fine-grained granodiorit ic material i s  present a t  the bottom of the 
core. Contacts between the gneiss and the fine-grained rock are gradational. 
T h i s  fine-grained rock was not analyzed. 

The gnei ss i s  composed primari l y  of plagioclase (36-38%), qua r t z  (34%),  
b i o t i t e  (12-15%), K-feldspar (4-5%), and ch lo r i t e  (4-6%). Lesser amounts of 
muscovi te / ser i  ci t e ,  opaques, epi dote, and sphene are present, and there are 
t race amounts of myrmeki t e ,  ca l c i t e ,  and al lani  te. The K-feldspar (micro- 
c l ine )  i s  unaltered i n  contrast  t o  much of the plagioclase, which i s  al tered 
t o  muscovite/sericite. Chlorite occurs as discrete  gra ins  and also as an 
a1 t e r a t i  on product of bi o t i  t e .  

Chemically the bi o t i  t e  granodi ori t i c  gnei ss i s si m i  1 a r  t o  the bi o t i  t e  
granodiorite of core number 3 i n  t h a t  the K20 content i s  s ignif icant ly  lower 
i n  the gneiss. 
C.  Results of C u t t i n g s  Analyses 

The resu l t s  of the analyses of the cut t ings from EE-2 were used t o  con- 
s t ruc t  the l i tho logic  log tha t  i s  shown i n  an abbreviated version i n  Fig.  2. 
Rock nomenclature adheres to  the system proposed by the IUGS Subcommission on 
the Systematics of Igneous Rocks ( F i g .  1). 

Because of the significance o f  a l te ra t ion  zones to  the development of the 
Phase I1 H D R  system, these zones will be discussed below i n  Sec. 111. 

J I I .  ALTERATION ZONES 
During the routine logging o f  d r i l l  cut t ings from the lower section o f  

EE-2,  i t  became apparent t h a t  al tered mineral and rock fragments were present 
i n  variable quant i t ies  i n  many of the samples. Depth in te rva ls  represented by 
these al tered zones and the percentage o f  al tered material are shown on the 
EE-2 l i  tholog. A sumnary,of the depth interval s i s  a1 so given i n  Table V .  
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A. Megascopic  and P e t r o g r a p h i c  Des- 
c r i p t i o n  o f  Cu t t ings  of  Altered Rock 

Generally the cu t t i  ngs  a r e  angu la r  
t o  sub rounded  f r a g m e n t s  o f  di  screte  
minera ls  and rocks,  averaging 0.5 t o  
1.0 mn i n  d iameter .  The l a r g e s t  f rag-  
ment, approximately 1.0 cm i n  d iameter ,  
was recovered i n  a j u n k  baske t  run .  
The major i ty  of  the cut t ings a r e  o f f -  
white, b u t  some a r e  t i n t e d  i n  var ious  
shades o f  ye l low t o  purple.  Because 
this  c o l o r a t i o n  i s  present only on the 
e x t e r i o r  of the c u t t i n g s ,  i t  probably 
represents o x i d a t i o n  o f  i r o n  a n d / w  
manganese a f t e r  dri 11 i ng. 

C u t t i n g s  from 18 a l t e r e d  z o n e s  
were prepared f o r  microscopic  exam1 na- 
t i o n ,  which i n d i c a t e d  t h a t ,  i n  gene ra l ,  
the g r a i n s  f a l l  i n t o  two pe t rographic  
groups (Table  VI).  

The f i r s t  group, represented  by 
five t h i n  s e c t i o n s  from 1330 t o  2614 m 
( d e p t h  a l o n g  we1 1 b o r e )  a r e  c h a r a c -  
terized by the presence of very fine- 
gra i  ned cal  ci t e  di spersed throughout  a 

GEOLOGIC CROSS SECTION, FENTON HILL 

HDR SITE NEW MEXICO 
TEMPERATURE PCl 

0 im m Mo 4m 
0 ,Pallia Canyon Formation 

Bandelier Tun 

Abo Formation \ Abiquiu Tuft ’ 

\ J 

- 
Gneiss ALTERATION 

-ZONES PRESENT - S L  I Schlsl 

Gneiss \ 
Melavolcanic Rock and Granodmritl 

Gneiss. Granodmrne, Granne 

Minor XhiR , Metavobnic Rock 

4G -PHASE It 
SYSTEM 

T.D. 4% 
4 

GRADIENT SHOWN IS DERIVED FROM MEASUREMENTS IN GT-2, EE-1 AND EE-2 

Fig. 2 .  . 
Simpl i f i ed  geologic  c r o s s  s e c t i o n ,  
Fenton Hill HDR s i t e ,  New Mexico. 

gray m i c r o c r y s t a l l i n e  t o  aphanYtic groundmass. Some o f  the cutt ings a r e  rich 
i n  ind iv idua l  mineral c l a s t s ;  these clasts a r e  set i n  the same gray a p h a n i t i c  
matri  x .  

The second group, represented by 13 t h i n  s e c t i o n s  from 3193 t o  4020 m 

( dep th  a1 ong we1 1 bore)  a r e  c h a r a c t e r i  zed by an aphani t i c  , dark-brown t o  near ly  
opaque matri x t h a t  sometimes has a 1 i nea ted  t o  con to r t ed ,  swi rl ed appearance.  
Th i  s dark-brown mat r ix  i s made up of i 11 i te-montmori 11 oni t e ,  i dent i  f i  ed by 
x-ray d i f f r a c t i o n  study. The major i ty  (>75%)  of the a1 tered c u t t i n g s  prepared 
f o r  t h i n  s ec t ion ing  i n  this group a r e  composed almost entirely o f  mixed l a y e r  
c l ay .  I s o l a t e d  fragments of  angular  qua r t z  g r a i n s ,  gene ra l ly  less than 0.1 mm 
i n  diameter ,  a r e  found s c a t t e r e d  throughout the c l a y  matr ix .  
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TABLE V 

ALTERATION ZONES INTERSECTED BY EE-2 IJIZLLBOEIE 

( f t )  

4360 - 4390 

6220 - 6240 

7240 - 7260 

8430 - 8450 

8570 - 8610 

10070 - 10180 

10300 - 10330 

10440 - 10560 

1099G - 11020 

11060 - 11120 

11220 - 11650 

11800 - 11870 

12050 - 12200 

12250 - 12400 

12470 - 12550 

12660 - 12760 

13180 - 13310 

Depth Along Wellbore 

(rn] 

1328 - 1337 

1894 - 1900 

2205 - 2211 

2567 - 2573 

2610 - 2622 

3066 - 3100 

3136 - 3145 

3179 - 3216 

3346 - 3356 

3368 - 3386 

3416 - 3547 

3593 - 3614 

3669 - 3715 

3730 - 3776 

3797 - 3821 

3855 - 3885 

4013 - 4053 

Amount of A l t e r a t i o n  

<25% a.1 t e red  g r a i n s  

- <25X a l t e r e d  g r a i n s  

- <25% a l t e r e d  g r a i n s  

- <25% a l t e r e d  g r a i n s  

- <25% a l t e r e d  g r a i n s  

Minor a l t e r a t i o n  

Minor a I t e r a t i o n  

- 

Extens ive ly  a l t e r e d  

Minor a l t e r a t i o n  

Minor a l t e r a t i o n  

Extens ive ly  a l t e r e d  

Minor a It era t ion  

Minor a l t e r a t i o n  

Minor a l t e r a t i o n  

Minor alterat i o n  

Extens ive ly  a l t e r e d  

Extens ive ly  a1 t e r ed  



TABLE V I  

PETROGRAPHIC SUMMARY OF THE CUTTINGS FROM ALTERED ZONES 

Sample Depth (m> 

2208 

2605 

2614 

3193 

3218 

3339 

3465 

3547 

3 608 

3675 

3703 

3819 

3886 

3931 

4020 

B a s i c a l l y  composed of f ine-gra ined  

ca l c i t e  wi th  some i n d i v i d u a l  minera l  

c las ts  s c a t t e r e d  throughout.  The 

groundmass is gray and almost aphan i t i c .  

Bas i ca l ly  composed of i l l i t e -mon tmor i l l on i t e  

c l a y s ,  microbreccia ,  and carbonate  material. 

The mixed l a y e r  c l a y  dominates i n  abundance 

and occurs  as a dark-brown t o  nea r ly  opaque, 

a p h a n i t i c  matrix i n  which i s o l a t e d  q u a r t z  

g r a i n s  can be  found. The microbreccia  i s  

composed of a v a r i e t y  of minera l  and rock 

fragments showing some evidence of s h a t t e r i n g  

and p l a s t i c  deformation. Some flow alignment 

of t h e  clasts is  a l s o  observed. Minor 

carbonate  g r a i n s  are a l s o  p re sen t ,  some 

d i s p l a y i n g  zonal  growth. 
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Approximately 20% of the altered cut t ings of the second group are com- 
posed mainly of fragments derived from the adjacent country rock. These frag- 
ments are best described as microbreccia and are characterized by small 
(0.1- t o  0.5-mm-diam) angular grains of plagioclase, K-feldspar, quartz, bio- 
ti  t e  , amphi bo1 e , epidote , sphene, magneti te , and other mineral s. Some of the 
b io t i t e  'flakes are twisted and bent.  These rock fragments typically occur i n  
a jumbled fashion w i t h i n  a dark, aphanitic clay matrix; however, they occasion; 
a l ly  show a f a in t  fluxion alignment. 
B. X-Ray D i  f f r ac t i  on Analysi s of Cuttings 

Grains from seven al terat ion zones i n  EE-2 were analyzed by x-ray powder 
diffract ion techniques. The percentages reported i n  Table VI1 are  approxima- 
t ions due t o  the poor c rys t a l l i n i ty  of the material. W i t h  one exception, 
11290, mixed layered clays dominate the mineralogy of the deep al tered zones 
i n  EE-2. The abundance of ca l c i t e  appears t o  be higher i n  samples from the 
shallower altered zones. B. H. Arney, Los Alamos National Laboratory, found 
(1980) tha t  the amount of ca l c i t e  present as fracture f i l l i n g  material a1 so 
decreased w i t h  depth i n  the GT-2 cores. Preliminary examination of fracture 
f i l l i n g  minerals i n  the deeper EE-2 cores supports this observation. 
C. Chemical Analysis of C u t t i n g s  

Approximately 15 grams of material from two al tered zones located i n  the 
potential reservoir rock of EE-2 were chosen for chemical analysis. The 
results of the analyses are presented i n  Table VIII, Columns A and B. Several 
other analyses of clay fran the 1 i terature  are given for compari son. 

The we igh t  percentages of the various oxides from the al tered material. i n  
EE-2 generally f a l l  w i t h i n  the ranges from other clay analyses. However, the 
EE-2 a l tered zones are lower i n  A1203 and higher i n  CaO and H20 . These d i f -  

ferences are i n  par t  a t t r ibu tab le  t o  the f ac t  t ha t  the material analyzed from 
EE-2 probably contained some microbrecci a and carbonate. No attempt was made 
t o  separate the extremely small rock fragments from the mixed layer clays. 
However, both x-ray diffract ion and chemical analysis confirm tha t  the deep 
a1 tered zones i n  EE-2 contain clay material. 

Some estimate of the gain or loss  of various oxides during the formation 
of clays can be made i f  we assume tha t  the alumina content does not change 
s ignif icant ly  during a l terat ion ( i  .e., i f  alumina i s  relat ively immobile 
d u r i n g  low-temperature hydrothermal a1 teration) This assumption i s  commonly 
made when interpret4 ng analyses of weathered rock (Krauskopf 1967 ) . 
20 
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TABLE V I 1  

RESULTS OF X-RAY DIFFRACTION ANALYSIS OF CUTTINGS OF ALTERED ROCK FROM EE-2. 
SAMPLE NUMBERS GIVE THE DEPTH IN FEET ALONG EE-2 WELLBOREa 

' 

4360 - 
calcite - 90% 
Ca-Si (hydrate?) - 10% 

6220 

calcite - 90% 
Ca-Si (hydrate?) - 10% 

8540 

calcite ' - 40% 
quartz - 60% 

10470 

illite-montmorillonite - 60% 
quartz - 40% 

11290 

calcite - 50% 
quartz - 45% 
magnetite - 5% 

12140 

illite-montmorillonite - 60% 
quartz - 25% 
calcite - 15% 

13180 

illite-montmorillonite - 55% 
quar t z - 25% 
calcite - 20% 

a Analyses by R. W. Charles, Los Alamos National Laboratory. 
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OXIDES 

sio2 

A1203 

Fe203 

FeO 

MgO 

C a O  

Na20 

K2° 

H20+ 

H20- 

Ti02 

'2'5 

MnO 

Sr 0 

S u l f u r  

TOTAL 

C. 
D. 
E. 

TABLE VI11 

CHEMICAL COMPOSITION OF ALTERED ROCK FROM EE-2 AND OF ILLITE AND MONTMORILLONITE 

11830 
A 

47.97 

12.01 

3.84 

2.18 

1 .91  

13.03 

0.73 

1 .33  

14.08 

2.32 

0.59 

Ci. 117 

0.050 

0.026 

-- 

<0.1 

100.18 

12740 
B 

56.68 

14.82 

4.80 

0.08 

2.24 

5.77 

0.37 

1.45 

10.54 

1.86 

0.70 

0.075 

0.016 

0.013 

<0 .1  

100.21 

C 

49.78 

26.35 

4.3 

0.61 

2.75 

0.32 

0.25 

7.02 

7.12 

1.48 

0.42 

---- 
---- 
---- 
---- 

D 

59.49 

21.93 

3.77 

0.197 

3.55 

1.176 

0.82 

0.342 

8.38 

---- 

0.25 

---- 
---- 
---- 
--- - 

E 

51.69 

34.50 

0.19 

0.00 

1.56 

0.16 

1.03 

3.56 

5.96 

---- 

0.6E 

---- 
---- 

---- 
---- 

99.33 

F 

48.6 

18.4 

- 

1.21 

0.07 

1.88 

2.25 

0.35 

0.28 

8.44 

17.64 

T r  

---- 
__-- 
---- 
---- 

99.47 

c, 

50.50 

17.23 

2.36 

- 

---- 
3.71 

2.40 

0.0 

0.25 

7.41 

16.78 

0.02 

---- 
---- 
___- 
---- 

100.66 

Mean of 24 i l l i t e s  (Weaver and P o l l a r d  1973) F. Montmor i l lon i te  v e i n  c u t t i n g  g r a n i t e  (Weaver 
Mean of 101  montmor i l lon i tes  (Weaver and P o l l a r d  1973) 
Mixed l a y e r  c l a y  formed by a l t e r a t i o n  of i l l i t e  (Weaver and 

and Po l l a rd  1973) 
G. Montmor i l lon i te  gouge c l a y  from shea r  zone i n  

P o l l a r d  1973). g r a n o d i o r i t e  (Ross and Hendricks 1945) 
H. Montmor i l lon i te  from f a u l t  zone i n  q u a r t z  

l a t i t e  (Ross and Hendricks 1945) 



1 

It i s  c l e a r  t h a t  samples 11830 and 12740 are bounded by rock very s i m i l a r  

t o  the b i o t i t e  g ranod io r i t e  gneiss sampled by core number 1 from EE-2. I f  the 

a l t e r e d  ma te r ia l  formed as a r e s u l t  o f  f a u l t i n g ,  the host  rock ( t h e  rock t h a t  
supp l ied  the ma te r ia l  f o r  c l a y  format ion i n  samples 11830 and 12740) presum- 
ably  i s the  b i  o t i  te-granodi  o r i  t e  gnei ss. 

Table I X  l i s t s  the chemical analyses f o r  samples 11830 and 12740 (Columns 
B and E) and an ana lys is  o f  the b i o t i t e  g ranod io r i t e  gneiss from core number 1 
( sample 11740-1 1. Assuming t h a t  A1 203 has n o t  changed dur i  ng a1 t e r a t i  on, the  

r e l a t i v e  percent  increase o r  decrease o f  the o ther  oxides has been c a l c u l a t e d  

( Col umns C and F i n  Tab1 e 1x1. 

The dramatic increase i n  the water conten t  o f  the two a l t e r e d  samples 

r e f l e c t s  the f a c t  t h a t  these t w o  zones are composed l a r g e l y  o f  c lays  t h a t  have 
a h igh  capaci ty  f o r  H20 adsorpt ion.  

The p o s s i b i l i t y  has been suggested t h a t  the a l t e r e d  ma te r ia l  showing up 

i n  the c u t t i n g s  might  poss ib ly  be coming from one large,  a l t e r e d  zone t h a t  
exper i  enced epi sodic spa1 1 a t i  ons o r  cave-i ns o f  mater i  a1 dur i  ng the d r i  11 i ng 
o f  EE-2. The H20 content  o f  the  two analyzed a l t e r e d  samples would argue 
agai n s t  'thi s hypothesi s. C1 ays wi t h  i n t e r l  ayer water wi 11 tend t o  systemati - 
c a l l y  dehydrate w i th  i nc reas ing  temperature. Sample 12740, r e t r i e v e d  from a 

reg ion  w i t h  a temperature o f  approximately 256"C, conta ins  about 25% l e s s  

water than sample 11830, r e t r i e v e d  from a reg ion  w i th  a temperature o f  about 
236OC. The lower H20 conten t  of  the  deeper c l a y  sample i s  e x a c t l y  what would 

be expected from an e a s i l y  dewatered minera l .  
D. O r i a i n  o f  A l t e r e d  Zones 

The presence of microbrecc ia,  bent  b i o t i t e  w i t h i n  the microbrecc ia,  and a 

crude alignment o f  rock fragments i n d i c a t e  t h a t  the a l t e r e d  zones have under- 
gone shearing and are f a u l t  zones. It i s  impossib le  t o  determine from the 
present ly  avai  1 able ev i  dence when t h i  s f a u l  ti ng occurred. 

Precambrian rocks beneath the Fenton H i l l  HDR s i t e  have probably been 

subjected t o  a t  l e a s t  th ree  major t e c t o n i c  events. The f i r s t  o f  these oc- 

cur red  1400-1500 Myr ago & r i n g  emplacement o f  the b i o t i t e  g ranod io r i t e  body 

w i t h i n  the  1700 Myr metamorphic t e r r a i n  (Brookins e t  a1 . 1977, and Zartman 
1979). A second probably occurred dur ing  the  Laramide, co inc iden t  w i t h  forma- 

t i o n  o f  t he  Nacimiento U p l i f t .  The most recent  t e c t o n i c  event occurred du r ing  
format i  on of the Val 1 es Caldera. Hydrothermal f l  u i  ds were probably  p resent  
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Oxi des 

S i  O2 

2'3 

Fe203 

FeO 

CaO 

Nap .  

K2° 
H20t 

H20- 

T i  O2 

'2'5 

MnO 

SrO 

S u l f u r  

To ta l  

TABLE I X  

CHEMICAL CHANGES OCCURRING DURING FORMATION OF ALTERED ZONES 

A 
11740-1 

66.5 

15.20 

1.90 

2.43 

1.44 

3.26 

3.74 

2.71 

1.33 

0.02 

0.74 

0.20 

0.087 

0.035 

co.1 

99.59 

B C 
11830 % Change 

47.97 -8.7 

12.01 0.0 

3.84 t155.0 

2.18 't13.5 

1.91 t67.6 

13.03 t406.0 

0.73 -75.3 

1.33 -37.9 

14.08 t1234.0 

2.32 t14650.0 

0.59 t1.4 

0.117 -26.0 

0.050 -26.4 

0.026 -5.7 

co.1 -- 
100.18 

D 
11 740- 1 

E 
12740 

66.50 

15.20 

1.90 

2.43 

1.44 

3.26 

3.74 

2.71 

1.33 

0.02 

0.74 

0.20 

0.087 

0.035 

co.1 

99.59 

56.68 

14.82 

4.80 

0.88 

2.24 

5.77 

0.37 

1.45 

10.54 

1.86 

0.70 

0.075 

0.016 

0.013 

co.1 

100.21 

F 
% Change 

-12.6 

0.0 

t159.0 

-62.7 

t59.3 

t81.7 

-89.9 

-44.9 

+709.7 

+9 500.0 

-2.7 

-61.5 

-80.5 

-62.9 

-- 
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d u r i n g  the two tectonic events accompanied by magmati sm, i .e. , d u r i n g  Pre- 
cambrian and l a t e  Cenozoic times. 

Whenever the sheari ng occurred, the f i  ne-grai ned materi a1 produced would 
be very susceptible t o  a l te ra t ion  by hydrothermal f l u i d s  moving a long  the 
sheat- or f au l t  zones. The product of this a l te ra t ion  was the clays observed 
i n  the cut t ings from the al tered zones. Larger rock fragments, not so readily 
altered t o  clays,  would then occur as lenses or streaks i n  a mixed layer clay 
matri x .  Later i n f l  uxes of hydrothermal f l  u i  d s  of the appropri a t e  composi t i  on 
could then form the layered carbonate veins found throughout the al tered 
zones. Similar carbonate veins are found along many fractures  i n  cores from 
GT-2, E E - 1 ,  and EE-2 .  

IV. FRACTURES 
All six cores from EE-2 contain fractures  t h a t  are typical ly  sealed by a 

variety of minerals. The thickness of the material sealing the fracture  
ranges from about 0.5 m i n  core number 1 t o  2.5 cm i n  core number 4.  Sealing 
minerals consist  of quartz, feldspars, epidote, and sometimes minor c a l c i t e ,  
sphene, magnetite, and sulfides.  Evidence for movement along some of these 
fractures i s  provided by slickensided surfaces on open fractures i n  core 
number 5 and by changes i n  augen orientation i n  regions separated b.y f ractures  
i n  core number 4. 

H i g h  -- i n  situ temperatures caused fa i lure  of photographic film i n  the core 
orienting devices and none of the cores from EE-2  were oriented. However, 
f racture  orientations were determined from televiewer logs taken i n  GT-2 and 
E E - 1  and from oriented cores from the cooler portions of GT-2. Because the 
three we1 1 s are separated by only short di  stances , the f racture  or ientat ions 
i n  EE-2 can probably be inferred t o  be the same as those i n  GT-2 and EE-1 .  
A. Televiewer LOQS from E E - 1  and GT-2 

Orientations of f ractures  i n  Precambrian rocks i n  the EE-1  and GT-2 
well s previously were determi ned from televiewer 1 ogs (Duffi el d and Tester 
1978). The EE-1 televiewer logs from the depth interval 2935 t o  2949 m were 
analyzed and three fracture s e t s  identi  f i  ed ( Fi 9. 3a). Unfortunately , the 
number of f racture  planes used t o  construct this figure was not reported. 
Televiewer logs from the interval  836 t o  2704 m i n  GT-2 were used to  construct 
the histogram i n  F ig .  3b. Again i t  i s  not possible t o  determine from the re- 
ported data the actual number of fracture planes measured. 
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Core No. 

1 

2 

3 

TABLE X 

ORIENTED CORES FROM GT-2 

DeDth  o f  Core In t e rva l  ( m )  

1125.9 - 1128.8 

1304.4 - 1305.2 

1672.6 - 1670.6 

B. Or ien ted  Cores from GT-2 

Averaqe Dri f t  

1.5", N.69"W. 

3.0°, N.69'W. 

4.0°, N.82"W. 

The orientations o f  f r a c t u r e s  and g n e i s s i c  f o l i a t i o n  were measured i n  
three o r i en ted  cores from GT-2 (Table  X ) .  Although over 100 fractures were 
observed i n  these c o r e s ,  t h e  a t t i t u d e s  o f  only 34 could be determined (F ig .  
4 ) ;  the remainder were too short or discont inuous.  A contour diagram of the 
d a t a  (F ig .  5 )  i n d i c a t e s  t h a t  the b e s t  developed fracture sets t r end  northeast. 
Two of  the contour maxima appear t o  de f ine  fracture sets o r i e n t e d  JIN. 42"E., 
81"s and d.49"E.,  87"s. (F ig .  6 ) .  The contours  o f  these maxima overlap s ig -  
n i  f i c a n t l y ,  however, and may r ep resen t  two sepa ra t e  fracture sets t h a t  formed 
a t  d i f f e r e n t  times, a coeval conjugate  p a i r  o f  small d ihedra l  ang le ,  or a 
si ngle  fracture set. 

A t h i r d  contour  maxima d e f i n e s  a n o r t h e a s t - t r e n d i n g  f r a c t u r e  s e t  
(N.52"E., 26"N.) t h a t  seems t o  be c o n t r o l l e d  by the g n e i s s i c  t o  schistose 
f o l i a t i o n  t h a t  has an average a t t i t u d e  o f  N.70°E., 32"N. ( F i g .  7 ) .  Many of 
the fractures p lanes  c l o s e l y  p a r a l l e l  the f o l i a t i o n ;  i n  some instances they 
o f f s e t  i t .  
C. D i  scussi on 

The f r a c t u r e  da ta  from o r i e n t e d  cores i n  GT-2 (Fig.  5 )  do not  compare 
favorably wi t h  fracture ori e n t a t i  ons determi ned from televiewer 1 ogs of GT-2 
or EE-1 (F ig .  3 ) .  An attempt t o  resolve the discrepancy by re-examining the 
GT-2 l o g  over the three cored i n t e r v a l s  f a i l e d  because the q u a l i t y  of the l o g  



Fig. 3. 
Fracture orientations from televiewer 
logs of Precambrian basement, Fenton 
Hill, Jemez Mountains. 
fractures mapped in the 2935- t o  2949-m- 
depth interval in well bore EE-1. 
Histogram of fracture dip angles in the 
836- to 2704-m-depth interval in well 
bore GT-2. (From Duffield and Tester 
1978, Figs. 5-51 and 5-52.) 

(A) Attitude of 

(B)  

N 

Fig. 4. 
Lower hemisphere equal-area diagram of 
34 fractures in oriented cores from 
well bore GT-2. 

Fracture orientation da ta  from Precambrian exposures 14 t o  18 km away on 
the east side of the Nacimiento u p l i f t  are similar t o  fracture da ta  deter- 
mined from the GT-2 cores. In the outcrops the two fracture sets w i t h  great- 
est frequency (number of fractures per centimeter) trend north-northwest and 
northeast t o  east-northeast ( F i g .  8) .  

* 

These di recti ons are consi stent wi t h  

* 
This information was furnished by P. Barkman, Los Alamos National Laboratory 
(1980). 
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Fig. 5. 
Lower hemisphere equal-area diagram of 
fractures in oriented cores from well 
bore GT-2. Contours 3 ,  6 ,  12% per 1% 
area. 

Fig. 7. 
Lower hemisphere equal-area orientation 
diagram of gneissic foliation in GT-2 
well bore between the 1126- to 1129-m- 
depth interval. 

Fig. 6. 
Planes representing average attitude of 
fracture sets in well bore GT-2. Lower 
hemisphere equal-area projection. Two 
stippled planes and vertical plane are 
strongly defined. Unshaded planes are 
weekly defined. 

i n t w  

Fig. 8. 
Fracture orientations in Precambrian 
outcrops at Guadalupe Box on east side 
of Nacimiento uplift, 18.5 km south- 
west of Fenton Hill well site. 595 
fractures. (See footnote, p. 27.) 
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w i t h  the f racture  se t s  trending cN.4Z0E. ,  N.4g0E., cN.52"E., and eN.25"W. in  
the GT-2 cores. T h i s  s imilar i ty  i n  trends suggests t h a t  the orientations of 
the fracture sets in the Precambrian basement a t  Fenton Hill are l i ke  those 
determined from the GT-2 cores ( F i g .  4 )  and not as  indicated by the televiewer 
logs ( F i g .  3 ) .  The fracture se t s  show i n  Fig.  6 are,  therefore,  thought t o  
be representative of the fractures  intersected by the EE-2 wellbore. 

If t h i s  i s  correct then some interpretat ion of the fracture or ientat ions 
i n  cores from EE-2 becomes possible. O f  special significance are f a u l t  planes 
(with sl ickensides) found in core number 5 a t  a t rue vertical  depth of about 
4195 m. The d r i l l  hole i s  oriented 55", N.85"E. a t  th i s  depth, and the f au l t s  
i n t e r sec t  the core a x i s  a t  angles of 17" t o  24", w i t h  an average angle of 21". 
Using the assumption t h a t  the f a u l t  planes are nearly ve r t i ca l ,  l i ke  most of 
the fractures in the GT-2 cores, the f au l t s  s t r ike  e i the r  cN.70"W. or  eN.59"E 
and the slickensides on them plunge 18"N. or 58"S., respectively. Two l ines  
of evidence indicate t h a t  the f au l t s  a t  the 4195-m level i n  E E - 2  trend north- 
east rather t h a n  northwest : 

0 The closest  exposed major f au l t s  t o  Fenton Hi l l ,  located to  the south 

0 Northeast- trendi ng f racture  sets are we1 1 devel oped i n  basement rocks 

If the f au l t s  dip approximately 8OoS., as does one of the fracture  se t s  in  the 
GT-2 cores ( F i g .  61, then the i r  a t t i t ude  i s  cN.42"E., 8OoS., and the slicken- 
sides rake 51"s. The N.59"E. ( v e r t i c a l )  and N.42"E. (80"s. d i p )  trends 
bracket the most probable orientation of the fau l t s .  

and southwest, trend northeast (N.40" t o  50"E.). 

penetrated by the nearby GT-2 wellbore. 

V .  IMPLICATIONS OF EE-2 GEOLOGIC INVESTIGATIONS TO THE HDR PROGRAM 

Laughlin and Eddy (1977) discussed the Precambrian geology a t  Fenton 
Hill,  as determined from the GT-2 and EE-1 core invest igat ions,  i n  l i g h t  of 
i t s  application t o  the H D R  program. They par t icular ly  stressed the low perme- 
a b i l i t y ,  chemical and mineralogic homogeneity, and mechanical isotropy of the 
large bioti te-granodiorite body i n  which the Phase I system was developed. 

In the previous r epor t ,  the low b u l k  permeability of the Phase I reser- 
voir  was at t r ibuted t o  the f ac t  t h a t  natural fractures were e i the r  t igh t ly  
healed b,y recrystal 1 i zati on or sealed by deposi ti on of secondary mineral s, 
predominantly ca lc i te .  Such fractures are also common in cores from EE-2  
(Phase I1 reservoir) .  In these deeper cores, however, c a l c i t e  i s  l e s s  
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abundant as a sealing mineral and s i l i c a t e s ,  sulf ides ,  and oxides are more 
common. The sealing may have occurred d u r i n g  any one or more of several ther- 
mal events, the most recent being emplacement of magma d u r i n g  formation of the 
Val 1 es  Caldera. 

Our investigations of the EE-2 cores and cut t ings indicate tha t  the po- 
ten t ia l  Phase I1 reservoir will d i f f e r  considerably from the Phase I reser- 
voir. As shown i n  F igs .  2, 9,  and 10 and Tables I 1  and 111, the deeper por- 
t ion of EE-2, which will be developed as part  of the Phase I1  system, i s  a 
heterogeneous metamorphic complex. The gnei ss ic  and schi stose rocks show a 
wide range in chemical and mineralogic composition, and t he i r  fol ia t ion pro- 
duces strong textural  ani sotropy. Intrusive units intersected by the deeper 
EE-2 well bore are t h i n  when compared w i t h  the bioti te-granodiorite body en- 
countered a t  shallower depths. The frequent occurrence of these small i n -  
t rus ive  u n i t s  contributes to the heterogeneity of the system. 

A1 t e ra t i  on zones contribute to  the heterogenei ty  and ani  sotropy of the 
system and may af fec t  i t s  b u l k  permeability. I f  the a l te ra t ion  zones are 
f au l t  zones, then intermit tent  zones of h i g h  permeability may be possible i n  
the Phase I1 reservoir.  Such zones could allow leakage of injected fl  u i  d s  and 

provi de paths for 'I short ci rcui ti ng'l the ci rcul a t i  ng f l  u i  ds .  
The h i g h  clay contents of these zones suggest tha t  they may serve as 

sources of f i  ne-grai ned materi a1 t h a t  might  pl  ug the hydraul i c  fractures and 
faci 1 i t a t e  sl i ppage of add acent competent rock duri  ng hydraul i c f ractur i  ng and 
subsequent thermal drawdown. 

Sei smic acti  v i  ty  has not reopened the sealed fractures .  

F i g .  9. 
Comparison o f  the compositions of reservoir rocks from the Phase I and  I1  system. 
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F i g .  1 0 .  
D e t a i l e d  comparison o f  rock  composit ion from t h e  Precambrian s e c t i o n  o f  GT-2, t h e  
GT-2/EE-1 Phase I system, and t h e  planned EE-2/EE-3 Phase I1 system. 
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